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Abstract: | will describe antiferromagnets and superconductors near quantum phase transitions. There is a remarkable analogy between their
dynamics and the holographic description of Hawking radiation from black holes. | will show how insights from this analogy have shed light on
experiments on the cuprate high temperature superconductors.
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Quantum Entanglement

Hydrogen atom: . ‘ T>
Hydrogen molecule:

1) )

.Jf> RI

PPPPP Superposition of two electron states leads to non-local _
correlations between spins




Quantum Phase Transition

Change 1n the nature of
entanglement 1n a macroscopic
quantum system.
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Quantum Phase Transition

Change 1n the nature of
entanglement 1n a macroscopic
quantum system.

Familiar phase transitions, such as water
boiling to steam, also involve macroscopic
changes, but in thermal motion



Quantum Criticality

The complex and non-local
entanglement at the critical point
between two quantum phases
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Outline

|. Entanglement of spins
Experiments on antiferromagnetic insulators

2. Black Hole Thermodynamics

Connections to quantum criticality

3. Nernst effect in the cuprate superconductors
Quantum criticality and dyonic black holes

4. Quantum criticality in graphene
Hydrodynamic cyclotron resonance and Nernst effect
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The cuprate superconductors
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Antiferromagnetic (Neel) order 1n the insulator
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Antiferromagnetic (Neel) order 1n the insulator

No entanglement of spins
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Antiferromagnetic (Neel) order 1n the insulator

Excitations: 2 spin waves (Goldstone modes)
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Weaken some bonds to induce spin
entanglement in a new quantum phase
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Antiferromagnetic (Neel) order 1n the insulator

Excitations: 2 spin waves (Goldstone modes)
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Weaken some bonds to induce spin
entanglement in a new quantum phase
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Antiferromagnetic (Neel) order 1n the insulator

Excitations: 2 spin waves (Goldstone modes)
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Weaken some bonds to induce spin
entanglement in a new quantum phase
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Ground state 1s a product of pairs
of entangled spins.
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Excitations: 3 S=/ triplons
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Excitations: 3 S=/ triplons
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Phase diagram as a function of the ratio of
exchange interactions, A
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Phase diagram as a function of the ratio of
exchange interactions. A
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Quantum critical point with non-local
entanglement in spin wavefunction







Phase diagram as a function of the ratio of
exchange interactions. A
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Phase diagram as a function of the ratio of
exchange interactions. A
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Quantum critical point with non-local
entanglement in spin wavefunction

Pirsa: 08040006







Phase diagram as a function of the ratio of
exchange interactions. A
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Phase diagram as a function of the ratio of
exchange interactions, A
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TICuCl; at ambient pressure
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FIG. 1. Measured neuron profiles m the a®c*® plane of TICuClL:
for i=(1.35.0.0). /i=(0.0.3.15) [rlu]. The specttum at T=15K
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TICuCl; at ambient pressure
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TICuCl; with varying pressure
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TICuCl; at ambient pressure
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Phase diagram as a function of the ratio of
exchange interactions, A

A, A
g Pressure in TICuCl3
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TICuCl; with varying pressure
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TICuCl; with varying pressure
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Quantum phase transition with full square
lattice symmetry
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£l = JZ 5. . 5:,— : S; = spin operator with S =1/2




TICuCl; at ambient pressure
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Phase diagram as a function of the ratio of
exchange interactions. A
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Quantum phase transition with full square
lattice symmetry
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Quantum phase transition with full square
lattice symmetry
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H = ,]Z §i -§j . S; = spin operator with S = IZQQ
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Quantum phase transition with full square
lattice symmetry
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Quantum phase transition with full square
lattice symmetry

Valence Bond Solid
(VBS) order

%IE| B

Neel order

K/J
== of Z . A S + K Z four spin exchange

(23)

A. W. Sandvik, Phys. Rev. Lett. 98, 227202 (2007)
Pirsa: 08040006 N. Read and S. Sachdev, Pfﬂjs Rev. Lert. 62padetadish ( | 9RC



Why should we care about the
entanglement at an 1solated critical
point 1n the parameter space ?
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Tfmperature, T QU antum

criticality
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Neel '/ VBS
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Tfmperature, T QU antum

criticality
Conformal field theory -
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Outline

|. Entanglement of spins
Experiments on antiferromagnetic insulators

2. Black Hole Thermodynamics

Connections to quantum criticality

3. Nernst effect in the cuprate superconductors
Quantum criticality and dyonic black holes

4. Quantum criticality in graphene
Hydrodynamic cyclotron resonance and Nernst effect
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Black Holes

Objects so massive that light 1s
gravitationally bound to them.
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Black Holes

Objects so massive that light 1s
gravitationally bound to them.

The region inside the black hole
horizon is causally disconnected
from the rest of the universe.
2G M

2

Horizon radius R =
c



Black Hole Thermodynamics

Bekenstein and Hawking discovered astonishing
connections between the Einstein theory of black
holes and the laws of thermodynamics
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Black Hole Thermodynamics

Bekenstein and Hawking discovered astonishing
connections between the Einstein theory of black
holes and the laws of thermodynamics

kA
40,
where A is the area of the horizon, and

Gh

{p =/ —5 1s the Planck length.
c

Entropy of a black hole S =

00000



Black Hole Thermodynamics

Bekenstein and Hawking discovered astonishing
connections between the Einstein theory of black
holes and the laws of thermodynamics

kA
10z
where A is the area of the horizon., and

| Gh
£p = G—3 is the Planck length.
c

The Second Law: dA > 0

Entropy of a black hole S =
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Black Hole Thermodynamics

Bekenstein and Hawking discovered astonishing
connections between the Einstein theory of black
holes and the laws of thermodynamics

ﬁ2

Hori t i s Akl =
orizon temperature: 4mwkpg 507 @)
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AdS/CFT correspondence
The quantum theory of a black hole in a 3+1-

dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a

quantum critical point) in 2+1 dimensions

3+ 1 dimensional
AdS space
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AdS/CFT correspondence
The quantum theory of a black hole in a 3+1-

dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a

quantum critical point) in 2+1 dimensions

3+ I dimensional

AdS space A 2+]
dimensional
system at 1its
quantum
critical point
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AdS/CFET correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a
quantum critical point) in 2+1 dimensions

3+ I dimensional

AdS space Quantum
| criticality in
{*' - g 718
................... :H{ | _-1.
Black hole : Z&%, ¥ dimensions
[ %) *: 4 ':

temperature : T

temperature :
of quantum
#¥¥icality
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AdS/CFT correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a

quantum critical point) in 2+1 dimensions

...........
AT ey W o

3+ 1 dimensional

AdS space Quantum
criticality n
2+
Black hole : dimensions
entropy = :
entropy of :
quantum :

criticality
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AdS/CFET correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a

quantum critical point) in 2+1 dimensions

3+ 1 dimensional

AdS space Quantum
criticality n
2+1
Quantum : dimensions
critical
dynamics =
waves in
curved :
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AdS/CFT correspondence
The quantum theory of a black hole in a 3+1-

dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a
quantum critical point) in 2+1 dimensions

3+ I dimensional

AdS space Quantum
criticality in
2+1
Friction of : 2% dimensions
quantum i
criticality = : ¥
waves  :

falling into :
Bléek hole :

................... u Son
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Black Holes

Objects so massive that light 1s
gravitationally bound to them.

The region inside the black hole
horizon is causally disconnected
from the rest of the universe.
2G M

2

Horizon radius R =
c



Quantum phase transition with full square
lattice symmetry

Valence Bond Solid
(VBS) order

%IH B

Neel order

K/J
= J Z = S + K Z four spin exchange

(Ur

A. W. Sandvik, Phys. Rev. Letr. 98, 227202 (2007)
Pirsa: 08040006 N. Read and S. Sachdev, Phvs. Rev. Lett. 62padaédsh ( 1985



Quantum phase transition with full square
lattice symmetry

Valence Bond Solid
(VBS) order

DI| B

Neel order

K/J
= of Z 8. - S + K Z four spin exchange

(27)

A. W. Sandvik, Phys. Rev. Letr. 98, 227202 (2007)
Pirsa: 08040006 N. Read and S. Sachdev, Phvs. Rev. Lett. 62padaddsh ( 1985
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Black Hole Thermodynamics

Bekenstein and Hawking discovered astonishing
connections between the Einstein theory of black
holes and the laws of thermodynamics

kA
1z
where A is the area of the horizon, and

Gh

tp = |/ — 1s the Planck length.
c

Entropy of a black hole S =

Th( : *t* §{0)IL 1 LE \W. fi s g 1



Black Hole Thermodynamics

Bekenstein and Hawking discovered astonishing
connections between the Einstein theory of black
holes and the laws of thermodynamics

h2

Horizon temperature: 47nkr1 =
d " 2M 0%,
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AdS/CFT correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a

quantum critical point) in 2+1 dimensions

___________
P e el

3+ I dimensional

AdS space A 2+

dimensional

system at its
quantum

critical point
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AdS/CEFET correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a

quantum critical point) in 2+1 dimensions

3+ I dimensional

AdS space Quantum
criticality n
=+
RBlack hote : dimensions
enfropy =
entropy of :
quantum
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AdS/CFET correspondence

The quantum theory of a black hole in a 3+1-
dimensional negatively curved AdS universe is
holographically represented by a CFT (the theory of a

quantum critical point) in 2+1 dimensions

3+ I dimensional

AdS space Quantum
criticality n
2+

Quantum dimensions

critical %
dynamics = : ¥

waves in :

curved
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Dope the antiferomagnets with charge carriers of density x
by applying a chemical potential u
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Scanning tunnelling microscopy
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STM studies of the underdoped superconductor
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Topograph
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dI/dV Spectra
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Tunneling Asymmetry (TA)-map at E=150meV
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Tunneling Asymmetry (TA)-map at E=150meV
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Tunneling Asymmetry (TA)-map at E=150meV
Ca; 9oNag 10Cu0,Cl, Bi, ,Sry gCag gDyg ,Cu,0,
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TA Conftrast is at oxygen site (Cu-O-Cu bond-centered)
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TA Conftrast is at oxygen site (Cu-O-Cu bond-centered)
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Evidence for a predicted valence bond supersolid

S.Sachdev and N. Read, Int. |. Mod. Phys.B 5,219 (1991).
M.Voijta and S. Sachdey, Phys. Rev. Lett. 83,3916 (1999).




Scanning tunnelling microscopy
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AT Use coupling g
to induce a
transition to a
VBS insulator

d
Superco” —>
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AT Use coupling g
to induce a
transition to a
VBS insulator
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Proposed generalized phase diagram

4
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Nernst measurements
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Nernst experiment
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Nernst measurements

QCP
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Non-zero temperature phase diagram

VBS Supersolid

Quantum L
critical

0

Coulomb interactions
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Non-zero temperature phase diagram

VBS Supersolid

Quantum-critical
dynamics in a
magnetic field, at
generic density, and e
with impurities _ -

—

VBS Insulator
0

Coulomb interactions
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To the CFT of the quantum critical point, we add
e A chemical potential u

* 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

Pirsa: 08040006 Page 109/156

2 A Tlartasmall DEY ¥ eaxrdryris KA A2 Tleaes amad @ Qoanalhdassr Phsvsres D awry BF 7Y T



To the CFT of the quantum critical point, we add
e A chemical potential u
* 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

A precise correspondence 1s found between general
hydrodynamics of vortices near quantum critical points
and solvable models of black holes with electric and
magnetic charges
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In the hydrodynamic regime, Aiw < kg7, 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*¥,

0O O 0
PV = O 0 B
0 —-B 0
e T'"”_ the stress energy tensor, e J#, the current,
e p. the local number density, e c. the local energy
density,
e P, the local pressure, e u*, the local velocity, and

e 0@, a universal conductivity, which is the single transport
co-efficient.

e i dependence of £, P, o0g on T and v follows from simple scalingus

arocnuments



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

opJ”" = 0
LT = P4 = (68 + v u,) T" "u,,
imp
™ = (e+ P)u'u” + Pg"™”
B p uy [T A 0T
® | = pu” + oo(g"" + uHu") (—* -i—Fy,\u)—l-p T

Momentum relaxation from impurities
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From these relations, we obtained results for the transport co-efficients
expressed 1n terms of a “cyclotron” frequency and damping:

2e B pv? B?v?
“ e+ P) ° T 2(E+P

We

[Tansverse thermoelectric co-efficient

( h " — E{A I)j grf_ilup e }j_ e = (DCT{I}:*—FP(‘I"BT);% ﬁ;’fﬂrf_ilup
\2ekg/ ¢ 7 o h 2 N6 & B2=2(9r [E)\2
82, (kpT) + B 52(2rTimp /)
vhere
B = Bog/(hv)* : p=p/(hv)>.

S OA 1davria~x]ll] DY L Aavrdsyes BRI A A Nl asamd & Canklhidasr Dhaver iary B2 TE 1 AASDYTY £ DN



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

8, J* = 0
TT = P+ = (68 + utu, ) T" u,
imp
™ = (e+ P)uru” + Pg"”
i L uv WL, v A aﬂT
J = pu” + oo(g"" + u*u") (—* -i-Fp,\u)-{-u T

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

aJ* = 0
I = P,
I = e+ Phu P
" B g
J¥ = pu*+ og(g"” + utu”) [(—3,41 + F,,;,u)‘) - U “T J

|

Single dissipative term allowed by requirement of
positive entropy production. There 1s only one
independent transport co-efficient
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Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

a,J* = 0
8,TH = F#],
™ = E+ Py + P

J* = put \

Constitutive relations which tollow from Lorentz
transformation to moving frame
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Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:
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Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

H E— 5 = 2
8#.] = 0 < Conservation laws/equations of motion
q
8PT“"” =: Jre5.
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Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

a9, J* = 0
8, T = F*],
™ = e+ Phw + P

Jﬂ

pu’ \

Constitutive relations which tollow from Lorentz
transformation to moving frame
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Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

J* = 0
ol = R
I = (E+rPhrs ¥+ Pg
.
J¥ = pu*+ og(g"” + utu”) [(—3,,,” + F,,,;,u)‘) - U “T J

|

Single dissipative term allowed by requirement of
positive entropy production. There 1s only one
independent transport co-efficient
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Lorentz invariance and positivity of entropy production lead to the
hydrodynamic equations of motion and constitutive relations:

Ot = 0
1
BLTT = P+ (68 + v'u,) T u,
imp
™ = (4 P)u"u” + Pg™
p p uy B, V o 0T
JE = pu* +og(g"” +utu) | (—hpu + Fuaut) + p =

Momentum relaxation from impurities
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From these relations, we obtained results for the transport co-efficients
expressed 1n terms of a “cyclotron” frequency and damping:

2e B pv? B?v?
ce+P) ° T 2(E+P)

ik ==

[Tansverse thermoelectric co-efficient

7. =7
= ) Oy, — O E(F;BI)E (2‘_up) pz SR I)*h/2m7 'imp
Yry = Ps . P Y "
KE&AB h (I)::_p(kBT.}h + B Iz(?‘rrilupf 1}2
vhere
B = Boo/(hv)* : p=p/(hv)>.
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LSCO Experiments

Measurement of a, =0, ey

: B ;
e
L _._ﬁ_
1 E .
A, 0.01 ~ (T small)
E Y
0.001 L ., | dekg\ B, [ 2 (ho)

- _{B_{}}?_( B) Ttmp)P -
- B I' (b' {D;H" E*{Eﬂ

0.0001 -
30 40 60 80 100120

T (K)
Y. Wang et al., Phvs. Rev. B 73. 024510 (2006).
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From these relations, we obtained results for the transport co-efficients
expressed 1n terms of a “cyclotron” frequency and damping:

2e B pv? Doyt
e+ P) 7_02(5+P)

We

[Tansverse thermoelectric co-efficient

( h _— ol BT T T +P, D kgT)3 h/2nm
) gy = ®F (keI ( T ) Z T eRerPLTAS) D/ Time
\ 2ekB - h $ »(keT)"+B p(Zrrimsl i)

vhere
B = Boo/(hv)* : p=p/(hv)>.
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LSCO Experiments

Measurement of a. =0 ey

1 :
E
L _._1_
0.1 3 ‘.
A, 0.01 ~ (T small)
E v
0.001 L _eas) D, _f.—r,mp) 2 5% (ho)
E h(b' {D;+P h Z T)J
0.0001 '
30 20 60 80 100120

T (K)
Y. Wang et al., Phys. Rev. B 73, 024510 (2006).
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LSCO Experiments

Measurement of @, =C ey

1 & :
F e
L _..1_
£ 3 ‘.L
A, 0.01 ~ (T small)
E L 4
001 L [ 2ekg| B, [ 2mTimp | P (AU
0001§ i{g_.{};:-.( t’s) ﬁ ( Ttmp]p(ti
: B Chdo @2, k) (keD)
0.0001 - .
30 40 60 80 100120 Ay = 47meV A =
T (K) ) T, =10""s
v=2540"¢ v

Y. Wang et al., Phvs. Rev. B 73. 024510 (2006).
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LSCO Experiments

Measurement of o

XV = (:,:xmr£3:ﬂf

1& :
._‘ﬂ-.-._
-
0.1k e
E-- .
A, 001 (T small)
0.001 ¢ @ b o) ( _eag) D. ( _?-,[mp 2 52 (o)
E B (‘b”' .-:-r-P h {’{'Bn-l
0.0001 . ' . i
30 40 60 80 100120 Ay = 47meV A .
i =10""s
TS v=2540"¢ m

Y. Wang et al., Phvs. Rev. B 73. 024510 (2006).
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» T-dependent cyclotron frequency!

* 0.035 times smaller than the cyclotron
frequency of free electrons (at T=35 K)

» Only observable in ultra-pure samples
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LSCO Experiments

B.T-dependence

Theory for o =0 N

16

B(T)

14

12

10

L

i H(T)

M
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40 60 80 100 %3 10 20 30 40 50
T(K) T (K)

Y Wang, L. Li, and N. P. Ong, Phys. Rev. B 73, 024510 (2006).
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LSCO Experiments

Measurement of @, =C ey

§ ey
E
L '.‘__h_
0.1 ¢ e
A, 001 (T small)

o v
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S2g—0)~| EB) | —rime v 24
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T (K)
Y. Wang et al., Phvs. Rev. B 73. 024510 (2006).

» T-dependent cyclotron frequency!

* (0.035 times smaller than the cyclotron
e frequency of free electrons (at T=35 K)
— 6.2 GHz S K ) » Only observable in ultra-pure samples
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LSCO Experiments

Theory for N

B(T)
u.H(T)

0 20 40 60 30
T{K)

e Y. Wang, L. Li, and N. P. Ong, Phys.

e
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LSCO Experiments

Measurement of a, =0,ey
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Y. Wang et al., Phvs. Rev. B 73. 024510 (2006).

» T-dependent cyclotron frequency!

* 0.035 times smaller than the cyclotron
AP frequency of free electrons (at T=35 K)
o =672 GHz B (35K ) » Only observable in ultra-pure samples
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LSCO Experiments

Theory for N

B(T)
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T(K)

et Y. Wang, L. Li, and N. P. Ong, Phys. Rev. B 73, 024510 (2006).

U HAT)

LSCO-0.12 Nemstsignal NV

14

10

M

-
—
o
[\
-

30 40 50 60
T(K)

Page 133/156

n U O

ot in

th & M S M Wy @ o Mo

Ly 4= i

3 3 5 = — P " sl

i

i3 N

L

oy



LSCO Experiments

Measurement of @, =C ey

f
e
L _._ﬁ_
0.1 ¢ e
Q. 001¢
0.001 |
0.0001 . ' ' .
30 40 60 80 100120 = 47meV A =
T (K) ) T, =10""s
v=2.5x40"¢ e

Y. Wang et al., Phvs. Rev. B 73. 024510 (2006).

» T-dependent cyclotron frequency!
» (0.035 times smaller than the cyclotron
B /3ISK\: frequency of free electrons (at T=35 K)
| 3J - . i -
i =62 Gz i ) Only observable in ultra-pure samples
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LSCO Experiments

B.T-dependence

Theory for =0 N

16

B(T)
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L
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Y Wang, L. Li, and N. P. Ong, Phys. Rev. B 73, 024510 (2006).
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LSCO Experiments

Theory for N

u.H{T)

B(T)
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e Y. Wang, L. Li, and N. P. Ong, Phys.
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LSCO Experiments

B.T-dependence

Theory for a =0 N

16

LSCO0-0.12 Nernstsignal NV

B(T)
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LSCO Experiments

Theory for N
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To the CFT of the quantum critical point, we add
* A chemical potential u
* 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 char

(1g

-

A precise correspondence 1s found between general
hydrodynamics of vortices near quantum critical points
and solvable models of black holes with electric and
magnetic charges
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Outline

|. Entanglement of spins
Experiments on antiferromagnetic insulators

2. Black Hole Thermodynamics

Connections to quantum criticality

3. Nernst effect in the cuprate superconductors
Quantum criticality and dyonic black holes

4. Quantum criticality in graphene
Hydrodynamic cyclotron resonance and Nernst effect
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Outline

|. Entanglement of spins
Experiments on antiferromagnetic insulators

2.Black Hole Thermodynamics

Connections to quantum criticality

3. Nernst effect in the cuprate superconductors
Quantum criticality and dyonic black holes

\

4. Quantum criticality in graphene
Hydrodynamic cyclotron resonance and Nernst effect
/
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Graphene
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Graphene

Low energy theory has 4 two-component Dirac fermions, v,
a =1...4, interacting with a 1/r Coulomb interaction

S = fd2rf:;l’:f“’w;E (ar — VO - 6’) Yo
1

|-r — ! | E?Bw-j('r’)

2
+ % / d*rd*r'dTl ba(r)

Dimensionless “fine-structure” constant A = e?/(4hAvr).

RG flow of «a:

d\ _
— =2+ ...
dl N

Behavior is similar to a CFT3 with A ~ 1/ In(scale)
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Cyclotron resonance 1n graphene

M. Mueller and S. Sachdev, arXiv:0801.297()

o =zw" -y —ift

v=1.140°m/s
= ¢ /300

Conditions to observe resonance

- - [2eB ~

* Negligible Landau quantization E,, =hv| = W §
_ V he T =300K
* Hydrodynamic,
collison-dominated regime ho << k,T B=0.1T
§
» Negligible broadening v T 1 ™ p=10 .,Lm.
(k. T o =10"s"

» Relativistic, quantum critical regime p=p, =2~ =
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THEORETICAL PHYSICS

A black hole full of answers

lan 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.

NATURE Vol 448|30 August 2007
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Conclusions

* Quantum phase transitions in antiferromagnets

* 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.

* Quantum-critical transport in graphene.
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Remarkable power of
Einstein’'s equation

In addition to describing gravitational phenomena
(black holes, gravitational waves, etc.)
It describes

 Renormalization group flow
* Hydrodynamics
« Quantum criticality

» Superconductivity of paired particles
S. Hartnoll, C. Herzog, G. Horowitz, arXiv:0803.3295
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Nernst measurements
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Non-zero temperature phase diagram

VBS Supersolid

Quantum —
critical

0
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Conclusions

Quantum phase transitions in antiferromagnets

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.

Quantum-critical transport in graphene.
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Quantum Entanglement

Hydrogen atom: . ‘ T>
Hydrogen molecule:

1))

.¢> RI

_Superposition of two electron states leads to non-local

PPPPP : 08040006 Page 153/156

correlations between spins




A

Quantum critical point with non-local

cniangiement 1 spin waveruncton
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Quantum phase transition with full square
lattice symmetry

Valence Bond Solid
(VBS) order

BI| B

Neel order

K/J
= of Z 2 S + K Z four spin exchange

(ﬂJr

A. W. Sandvik, Phys. Rev. Lett. 98, 227202 (2007)
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