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Quark gluon plasma

• QCD - confined quarks and gluons

• High T: de-confinement and plasma phase

• Smash nucleons agains each other (RHIC, LHC)

• Lowest specific viscosity known!

• Charge separation effect observed

• Possible explanation: Chiral magnetic effect

• T~3Tc : deconfined but strongly coupled
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Quark gluon plasma

J

+

-

strongest Magnetic field in the Universe

+
+

+

+
++

+
+

+

+
+ +

1015T!!!
(QHE: 10 T)
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Chiral Magnetic Effect

(T ~ 1012 K)

[Fukushima, Kharzeev, McLarren] 
[Fukushima, Kharzeev, Warringa]  
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Net chirality
topological charge

axial anomaly (QCD)

topologically non trivial gauge field

effective: axial chemical potential 
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where α and β denote the particle type: α, β = +, −. The observable γ is P-even, but sensitive
to the fluctuation of charge separation. STAR measurements of the correlator were reported
for Au+Au and Cu+Cu collisions at 200 GeV and 62.4 GeV [6, 7], showing the clear difference
between the opposite sign and the same sign correlations, qualitatively consistent with the picture
of CME and LPV. Fig. 3 presents the extension of the analysis to lower beam energies at RHIC.
The STAR results are based on Au+Au samples of 57M events at 200 GeV from RHIC year
2007 [24], 7M at 62.4 GeV (2005), 100M at 39 GeV (2010), 40M at 27 GeV (2011), 20M at
19.6 GeV (2011), 10M at 11.5 GeV (2010) and 4M at 7.7 GeV (2010). For comparison, we also
show the results for Pb+Pb collisions at 2.76 TeV [25]. A striking similarity exists between 200
GeV Au+Au and 2.76 TeV Pb+Pb, and a smooth transition occurs from 200 GeV to lower beam
energies starting from the peripheral collisions.
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Figure 4: (Color online) The difference between the opposite sign and the same sign correlations as a function of central-
ity for Au+Au collisions from 200 GeV to 7.7 GeV [24]. For comparison, we also show the results for Pb+Pb collisions
at 2.76 TeV [25]. The errors are statistical only.

Initially it was expected that the opposite sign (γOS) and the same sign (γSS) correlations
would be symmetric around zero due to the charge separation induced by LPV and CME. How-
ever, there could be common physics backgrounds in both correlations. For example, in central
collisions the strong radial flow tends to push particles to the same direction regardless of the
charge sign, and that effect will reduce both γOS and γSS by the same amount. In peripheral
collisions, the multiplicity is smaller and the system is more influenced by momentum conserva-
tion, which tends to increase both correlations in the same way. Also, the statistical fluctuation
of the correlator could be larger out-of-plane than in-plane due to the geometry of the collision
system, which contributes a negative background. To reduce such mutual backgrounds, we take
the difference between γOS and γSS as the signal, shown in Fig. 4. The signal persists almost
unchanged up to 2.76 TeV and down to around 11.5 GeV, and seems to disappear at 7.7 GeV.
To be more conclusive on the transition of the signal, more statistics are needed for collisions at
11.5 and 7.7 GeV.
One major background in γOS−γSS comes from processes in which particles α and β are prod-

G. Wang / Nuclear Physics A 904–905 (2013) 248c–255c252c

Quark gluon plasma
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• Strongly coupled QCD is difficult 

• In need of strongly coupled toy model

• Comes in:  AdS/CFT correspondence

• Famous result: 

• Understand CME + relatives in AdS/CFT model

Quark gluon plasma

η

s
=

�
4πkB

[Policastro, Son, Starinets] 
[Kovtun, Son, Starinets]  
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AdS/CFT
Motto:

“... if the gravitational field didn’t exist, one 
could invent it for the purposes of this 
paper...”

“Theory of Thermal Transport Coefficients”
Luttinger  Phys. Rev. 135, A1505, (1964)
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AdS/CFT

“... if the string theory didn’t exist, one could 
invent it for the purposes of computing 
transport coefficients in strongly coupled 
theories...”

• Shear viscosity in QGP

• Relativistic 2nd oder hydrodynamics

• Relativistic superfluids

• Parity odd 

• ....
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ds2 =
r2

L2
(dt2 + d�x2) +

L2dr2

r2

Field Theory String

[Maldacena]
[Witten]
[Gubser, Klebanov, Polyakov]

AdS/CFT
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AdS/CFT
�

Φ|∂=Φ0

DΦeiS[Φ] = eiZ[Φ0]

δnZ[Φ0]

δΦ1(x1) · · · δΦn(xn)
= �O1(x1) . . . On(xn)�

Path integral (string theory) on AdS is hard. In practice resort 
to semi classical limit: 

Sgrav[Φ0] = Z[Φ0]
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AdS/CFT
• N=4 SYM best understood example:

• All (4-d) fields are NxN matrices (adjoint rep)

�
Aµ,Ψ

a
α, φ

I
�

• N=4 SYM  is equivalent to IIB string theory on AdS5 x S5

g2YMN =
R4

α�2

de
co

up
le

• semiclassical gravity limit = large N, large coupling

1

N
∝ gs
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Dictionary

AdS Field Theory

five dimensional four dimensional

strongly coupled weakly coupled

gravity no gravity

metric energy momentum tensor

gauge field current 

... ...

AdS/CFT
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The Holographic QGP
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The Holographic QGP
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The Holographic QGP
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The Holographic QGP
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Anomalous transport

∂µJ
µ = c �µνρλFµνFρλ

• Chiral fermion: H = ±�σ.�p

• Classical U(1) symmetry broken by quantum effects

• Model anomaly in 4D via Chern-Simons term in 5D

SCS =

�
d5x �MNPQR AMFNPFQR

• Gauge invariant up to boundary term = Anomaly (cfg. QHE)

δSCS =

�

∂
d4x �µνρλ λFµνFρλ
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Anomalous transport

SEM =
1

16πG
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d5x
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−g
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4
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16πG

�
d5x �MNPQRAM

�κ
3
FNPFQR + λRA

BNPR
B

AQR

�

Our Model:

In finite T, μ state: 
charged black hole in AdS
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Anomalous transport
• Compute response to magnetic field and rotation

�J =

�
µ5

2π2
− A5

0

2π2

�
�B +

µµ5

4π2
�ω

�J5 =
µ

2π2
�B +

µ2 + µ2
5

4π2
+

T 2

12
�ω

�J� =
3µ5µ2 + µ3

5

6π2
�B +

T 2µ5

6
�ω

electric current:

axial current:

energy current:

μ = chemical potential μ5 = axial chemical potential T = temperature A05 = axial gauge field 

[Erdmenger, Haack, Kaminski, Yarom], [Banerjee, Bhattacharya, Bahattacharya, Dutta Loganayagam, 
Surowka], [K.L., Megias, Melgar, Pena-Benitez] 
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Anomalous transport
• Compute response to magnetic field and rotation
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Anomalous transport
Gauge fields vs state variables

• μ, μ5, T are state variables, determined by interior of AdS

• A05 is a boundary condition for AdS, a coupling in field theory

µ, µ5 , T

A5
0

[Rebhan, Schmitt, Stricker],
[Gynther, K.L.,Pena-Benitez,Rebhan] 
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Map to WSMs 5
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FIG. 1. (Color online) A plot of the band dispersion along the
kx = ky = 0 line for a moderate magnitude of the inversion
symmetry breaking, corresponding to λ/∆S = 0.3. The Weyl
band-touching nodes are visibly shifted in opposite directions
in energy, but are otherwise intact. At charge neutrality the
Fermi energy is pinned at �F = 0, and there are equal-volume
electron and hole Fermi surfaces.
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FIG. 2. (Color online) Band dispersion along the kx = ky = 0
line for λ = λc1 =

�
m2 − (∆S −∆D)2. The electron and

hole Fermi surfaces touch and the Weyl nodes disappear.

takes the following form:

H(k) = vF (ẑ × σ) · k+ [m+ ∆̂(kz)]σ
z
+ λτy. (24)

We now add a small external magnetic field B along the

z-direction (i.e. the growth direction of the multilayer),

which we will set back to zero at the end. The Hamilto-

nian becomes:

H(kz) = vF (ẑ×σ) ·
�
−i∇+

e

c
A
�
+[m+∆̂(kz)]σ

z
+λτy,

(25)

where A = xBŷ in the Landau gauge. To find the Lan-

dau levels, we introduce LL ladder operators in terms of

the components of the kinetic momentum π = −i∇+
e
cA

in the standard way (assuming B > 0 for concreteness):

a =
�B√
2
(πx − iπy) , a† =

�B√
2
(πx + iπy) , (26)

where �B =

�
c/eB is the magnetic length. In terms of
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FIG. 3. (Color online) Band dispersion along the kx = ky = 0
line for λ = λc2 =

�
(m+∆D)2 −∆2

S . The Fermi surfaces
disappear entirely and the semimetallic state gives way to a
fully gapped insulator.

the ladder operators, the Hamiltonian takes the form:

H(kz) =
iωB√
2

�
σ+a− σ−a†

�
+[m+∆̂(kz)]σ

z
+λτy, (27)

where ωB = vF /�B . It is clear from Eq. (27), that its

eigenstates have the following general form:

|n� = zn+↑|n− 1,+, ↑�+ zn+↓|n,+, ↓�+ zn−↑|n− 1,−, ↑�
+ zn−↓|n,−, ↓�, (28)

where |n,±, ↑↓� is the nth LL eigenstate on the top (+)

or bottom (-) surface with spin up or down, and z are

complex amplitudes. We have omitted all the additional

eigenstate labels on the left hand side for brevity, leaving

only the LL index n. In the presence of the λτy term, the

above Hamiltonian can not be diagonalized analytically

in general. However, we can find the n = 0 LL dispersions

analytically, and this is in fact all that is needed for our

purposes. Indeed, from Eq. (28) it is immediately clear

that the n = 0 pair of LLs are polarized downwards, i.e.

we can replace σz
= −1 and then the n = 0 LL dispersion

is given by the eigenvalues of:

Hn=0(kz) = −m− ∆̂(kz) + λτy. (29)

Diagonalizing Eq. (29), we then find the n = 0 LL dis-

persions:

�0±(kz) = −m±
�

λ2 +∆2(kz) + 2λ∆D sin(kzd). (30)

The �0−(kz) level is below the Fermi energy �F = 0 for all

values of kz. The �0+(kz) LL, on the other hand, crosses

the Fermi energy twice at the following momenta:

k±z =
π

d
±

1

d
arccos

�
f∓

2∆D(∆2
S + λ2)

�
, (31)

where

f± = ∆S(∆
2
S +∆2

D + λ2 −m2
)

± λ
�

[∆2
S + λ2 − (m−∆D)2][(m+∆D)2 −∆2

S − λ2].

(32)
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Map to WSMs

Λ

RL

Normal ordered 
vacuum

µL

µR

µ5 =
1

2
(µL − µR)

2 �A5

2A5
0

µ =
1

2
(µR + µL)

CME: �J =
1

2π2

�
µ5 −A5

0

�
�B = 0

No CME in equilibrium!
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Map to WSMs

Leff = ψ̄γµ (i∂µ − γ5bµ)ψ

spatial variation = axial magnetic field

• Edge state (Fermi arcs) = LLL of axial magnetic field

• Exotic response patterns (?)

�J =
µ

2π2
�B5

�J5 =

�
µ5

2π2
− A5

0

6π2

�
�B5

�J� = · · ·+ T 2

12
�B5 �J5 =

1

6π2
�A5 × �E5

 [M. Chernodub, A. Cortijo, A. Grushin, K.L., M.A.H. Vozmediono]  
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Negative Magnetoresistivity
 CME + Ohms law: �J = σ �E +

µ5

2π2
�B

Axial anomaly:

Susceptibility: ρ5 = χ5µ5

∂tρ5 =
1

2π2
�E. �B

 [Nielssen, Ninoyima], [Son, Spivak] 

1

x+ i�
= P 1

x
− iδ(x)
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Negative Magnetoresistivity
 CME + Ohms law: �J = σ �E +

µ5

2π2
�B

Axial anomaly:

Susceptibility: ρ5 = χ5µ5

∂tρ5 =
1

2π2
�E. �B

In real life axial charge is not conserved even for vanishing electric or 

magnetic fields. Decay time τ

−1

τ
ρ5

 [Nielssen, Ninoyima], [Son, Spivak] 

Wednesday, November 18, 2015



Negative Magnetoresistivity

• quadratic for small B-field
• old argument: linear at large B-field
   susceptibility dominated by LLL 
• what does holography say?
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•optical conductivity at 
finite magnetic field
•very strong but finite peak
•sum rule

d

dB

�
dω�(σ(ω)) = 0

 [K.L. Yan Liu, Ywaen Sun] [Jimenez-Alba, K.L., Liu, Sun]
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Figure 2: The behaviour of both real and imaginary parts of AC longitudinal magneto-

conductivity as a function of ω/T for different values of the source qM/T and the magnetic

field 8Bα/π2T 2. Top plots: 8B2α2/(π2T 2) = 0.1 with qM/T = 2 (black), 0.5 (red), 0.1

(blue). Bottom plots: qM/T = 1, with 8B2α2/(π2T 2) = 1 (blue), 0.5 (red), 0.1 (black).

We found that the Drude behaviour becomes less obvious (or equivalently τ5 decreases)

when we increase strength of U(1)A breakingM or decrease the magnetic field B.Moreover

we have checked numerically that the sum rule d
dB

�∞
0 Re[σ(ω, B)]dω = 0 holds.

where χ5 = ∂ρ5
∂µ5

denotes the static axial susceptibility and τ5 is the axial relaxation
time. In the probe limit, as long as we have axial charge dissipation the resulting DC
conductivity will be finite. The most straightforward way to see the effect of axial
charge dissipation in the longitudinal magnetoconductivity is to go to the DC limit
directly and in this limit we have

σ = σE +
(8Bα)2τ5

χ5
. (2.30)

Note that this hydrodynamic formula only applies in the hydrodynamic limit τ5T � 1,
however, holographic calculations below will apply even beyond this hydrodynamic
limit.

Instead of obtaining the DC conductivity by studying the AC conductivity and

13

σDC = πT +
32B2α2

π3T 3q2φ2
0

NMR in Holography:

Wednesday, November 18, 2015



Recent Experiments

[D. Kharzeev: Lectures at Schladming Winterschool 2015]

39
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Recent Experiments

42
big potential for
applications!

42
big potential for
applications!

fits to 1/(a+b B^2)
B^2 behaviour!
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Recent Experiments

42
big potential for
applications!

42
big potential for
applications!

“Schmutzphysik”
(dirt physics) 

fits to 1/(a+b B^2)
B^2 behaviour!
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Summary
• AdS is QFT 

• Effective toy models for strongly coupled systems

• Particularly suited for transport in relativistic systems

• Anomalies

• (Non)-renormalization theorems

• Possible input for WSM physics? 

• Gravitational anomaly measurable in a metal

• More exotic response patters observable in WSMs? 
(axial magnetic or electric fields)
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Summary
• AdS is QFT 

• Effective toy models for strongly coupled systems

• Particularly suited for transport in relativistic systems

• Anomalies

• (Non)-renormalization theorems

• Possible input for WSM physics? 

• Gravitational anomaly measurable in a metal

• More exotic response patters observable in WSMs? 
(axial magnetic or electric fields)

Thank You!
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