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For the details of the simulation see P. Buividovich, T.K., M. Polikarpov PRD 86, 074511
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(Naive) visible effects

B = Spins parallel
S P S to B
= Momenta
antiparallel
= |f s =pL—pr#0
then we have
P

a net electric
current parallel
to B

Left-handed Right-handed



Chiral Magnetic Effect

A
JH = CusB*
~/ /
\L// / /
/ / / / Excess r?f negative
charge

Fukushima, Kharzeev, McLerran, Warringa (2007)
For a local strong parity violation see e.g. 0909.1717 (STAR) and 1207.0900 (ALICE)



Electromagnetic fields

=200 GeV, Au+Au, b=10fm
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Huge electromagnetic fields, never observed before!

Black curves are from W.-T. Deng and X.-G. PRC 85, 044907
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llemperatures

»  pQCD GAS
27?7 LIQUID
> ChPT,

NJL HADRONS

Tc~170 MeV

Shuryak (2003), Chernodub and Zakharov (2008)
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EXperiment
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EXperiment
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flow-dependent flow-independent

See also a nice review by Bzdak, Koch and Liao:
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EXperiment
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Our task

= Find possible elliptic flow dependence of CME (in an
optimistic assumption of a long-living magnetic field)

= Build a gravity dual to a strongly coupled relativistic
anisotropic quantum fluid with the axial anomaly.

* Derive an effective model for QCD at Tc<T <2 Tc
(do we have anything in addition to CME?)

* Find hydrodynamic equations corresponding to the
effective Lagrangian

= Extract phenomenological output for the heavy-ion
collisions



Elliptic flow
dependence of
CME



\Viain idea

AdS black hole duality n-charge fluid with
with n U(1) - » anomalies in external
charges gauge fields

|
|
reduction to two charges
|

v Y
2-charge fluid with the
- - axial anomaly in
external e.-m. fields

a gravity model
with 2 charges




Hydredynamics

Three-charge model:

TRY avh .a Electric field
0.1 " =F ""J, a=1.2....,n
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Hydredynamics

Three-charge model:

TRY avh .a Electric field
auT =F I a=1,2,...,n

ECIM:M FaM'V

A%

aM jau:_é_CachﬁvﬁcuV:Cabch‘Bc

where the stress-energy tensor and U(1) currents

Magnetic field

1 v
au__ L _uvhip a
B =—¢ u, b,

T"'=(e+P)u"u"+Pg""+..., 2
jaM:pauM+§z)U)M+§aBbBbM+... Vorticity



Hydredynamics

Three-charge model:

TRY avh .a Electric field
aMT :F ‘])\,) an auy
E"=u,F
%J’a“:_glg_CachﬁvﬁC“EC“’”Eb‘Bc

Magnetic field

where the stress-energy tensor and U(1) currents

| TS
B“=—€""u, F!

vE AP
T"=(e+P)u"u'+Pg"" +..., 2
jau:pauu_l_g(c; (DM+§aBbBbM+... Vorticity

| T
L// (DM:EEW "u,0,u,

Quantum anomaly — classical dynamics!
Son and Surowka (2009)



iHolegrapny. Algorithm.

Fluid on the boundary, gravity in
the bulk. Input: energy density,
anomaly, background fields, etc.

Fix metric components (and gauge fields components),
Chern-Simons parameters, etc in the bulk.

Solve equations of motion for the bulk fields
(i.e. Einstein-Maxwell-Chern-Simons).

Read off a nontrivial result (i.e. transport coefficients)
from the near-boundary expansion of the gravity solution.

see also Bhattacharyya, Hubeny, Minwalla and Rangamani (2008), Torabian and Yee (2009)
Erdmenger, Haack, Kaminski, Yarom (2008)



Gravity side. Zeroth order.

Holograhic dual of conformal U(1)" theory:
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Gravity side. Zeroth order.

Holograhic dual of conformal U(1) thec:ry./_s 4nGsCop

L=R-2A—F§yFMY + GSa,_b_Cg gD EMN AL FY  Fin

Boosted AdS black hole solution:
s* = —f(r)ugu,detde” — 2u,dx’dr + r* (0., + uyu,)dz” de”

A® = (A5 (r)uy + A} )dz”

Fry =t - e S LS gy = -V

Qa




Gravity side. Zeroth order.

Holograhic dual of conformal U(1) thec:ry./_s 4nGsCop

L=R-2A—F§yFMY + GSa,_b_Cg gD EMN AL FY  Fin
Boosted AdS black hole solution:
= —f(r)uyu,dz*dr” — 2u,dx”dr + r* (0., + uuu,)dz”dx”
¥
A — (Ag, (’I")’U,“ + Az)dx,u, 4-velocity of the fluid

External electromagnetic fields

where

. V3¢
f()—r——+Z r4 and - Aj(r) = -5
a U(1) charges




Gravity side. Zeroth order.

Holograhic dual of conformal U(1) thec:ry.ﬁs — A7GsCope

S&C
L=R—2A— FFeMN 20 PELMN ga b e |

6v/—g

Boosted AdS black hole solution:
= —f(r)uyu,dz*dr” — 2u,dx”dr + r* (0., + uuu,)dz”dx”
¥
A — (Ag, (’I")’U,“ + Az)dx,u, 4-velocity of the fluid

External electromagnetic fields

where

. V3¢
f) ==+ L e agy= -0
a U(1) charges

Hawking temperature: /' o< T4 Charge density: pa X qa

€
Chemical potentials: pt = AS (7“+) — AS(OO) Pressure: PP = 3 X m



Next order

We slowly vary 4-velocity and background fields
I 4
u, = (—1,2"0,u;)
a 1% a
Al = (0,270, A7)

Then solve equations of motion for this case and find corrections to
the metric and gauge fields.




Next order

We slowly vary 4-velocity and background fields
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a 1% a
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Then solve equations of motion for this case and find corrections to
the metric and gauge fields.

And consider the near-boundary expansion (Fefferman-Graham coordinates):
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ds? (guv (2, x)dx"dz” + dzz),



Next order

We slowly vary 4-velocity and background fields

u, = (—1,2"0,u;)

Z = ©
a 1 a
Al = (0,270, A7)
Then solve equations of motion for this case and find corrections to
the metric and gauge fields.
And consider the near-boundary expansion (Fefferman-Graham coordinates):
1
2 2 (4)
ds” = —(guv (2, z)dx"dx” + dz*), . —g’”(x)Jr
Z T g T
4G,
2 4
G (2, 1) —77/w‘|‘g( )( )2 ‘|‘g( )( ) + ...
(2) 2 n T]WASV)(X)
a _ a a =
Al (z,2) = Aj(z) + AL ()27 + ... Ja T

8 G,



Transport coefiicients

j“”=pau“+§iw“+§a3bBb“+...

where the coefficients are

b ¢ d
Eazcabcubuc_gpacbcdu u u _I_O(TZ)

N 3 e+ P
ab:CabcMc_lpaCbcd MCMd _|_0<T2)
B 2 e+ P

Here p° is a chemical potential associated with density p°



Reduction to twe charges

Hydrodinamic equations: Anomalies:

\Y VA (AW)
0, T =F"j,,

au]S CE" Bx"’gE ‘B, A /A\

0,7 =0
u,.] ] :puM+Kw(1)M+KBBM+...
where vector and axial currents are ]l; =P, MM + ﬁém (DM + EB B"+ o

2
_ up Us _ wp
CVE K,=2Cuu, _e+P[1+_3M2]’ K,=C U, _—e+P)’ CME
WsPs Ws 5
QVE =Cu’l1-=2 1+— , =Cull- , CSE

T.K. and I. Kirsch, PRL 106 (2011) 211601 + PRD 85 (2012) 126013



Anisetropic case
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Gravity side

Anisotropic AdS geometry with multiple U(1) charges:
= —f(r)uyu,dztdx” — 2u,dzdr

+r?wy (r) Py detdz” — v (wr(r) — wr(r)v,v,det dz”

AY = (Ag(r)u, + A% )dz"

Where, close to the boundary,




Gravity side

Anisotropic AdS geometry with multiple U(1) charges:

ds® = —f(r)uyu,de’dz” — 2u,dx"dr

+r2w (1) Py, datdz” — v (wr (r) — wp (r)vv,det dz”

AY = (Ag(r)u, + A% )dz"

Where, close to the boundary,

f(r) =7“2—r—2—|— ”: +O(r ")
3 a
A3(0) = e - LL 4 0%

Parameter zeta is related to the anisotropy:

mg

wr(r) =14 = + O(r—%)

mg —8
wL(T)zl—ﬁﬁ—O(r )
CZ 26}_3

ep + 3



Anisotropic CME

In general one has to solve the EOM not only close to the boundary,
but also deeper in the bulk, up to the horizon. By doing this (numerically)
and reading off the transport coefficients, we get (to linear order in anisotropy)

fp = O (1‘ 51 ‘%D

Where the average pressure

2Pr + Pr,
3

P =

|. Gahramanov, T.K., I. Kirsch, Phys.Rev. D85 (2012) 126013



Anisotropic CME

In general one has to solve the EOM not only close to the boundary,
but also deeper in the bulk, up to the horizon. By doing this (numerically)
and reading off the transport coefficients, we get (to linear order in anisotropy)

fp = O (1‘ 51 ‘%D

Where the average pressure

P = 1

2Pr + Py pp k10 MeV
T Y

3 c+P 200 MeV

|. Gahramanov, T.K., I. Kirsch, Phys.Rev. D85 (2012) 126013



Anisotropic CME

In general one has to solve the EOM not only close to the boundary,
but also deeper in the bulk, up to the horizon. By doing this (numerically)
and reading off the transport coefficients, we get (to linear order in anisotropy)

fp = O (1‘ 51 ‘%D

Where the average pressure

2Pr + Py, pp g 10MeV

— o — 1
3 c+ P T =~ 200 MeV <

P =

Taken that v2 =~ €p/2 close to the hadronization we conclude, that

Chiral Magnetic Effect depends weakly on the elliptic flow
and can be separated from the purely hydrodynamic effects!

|. Gahramanov, T.K., I. Kirsch, Phys.Rev. D85 (2012) 126013
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Insight from the lattice

= Spectrum of the Dirac operator

\V(A)

T<T, A

T, <T<2T. A

A

Dipy = My

\V(A)

> Y

T > 2T,

= Chiral properties are described by near-zero modes



Insight from the lattice

= Spectrum of the Dirac operator Dby = My
+ V(A) r V(A) + V(A)
\ gap!
T < T. A T. < T < 2T, A T > 2T, A

= Chiral properties are described by near-zero modes

= There are two separated parts of the spectrum at intermediate
temperatures! Let's call it ,chiral superfluidity”.



Energy

Why “superfiuidity™ 2

AUGUST 15, t941 PHYSICAL REVIEW

Normal motions

A

Curl-free motions

Theory of the Superfluidity of Helium II

L. Lanpav
Institute of Physical Problems, Academy of Sciences USSR, Moscow, USSR

Therefore, between
the lowest energy levels of vortex and potential
motion there must be a certain energy interval A.

The supposition that the normal level
of potential motions lies lower than the beginning
of the spectrum of vortex motions leads to the
phenomenon of superfluidity.

One of these motions 1s “‘normal’’ and the other
15 ‘‘superfluid.”

We will not consider any spontaneously broken symmetry!



Bosonization

» Euclidean functional integral for SU(N.) x U (1) is given by
DyD d*z () —i Lgarge, 1 g
w w eXp o v xw( o Zm)¢ _I_ Z uv —I_ Z uv 9

where we define the Dirac operator as

D=—i(@+ A+ g+ v:45).



Bosonization
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where we define the Dirac operator as
D=—i(d+ A+ gF+v54s).

= perform the chiral rotation and add gauge-invariant terms to the
Lagrangian to match the chiral anomaly
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= perform the chiral rotation and add gauge-invariant terms to the
Lagrangian to match the chiral anomaly

= integrate out quarks below a cut-off Dirac eigenvalue A.



Bosonization

» Euclidean functional integral for SU(N.) x U (1) is given by
7, 7. . 1 auv ,a 1 v
/Dwa exp {—/‘/d4xw(lﬁ —im)yY + ZG G, + ZF“ FW} :

where we define the Dirac operator as
D=—i(d+ A+ gF+v54s).

= perform the chiral rotation and add gauge-invariant terms to the
Lagrangian to match the chiral anomaly

= integrate out quarks below a cut-off Dirac eigenvalue A.
= consider a pure gauge As, = 0,0 for the auxiliary axial field



Bosonization

» Euclidean functional integral for SU(N.) x U (1) is given by
DyD d*z () —i Lgarge, 1 g
w w eXp o v xw( o Zm)¢ _I_ Z uv —I_ Z uv 9

where we define the Dirac operator as
D=—i(d+ A+ gF+v54s).

perform the chiral rotation and add gauge-invariant terms to the
Lagrangian to match the chiral anomaly

integrate out quarks below a cut-off Dirac eigenvalue A.
consider a pure gauge As, = 0,0 for the auxiliary axial field

and the chiral limit m — 0



Bosonization

= The total effective Euclidean Lagrangian reads as

1

£(4) GauuGa +3 FHYF,, — P A,
(AN 0,0+ I_agevie, 4 Negpm
s 1672 ST e
22; 1]2\::2 (669,,0)
So we get an axion-like field with decay constant f = %\/ﬁc
and a negligible mass mj = lim @) =x(T)/f? .

V —o0 f2V



Bosonization

= The total effective Euclidean Lagrangian reads as

1

£(4) GauuGa +3 FHYF,, — P A,
AN 0,0 + I gemvde, 4 Negpm
s 1672 ST e
22; 1]2\::2 (609,,0)
So we get an axion-like field with decay constant f = %\/ﬁc
and a negligible mass mj = lim @) =x(T)/f? .

V —o0 f2V

Dynamical axion-like internal degree of freedom in QCD!



Interpretation of the scale A

* From the quartic Lagrangian at N. = Ny =1 we get

) 5L 1 /AN R
= — lim = — [ — —
Ps tp—0 5”5 2\ H5 32 Hs




Interpretation of the scale A

* From the quartic Lagrangian at N. = Ny =1 we get

y oL 1 AN Lo
= — lim = — | — —
Ps tr—0 L5 “o\7 ) T 3t

= Free quarks (see 0808.3382): = W\/ \/ 1= + —H X psphale'ron



Interpretation of the scale A

* From the quartic Lagrangian at N. = Ny =1 we get

y oL 1 AN Lo
= — lim = — | — —
Ps tr—0 Ol “o\7 ) T 3t

= Free quarks (see 0808.3382): = W\/ \/ 1= + —H X psphale'ron

* Free quarks and a strong B-field: A = 2/|eB|



Interpretation of the scale A

* From the quartic Lagrangian at N. = Ny =1 we get

) oL 1 AN R
= — lim = —| = —
Ps tr—0 s “o\x ) T e

= Free quarks (see 0808.3382): = W\/ \/ 1= + —H X psphale'ron

* Free quarks and a strong B-field: A = 2/|eB|

* Dynamical fermions (1105.0385): A ~ 3 GeV > Agcp

A ,,hidden* scale!



One more remark

,7Axionic” part of the Lagrangian

2 C NC NC
Lo = ATN 0"00,,0 + 0120 —
42

2
S =55 (9100,0)" + .




One more remark

,7Axionic” part of the Lagrangian

A2N, N,
Lo = —5-0"00,0 +

001%0 — Ne

2
S =55 (9100,0)" + .
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One more remark

,7Axionic” part of the Lagrangian

A%N, N,
Lo = = 0"00,,0 +

001%0 — Ne

2
S =55 (9100,0)" + .

If magnetic field dominates over other scales, then we can make

the following redefinition: 0 — \/2]7\cheB6

1 T
— — H 2 L 7! 2
Lo 28 98u9+ %48 7, 48NC(ZGX9 6’8“9) + ...

In the limit B — oo bosonization becomes exact, which is an
evidence of the (3+1) — (1+1) reduction!




Hydrodynamic equations

Considering EOM for the Minkowski effective Lagrangian and
only the color-singlet states, we obtain:

0, TH = F" ]y,
O J* =0,

9,Jt = CEMB,,,

u“ﬁuﬂ—k%:o,



Hydrodynamic equations

Considering EOM for the Minkowski effective Lagrangian and
only the color-singlet states, we obtain:

K—vc’?MT“” = "y,

Energy-momentum tensor

o, J" =0,
» Total electric current
Axial current >0, J{ = CE" B, ,<— Electromagnetic fields

& Chiral anomaly coefficient
4-velocity of

the normal component —aul90+pus =0 ak

Josephson equation, defining
The axial chemical potential through
the bosonized low-lying modes.

Similar to the superfluid dynamics!



Hydrodynamic equations

= Solving the hydrodynamic equations in the gradient expansion,
we obtain the constitutive relations:

TH = (e + P)utu” + Pg"” + f20"00"0 + 7+,

JH = put + CFM 0,0 + vt

JE = 2010 + vl .



Hydrodynamic equations

= Solving the hydrodynamic equations in the gradient expansion,
we obtain the constitutive relations:

e + P)utu” + Pg'” + f20"00"0 + T+,

Energy denS|ty JH — pu“ 4 CF“K’(? 6+ V,u,

JE = 2010 + Vi .
k Dissipative corrections
(viscosity, resistance, etc.)

0 ,decay constant®

Pressure

Charge denS|ty

Notice the additional current
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= Chiral Electric Effect (electric current
transverse to E-field and to both normal
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Phenomenology

An additional electric current induced by the 0-field:
jx = —CusBx + Ceranpu®d"0EP — Cux (06 - B)

Chiral Magnetic Effect (electric current along B-field)
Chiral Electric Effect (electric current
transverse to E-field and to both normal
and superfluid velocities)

Chiral Dipole Wave (dipole moment
induced by B-field)

The field B(x) itself: Chiral Magnetic Wave

(propagating imbalance between the number of left- and right-
handed quarks)
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gradient corrections

Higher order correction obey the Landau conditions
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Change In entropy: and Righer erder

gradient corrections

Higher order correction obey the Landau conditions

u, 7 =0, u, vt =0, u,vs =0
Using both hydrodynamic equations and constitutive relations
one can derive

p s 1 y poo 1
Ou(sut — —vh — —vl')y = ——(9,u,) 7" — V“(@M? -7

M5
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= Entropy production is always non-negative
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Higher order correction obey the Landau conditions
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Using both hydrodynamic equations and constitutive relations
one can derive
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= Entropy production is always non-negative

= No additional anomalous first-order corrections to the currents
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Change In entropy: and Righer erder

gradient corrections

Higher order correction obey the Landau conditions

pr B B
u, 7 =0, u, vt =0, Uy lVy =

Using both hydrodynamic equations and constitutive relations
one can derive

oo — - B = - 7O N - v O ) - VK
T 1

= Entropy production is always non-negative

= No additional anomalous first-order corrections to the currents

= Only the “normal” component contributes to the entropy current,
while the “superfluid” component has zero entropy



Interesting projects

= Add more flavors. The ,axion-like" field might be just a

pion. At strong B it will be then a 2D pion.

Role of the low-dimensional defects in inducing
superfluidity/superconductivity. Copenhagen vacuum.

Entropy and thermalization of various parts of fermionic
spectrum. Relation to the vacuum entropy.

Considering vortices (axionic strings). One might
reproduce the chiral vortical effect.

Holographic model of the chiral superfluidity and high-
order corrections.

Experimental searches for the mentioned effects.
Chiral electric effect on a lattice.



Thank you for the attention!
and

Have a good time!

All comments on the papers are welcome!
Also feel free to ask questions about the experimental observables.
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