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  Предмет исследованияПредмет исследования
●  Временнáя динамика 
расширяющейся КГП. 

●  Фазовые переходы
●  Влияние э.-м. полей:

- Киральный конденсат
- Намагниченность и
  дипольный момент
- Магнитная
  восприимчивость
- Индуцированная
  проводимость

●  Киральный Магнитный
 Эффект (CME) и новая
 феноменология

(animation by Jeffery Mitchell)



  

ПриближенияПриближения

● На решетке: глюодинамика при конечной 
температуре (без динамических кварков). 
Три цвета. Однородное постоянное 
магнитное поле.

● Голографические модели: N=4 SYM, 
большое количество цветов, зависящая 
от времени температура. Конечный хим. 
потенциал и присутствие вязкости.

● Феноменология: гидродинамическое или 
сверхтекучее описание КГП. 



  

Часть I. Вычисление наблюдаемых на решетке.

Часть II. Временнáя динамика кирального перехода в 
расширяющейся N=4 SYM плазме. 

Часть III. Гравитационное решение, дуальное к плазме с 
одним химическим потенциалом.

Часть IV. Голографическая модель для кирального 
магнитного эффекта (CME)
●  Гидродинамика CME
●  Гравитационно-жидкостная модель для CME, STU-
модель

  Обзор докладаОбзор доклада



  

Lüscher and Weisz (1985), see also 
Lepage hep-lat/9607076

  ДействиеДействие



  

• Метод перерелаксации (over-relaxation).
 Adler (1981)

  Монте-КарлоМонте-Карло
●  Алгоритм тепловой бани (heat bath) для 
SU(2)

●  Используем стандартный алгоритм для 
каждой подгруппы. Cabibbo & Marinari (1982)



  

∈{1,5 , ,   ... }

〈   〉~Tr [  Dov
−1]

Buividovich, Chernodub, Luschevskaya, Polikarpov (2009)

Neuberger overlap operator (1998)

  ФермионыФермионы

Dov(0)=
1
a
(1−A(A+ A)−1/2)

A=1−a DW (0)



  

≡−〈   〉=lim
0


V

=1.57±0.23

 fit B =0[1 eB B
2 


]

  Киральный конденсат IКиральный конденсат I



  

〈 Ψ̄ Ψ 〉GMOR=−(240±10MeV )3

230±5 MeV !

  Киральный конденсат IIКиральный конденсат II



  

〈    〉= 〈   〉q F 

〈  12 〉= z qB〈   〉

〈  03 〉=z qB 〈   〉
arXiv: 0909.2350
arXiv: 0906.0488

  НамагниченностьНамагниченность



  

  НамагниченностьНамагниченность



  

ρR≠ρL

Gaμ ν G̃μ ν
a

Topological
charge
density



  

Chiral Magnetic EffectChiral Magnetic Effect

Abelev et al. (2009-2010), Kharzeev, McLerran, Warringa (2007)

Excess of positive
charge

Excess of negative 
charge

J μ=κB B
μ



  

Chirality fluctuations (T<TChirality fluctuations (T<Tcc))

ρ5(x)=Ψ̄ γ
5Ψ

Current fluctuations (T<TCurrent fluctuations (T<Tcc))  Флуктуации киральностиФлуктуации киральности



  

Current fluctuations (T<TCurrent fluctuations (T<Tcc))

j x =  

  Флуктуации тока (T<TФлуктуации тока (T<Tcc))



  

Корреляторы токов Корреляторы токов 

G ij =∫ d3x 〈 J i  0, 0 J j x ,〉

CONFINEMENT DECONFINEMENT (T=350 MeV)



  

Спектральная функцияСпектральная функция

G ij=∫
0

∞ d
2 [ 2T

cosh − 1
2T


sinh 
2T
 ]ij 

Conductivity

Meson masses



  

ПроводимостьПроводимость

 ij=
lim
0

ij

4T
P.V. Buividovich, M.N. Chernodub, D.E. Kharzeev, T.K.,
 E.V. Luschevskaya, M.I. Polikarpov (2010)



  

  ДополнительноДополнительно

Также произведены вычисления 
для следующих величин:

● Магнитная восприимчивость и дипольный 
 момент в зависимости от магнитного поля.
● Флуктуации для намагниченности и 
 дипольного момента.
● Прочие двухточечные корреляторы
● Inverse Participation Ratio для плотности 
 топологического заряда



  

HolographyHolography

● No effects of the running coupling 
(nonrenormalization theorems)

● No dependence on the number of colors 
or a trivial dependence (multiplicative 
constant)

● Quenched approximation (see also lattice)
● No confinement (in our models)
● Specific effective theory description (QGP 
as a fluid, superfluid, etc)



  

  Chiral phase transitionChiral phase transition



  

  Janik's backgroundJanik's background
Time-dependent type IIB SUGRA background:

and then solve Einstein equations order by order

with

ds2

R2 =
1
z2 (−ea(τ , z)d τ2+eb(τ , z)τ2 dy2+ec (τ , z)dx⊥

2 )+dz2

z2 +dΩ5
2

a(τ , z)=a0(v)+a1(v) τ
−2 /3+…

a (τ , z)=ln((1−v4 /3)2

1+v4 /3 )+2η0
(9+v4)v4

9−v8
1
τ2/3+…≡ε(τ) z

4+…

It's possible to introduce scaling variable                 for late times     v≡ z / τ1 /3

ε= 1
τ4/3−

2η0

τ2
energy density of a boost invariant viscous plasma. 
(viscosity is fixed by regularity conditions)

z = ∞

z = 0

AdS

C
FT BH



  

where                 are defined via the Janik background and 

  Adding a flavorAdding a flavor
Time-dependent D7-brane embeddings in N=4 plasma are described by

with magnetic field                               living on the brane
Embedding Lagrangian for the profile                 :

S DBI=−T D7∫d 8ξ√−det (P [G ]ab+2πα ' F ab)
F 12=B /(2πα ' )

L(τ ,ρ)

Grosse, Janik, Surowka (2006),
Filev et al. (2007), Erdmenger et al. (2007),
N. Evans, T.K., K.-y. Kim, I. Kirsch (2010)

L DBI=A√(1+C
B2

(ρ2+L2)2 )(1+L' 2−B
L̇2

(ρ2+L2)2 )
A ,B ,C

1/ z 2=r2=ρ2+L2 (R=1)

Next step – solving EOM



  

  Solutions (ODE)Solutions (ODE)
Quasi-equilibrium approach:

L(τ ,ρ)= f 0(ρ)+∑
i=1

∞

f i(ρ) τ
− i

3

Three solutions:

● Minkowski embedding (stable)
● black hole embedding (unstable)
● flat embedding

Holographic meson melting: Hoyos, Landsteiner, Montero (2006)



  

  Solutions (ODE)Solutions (ODE)
Quasi-equilibrium approach:

L(τ ,ρ)= f 0(ρ)+∑
i=1

∞

f i(ρ) τ
− i

3

Three solutions:

● Minkowski embedding (stable)
● black hole embedding (unstable)
● flat embedding

Holographic meson melting: Hoyos, Landsteiner, Montero (2006)



  

Chiral condensate                   - order parameter of the chiral symmetry breaking,
can be read off from the asymptotic embedding behaviour:

Chiral CondensateChiral Condensate

L(τ ,ρ)∼m+ c(τ)
ρ2

c=−〈ψ̄ψ〉



  

Chiral Condensate IChiral Condensate I
Chiral condensate as a function of time Critical time as a function of magnetic field

● The higher B the earlier the transition (critical temperature increases with B)
● In the adiabatic approximation (no viscosity) we obtain 
 in agreement with Shushpanov, Smilga (1997), Evans et al. (2010) 

∗=12.45 B−1.55

0.05 viscosity 
       correction

T∗∼B1 /2



  

Chiral Condensate IIChiral Condensate II

 fit B =0[1eB B
2 


]

=1.57±0.23

SU(3) on the lattice for 
T=0

Low temperatures
≈1.5

N. Evans, T.K., K.-y. Kim, I. Kirsch (2010)
Braguta, Buividovich, T.K., Kuznetsov, Polikarpov (2010)

Chiral condensate increases with magnetic field:



  

  Solution (PDE)Solution (PDE)

L(τ→∞ ,ρ)= f 0(ρ) ,

∂τ L(τ→∞ ,ρ)=0,

∂ρ L(τ ,ρ=0)=0,

L(τ ,ρ→∞)=0

Initial and boundary conditions:

Solving PDE in reverse
 time order. 
(animation by I.Kirsch and T.K.)



  

Chemical potentialChemical potential
●  One can incorporate a 
chemical potential into the 
Janik background to go 
beyond the probe brane limit

●  Use a time-dependent AdS 
Reissner-Nordström black 
hole solution for Ø-order

●  In this backgrond we can 
find corrections to the 
transport coefficients and 
then repeat the standard 
procedure with embeddings

●Full phase diagram

BH

 μ

AdS 

μ=A0(boundary)−A0(horizon)



  

Main ideaMain idea

3-charge fluid with 
anomalies in external 

gauge fields

STU-model 
(AdS black hole 
with 3 charges)

  

a gravity model 
with 2 charges

2-charge fluid with the 
axial anomaly in 

external e.-m. fields

reduction to two charges

duality



  

HydrodynamicsHydrodynamics

∂μT
μν=F a νλ jλ

a , a=1,2 ,3

∂μ jaμ=−1
8
Cabc Fμ ν

b F̃ cμ ν=C abc Eb⋅Bc

T μν=(ϵ+P)uμuν+Pgμ ν+… ,

jaμ=ρauμ+ξω
a ωμ+ξB

ab Bbμ+… Vorticity 

ωμ=1
2
ϵμνλρuν∂λuρ

Baμ=1
2
ϵμνλρuνF λρ

a

Eaμ=uνF
aμ ν

Magnetic field 

Electric field 

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

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

Three-charge model: 



  

Transport coefficientsTransport coefficients


a=C abcbc−2

3
aC bcd b c d

P

B
ab=Cabcc− 1

2
aCbcd cd

P

jaμ=ρauμ+ξω
a ωμ+ξB

abBbμ+…

Here μa  is a chemical potential associated with density ρa 

where the coefficients are



  

  Reduction to two chargesReduction to two charges

∂μT
μν=F νλ jλ ,

∂μ j5
μ=−1

8
C Fμ ν F̃

μν=C Eλ⋅Bλ ,

∂μ jμ=0
j=u

B B


j5
=5u


B B

where vector and axial currents are 

κω=2Cμμ5(1− μρ
ϵ+P ) , κB=Cμ5(1− μρ

ϵ+P ) ,
ξω=Cμ2(1−2

μ5ρ5

ϵ+P ) , ξB=Cμ(1− μ5ρ5

ϵ+P ),
CVE

QVE

CME

QME

j= j2 j3

j5
= j1

Hydrodinamic equations: identifications:

T.K. and I.Kirsch (2011)



  

Holography. Algorithm.Holography. Algorithm.

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

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

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

r = 0

r = ∞

AdS

C
FT

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

see also Bhattacharyya, Hubeny, Minwalla and Rangamani (2008), Torabian and Yee (2009)



  

Gravity. STU-model.Gravity. STU-model.

Behrndt, Cvetic, Sabra (1999)

L=R−1
2
Gab F MN

a F bMN−Gab∂M X a∂M X b

+ 1
24√−g5

ϵMNPQRS abc FMN
a F PQ

b AR
c+4∑

a=1

3 1
X a .

Gab=
1
2
abc X c −2

Here we have:

1. Metric   
       

, where M, N = 0, ..., 4.

2. Three U(1) gauge fields       , where a = 1, 2, 3.

3. Three scalars        :  
 

X 1 X 2 X 3=1

gMN

AM
a

X a

Holograhic dual of U(1)3 theory – the STU-model:



  

Boosted black braneBoosted black brane

Torabian and Yee (2009)

ds2=−H 2/3(r) f (r)uμ uνdx
μ dxν−2 H−1/6(r)uμdx

μ dr
+r2 H 1 /3(r)(ημν+uμ uν)dxμdxν

f (r)=−m
r2+r2 H (r) H (r )=∏

a=1

3

H a (r)

H a(r )=1+qa

r2

A0
a(r )= √mqa

r2+qa

Aa=(A0
a (r)uμ+Aμ

a)dxμ X a=H 1/3(r )
H a (r)



  

Next orderNext order

uμ=(−1, xν∂νui )
A

a=0, x∂ A
a 

We slowly vary 4-velocity and background fields

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

z = ∞

z = 0

AdS

C
FT

And consider the near-boundary expansion (Fefferman-Graham coordinates):

ds2= 1
z2 (gμ ν(z , x)dxμdxν+dz2) ,

gμν(z , x)=ημν+gμν
(2)(x) z2+gμν

(4)(x) z4+…
Aμ

a (z , x)=Aμ
a(x)+Aμ

a (2)(x) z2+…

Tμν=
gμ ν
(4)(x)

4πG5
+…

ja
μ=
ημ ν Aa ν

(2)(x)
8πG5

+…



  

Transport coefficientsTransport coefficients

jaμ= √mqa

8πG5
uμ+ξω

a 1
2
ϵμ νλρuν∂λuρ+ξB

abϵμνλρuν∂λAρ
b+…

Tμ ν= m
16πG5

(ημν+4uμ uν)+… ,



  

Transport coefficientsTransport coefficients

√mqa

2m
=
ρa

ϵ+P

(zeroth order)

jaμ= √mqa

8πG5
uμ+ξω

a 1
2
ϵμ νλρuν∂λuρ+ξB

abϵμνλρuν∂λAρ
b+…

Tμ ν= m
16πG5

(ημν+4uμ uν)+… ,



  

Transport coefficientsTransport coefficients

ξω
a= 1

16πG5
(S abcμbμc−√mqa

3m
Sbcdμbμcμd)

ξB
ab= 1

16πG5
(S abcμc−√mqa

4m
S bcdμcμd)

μa≡A0
a(rH)−A0

a(∞)

√mqa

2m
=
ρa

ϵ+P

(zeroth order)

jaμ= √mqa

8πG5
uμ+ξω

a 1
2
ϵμ νλρuν∂λuρ+ξB

abϵμνλρuν∂λAρ
b+…

Tμ ν= m
16πG5

(ημν+4uμ uν)+… ,

(first order)



  

Transport coefficientsTransport coefficients

ξω
a= 1

16πG5
(S abcμbμc−√mqa

3m
Sbcdμbμcμd)

ξB
ab= 1

16πG5
(S abcμc−√mqa

4m
S bcdμcμd)

μa≡A0
a(rH)−A0

a(∞)

S abc=16πG5⋅C abc   We recover the hydrodynamic result!

√mqa

2m
=
ρa

ϵ+P

(zeroth order)

jaμ= √mqa

8πG5
uμ+ξω

a 1
2
ϵμ νλρuν∂λuρ+ξB

abϵμνλρuν∂λAρ
b+…

Tμ ν= m
16πG5

(ημν+4uμ uν)+… ,

(first order)



  

Time-dependent modelTime-dependent model

Scaling: v≡τ̃1/3 r m=τ̃−4/3m0 qa=τ̃−2/3q0
a

Time-dependent black-brane solution:

ds2=−H 2/3(v) f (v)d τ̃2+2 H−1/6(v)d τ̃ dr
+H 1/3(v)((1+r τ̃)2d y2+r2d x⊥

2) ,

Aa=(A0
a (v)uμ+Aμ

a)dxμ ,

X a=
H 1/3(v)
H a (v)

f (v)=r2(−m0

v4+H (v))

H (v)=∏
a=1

3

H a(v)

H a(v)=1+
q0

a

v2

A0
a(v)= 1

τ̃1/3
√m0q0

a

v2+q0
a

Repeating the usual algorithm we can in principle find 
time-dependent transport coefficients!



  

OutlineOutline

Fig. by M. Chernodub

There are lots of new interesting effects waiting for an experimental 
check: CME, CVE, CSE\QME, QVE, CMW, existence of various 
(super-)conducting and superfluid states etc. We can study them NOW !

Picture from BNL internet cite
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