PRL 106 (2011) 211601 PRL 105 (2010) 132001
JHEP 1101 (2011) 050 POS Lattice2010 190

JHEP 1102 (2011) 053 POS Lattice2010 076

KBapK-rnooHHasa nnasma BO
BHELLUHUX NOMNAX: YNCIEHHbIE
N aHanNUTU4YecKne pesynbraTthbl

TurpaH KanangxaH

23 mioHg 2011. MuCcTHMTyT TeopeTMUeCKOM M IDKCIEPMMEHTAJNILHOM $PUBUKM MM.
AnuxaHoBa, MockeBa, Poccus.



[ lpegMeT nccnegoBaHus

» BpemeHHaa gnHamuka
pacwunpatoenca KITl. 200 GeV Gold 4
» da3oBble nepexoab!
» BnnaHue a.-m. nonewu:
- KnupanbHbI KOHOEHCAT
- HamarHm4eHHOCTb ”
ANMOSIbHbIN MOMEHT
- MarHnTHas
BOCNPUMMYMNBOCTb
- MHayumpoBaHHag
I'IpOBO,EI,I/IMOCTb RHIC at BNL
e KnpanbHbin MarHUTHbIV
SdbdekT (CME) n HoBas
doeHOMeHonorng

(animation by Jeffery Mitchell)



[IpubnmkeHnd

 Ha pelleTke: rmooanHammKka npu KOHe4YHOU
Temrnepatype (06e3 AMHaMU4eCcKnx KBapKoB).
Tpu uBeta. OgHOPOAHOE NOCTOAHHOE
MarHMTHOE norie.

* [onorpadpunyeckne mogenun: N=4 SYM,
bosnbLoe KONMMYecTBO UBETOB, 3aBUCALLAs
OT BpeMeHn Temneparypa. KoOHeYHbIN XUM.
noTeHuman n NnpucyTcTeme BA3KOCTMN.

« deHomMeHonorna: rmgpoanHamMmmyeckoe nnu
cBepxtekydee onmncaHue KIT1.



Ob3op Aoknaga

YacTb |. BhluncneHne HabnogaemMblx Ha peLleTKe.

Yactb ll. BpemeHHaa gnHamuka knpanbHOro nepexoga B
pacwmpsawouwiencsad N=4 SYM nnasme.

YacTto lll. [ paBuTaunoHHoEe pelleHue, ayanbHOE K nrasme C
OOHUM XUMWUYECKUM NOTEHUMAIOM.

Yactb IV. [onorpadpunyeckas mogenb ana KMpanbHOro

MarHuTHoro adodekrta (CME)

* [maopoanHammka CME

e [paBuTaumoHHo-xngkoctHaa moaeno ansa CME, STU-
MoZernb
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Luscher and Weisz (1985), see also
Lepage hep-lat/9607076



VIoHTEe-Kapro

* Aniroput™m TennoBon 6aHu (heat bath) ans
SU(2)

« Vlcnonb3yem cTaHOapTHbIM anroputMm ans
kKaxxgon nogrpynnel. Cabibbo & Marinari (1982)
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* Metoa nepepenakcauumn (over-relaxation).
Adler (1981)



DepMMNOHbI

D, (0)=, (1-A(4" 4)"),
A=1—aD,(0)

Neuberger overlap operator (1998) *

(YTY)~Tr[T D]

\ fe{l,ys,y“,cw...}

Buividovich, Chernodub, Luschevskaya, Polikarpov (2009)



KnpanbHbI KOHAeHcAaT |
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KnpanbHbIn koHAeHcaT ||
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HamMmarHMyeHHOCTb

(o, ¥)=x(¥¥)qF,
(Yo, ¥)=u(gB)(TY)

(Yo, ¥)=€.(¢B)(YY)

arXiv: 0909.2350
arXiv: 0906.0488



HamarHnyeHHOCTb
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Chiral Magnetic Effect

Excess of negative
charge

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



ORyKTYyaLUnn KpanbHOCTW
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OriykTyaumm Toka (I<Tc)
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CnekTpanbHagd @yHKUMA

- Py T=0,B=Q ——
Pyz 1 =0,0B = (0.45 GEV)2 ..............
0.2 + Py T =0, GB = (0.45 GeV)? |
‘ Pym T > Tor QB = (0.19 GeV)? -~~~
N}
> 0.15 | |
(5 s
£ o1} |
.
0.05 | |
O L _,-’-‘ .......................
0 1 2 3 4 5
Conductivity ®, GeV
1
B cosh(w(t—=—))
G =
Meson masses 0 sinh(5.-)




[ IlpoBOAVMOCTb

25 . | | | | |
Ozz: T=0 +—e— .
GKK’ T = 0 Lumans [ VR .
20 B G?_?_’ T = TC : w ' ® 1
Gxxg T = TC bu o -‘- .
152 L e T
> ¢ ¥ . ;
= 10 f _
3 1 E
°t () S :
-5 . . | . . |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

1/2
(@B) ", GeV lim p,,(w)

P.V. Buividovich, M.N. Chernodub, D.E. Kharzeev, T.K., g.=220
E.V. Luschevskaya, M.I. Polikarpov (2010) v 4T




[1onoNMHUTENBHO

Takke npon3BeaeHbl BbIYUCIIEHNS
0N CrneayroLwmx BenMYnH:

e MarHMTHass BOCNPMUMYMNBOCTb U AUMOSbHbIN
MOMEHT B 3aBUCUMOCTN OT MarHUTHOIoO NOns.

* CDJ'IyKTyaLI,I/II/I AJd HaMarHM4eHHOCTU U
ANNOoJibHOTrO MOMEHTA.

e [Ipoume ABYyXTOYEYHbIE KOPPENATOPSI

* Inverse Participation Ratio gna nnotHocTH
TOMONOrMYyecKkoro 3apaga



Holography

* 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 transition
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Janik's background

Time-dependent type |[IB SUGRA background:

e d Py e deL)+di+dQ
Z Z

It's possible to introduce scaling variable v=_z/t'"” for late times

z=0
al(T, Z)=a0(v)—|—a1(v)r_2/3—|—...

AdS BH = 0
and then solve Einstein equations order by order ‘

(1—v*/3) (9+v)v* 1 4
T,z)=1 +2 +...=¢lT)z +...
a( Z> n( 1+v'/3 Mo 90— 1 ( >Z

with e= L 2 Mo energy density of a boost invariant viscous plasma.
¥ ¢?  (viscosity is fixed by regularity conditions)




Adding a flavor

Time-dependent D7-brane embeddings in N=4 plasma are described by

Sps=—T | d*E—det(P[G],,+2m0'F

with magnetic field F,,=B/(2ma’) living on the brane
Embedding Lagrangian for the profile L(t,p)

B’ L’
<p2‘|‘L2>2 (p2+L2)2
where /4 5 (' are defined via the Janik background and

1+C

1+L"—B

LDBI:A\/

1/z°=r*=p>+L> (R=1)
Grosse, Janik, Surowka (2006),

Filev et al. (2007), Erdmenger et al. (2007),

Next step — solving EOM N. Evans, TK., K.-y. Kim, I. Kirsch (2010)



Solutions (ODE)

Quasi-equilibrium approach: Three solutions:
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Holographic meson melting: Hoyos, Landsteiner, Montero (2006)



Solutions (ODE)

Quasi-equilibrium approach: Three solutions:
(0.0) _L )
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Holographic meson melting: Hoyos, Landsteiner, Montero (2006)



Chiral Condensate

Chiral condensate ¢=—{{)- order parameter of the chiral symmetry breaking,
can be read off from the asymptotic embedding behaviour:
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Chiral Condensate |

Chiral condensate as a function of time Critical time as a function of magnetic field
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* The higher B the earlier the transition (critical temperature increases with B)

* In the adiabatic approximation (no viscosity) we obtain T*NB”2
in agreement with Shushpanov, Smilga (1997), Evans et al. (2010)



Chiral Condensate ||

Chiral condensate increases with magnetic field:
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Solution (PDE)

r=44 Initial and boundary conditions:

Lip7)
D'jf ' : t[7]
[l o pres - _ L(t—o,p)=f,(p),

0.15 0.L(t—o,p)=0,
0.10 5 L |

L(it,p=0)=0,
0.05 p TP

L(t,p—0)=0

5010 15 0 25

[ Solving PDE in reverse
M'....L_..... ......... NN time order.
il 03 i 15 a0 15 (animation by |.Kirsch and T.K.)




Chemical potential

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

e Use a time-dependent AdS
Reissner-Nordstrom black
hole solution for @-order

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

* Full phase diagram u=A,(boundary)— A,( horizon)




Main idea

STU-model duality 3-charge fluid with
(AdS black hole - » anomalies in external
with 3 charges) gauge fields

|

|
reduction to two charges |
|

v \
2-charge fluid with the

- - axial anomaly in
external e.-m. fields

a gravity model
with 2 charges




Hydrodynamics

Three-charge model:

v avh .a Electric field
0. T"" =F"""j,, a=1,273
w A " .
E"=u,F

aM jauz_;_cabc Fﬁvﬁvcu\/:cabc Eb’BC

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

Magnetic field

Br=Lenvioy g
T"=(e+P)u"u"+Pg""+..., 2 o

jaM:pauu_I_g(c; (DM+§aBbBbM+... Vorticity
| Y
&\\\\ﬂgﬂ//////”//// uﬂtrze“xpuvaxup

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



Transport coefficients

bu

j““zpau“+§gw“+§“;B +...

where the coefficients are

a __ ,~abc b c 2 a bcdubucud

Ep e+ P
b b 1 bdl-lcud

a ac C__ acc
&p = 7 P e+ P

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



Reduction to two charges

Hydrodinamic equations:

aMTW:FW\jw

. 1 ~ v
au]?:_g_CFquu =CE"B,,
0.j =0

where vector and axial currents are

up
© ] B
Ws s
QVE =Cu’l1-2 ,
Sa=C c+P

identifications:

j2u_|_j3u
.1

M

=
Js=1J

Jr=pu"'+k 0" +k,B"+...
Ji=psu" +E, 0" +E,B"+...

up

Kp=Cus| 1 , CME
B Us cr P
Ws s

=Cu|l-— , QME
Ep U c+ P

T.K. and |.Kirsch (2011)



Holography. Algorithm.

Fluid on the boundary, gravity in
the bulk. Input: energy density, r=0
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-...).

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)



Gravity. STU-model.

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

L:R—;—Gaij’wNFbMN—GabaM X" x’

3
MRS e Finy Frp A5+ 4D L

1
_|_
24— g, = xe

Here we have:

1. Metric & yv, where M, N =0, ..., 4.

2. Three U(1) gauge fields 4}, , where a =1, 2, 3. Gab:56abc (Xc)

3. Three scalars X : X' x*x’=1

Behrndt, Cvetic, Sabra (1999)



Boosted black brane

2/3 u u,dx"dx'—2H 1/6 u dx" dr
+7 H”3 wtu dx"dx’
1/3
A= AO -I—A
\/mq 3
(7) f(r) =———I—r H(r HH
r -I—q 1

H(r)=1 —I—q—2
r Torabian and Yee (2009)



Next order

We slowly vary 4-velocity and background fields

uuz(—l, xvavui)

Z - o0
a__ v a
A'=(0,x" 8, A')
Then solve equations of motion for this case and find corrections to
the metric, gauge fields and scalars.
And consider the near-boundary expansion (Fefferman-Graham coordinates):
1 (4)
ds2:—2(gw(z,x)dx“dxv—l—dzz), T :M+
v e
z " 4nGy
_ (2) 2, (4) 4
gu\/(Z:x)_nuv_'_guv(x)Z +guv(‘x>Z T... ﬂMVA(2)<X)
= A

A2z, x)= AL )+ A7) (x) 22 /=826,



Transport coefficients

(n“v—|—4u“uv)+...,

u +§ff)2 e""Pu, 0, u,+E5 € u, 0, A +...



Transport coefficients

(zeroth order)

/mqa: pa

2m c+ P




Transport coefficients

a 1 abc b c qua bcd b c¢ d
= S — S
(zeroth order) o 167G, w u 3m wuu )
'mqa: pa ab 1 abc ¢ \/mqa bed ¢ d
2m  e+P ST TonG 0 N A, 0 MY

(first order) MaEAg(]/'H)— Ag(oo)



Transport coefficients

h ord ga: 1 Sabc b c_quaSbcd b c d
(zeroth order) ® 16T[G5 3Im
'mqa: pa ab 1 abc ¢ \/mqa bed ¢ d
2m  e+P EB_167[G5 ST T S
(first order) MaEAg(]/'H)— Ag(oo)

Swc=161Gs:C . —» We recover the hydrodynamic result!



Time-dependent model

Scaling: v=1"3p m=Tt

Time-dependent black-brane solution:

ds’=—H"(v) f(v)dT+2H"(v)d T dr
+HP()[(14r3d v+ d x ),

A”:(Ag(v)uu—l-/lﬁ)dx“,

a_H1/3<V>
TH)

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

a_ ~—2/3 a
q =T 0
7 (v)=r* —%m(\/))
o\V)=13 T2 4
T vV Tq,
3
Hv)=]1H(v)
a=1
) q,
H (v)zl—l——g
’



Outline

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 !
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Picture from BNL internet cite Fig. by M. Chernodub
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