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Electromagnetic fields

=200 GeV, Au+Au, b=10fm
JS_ » AU+AU, ‘\/s_=2.76 TeV, Pb+Pb, 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



(Naive) visible effects
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(Naive) visible effects

B = Spins parallel
> P S toB
* Momenta
antiparallel
= If s =pL —pr#0
then we have
P

a net electric
current parallel
to B

Left-handed Right-handed Fukushima, Khe_1rzeev,
McLerran, Warringa (2007)



[Heavy-ion collisions

A

JH = C/L5B’u
Chiral Magnetic Effect

JH =2Cupusw”
Chiral Vortical Effect

~/ /
\L// / /
/ / / / Excess of negative

charge

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



Observables

* Chiral condensate. (D)
= Chirality. (T D)
= Electric and axial currents. (T, 0, (7,75 0)

= Magnetization and polarization. (¥, %)
= Magnetic susceptibility.
= Electric conductivity. (Vg Vs - Uy, Wy )

Task: find the magnetic field dependence of these observables,
study the vacuum structure and possible new phenomenology.



Observables

* Chiral condensate. (D)
= Chirality. (I )
= Electric and axial currents. (T, 0, (7,75 0)

= Magnetization and polarization. (¥, %)
= Magnetic susceptibility.
= Electric conductivity. (Uo7 s - Uy, Uy

| will present briefly these results, for the rest see Falk's talk!



Anomalous effects

Hydrodinamic equations: Anomalies:
y v (AVV) I
0, T =F"j,,
C
Oy Js= CE" By +—- 3 E B, A
0, j'=0

j =pu“+Kmm“+K3B“+...
where vector and axial currents are U u u W
Js=psu +5,0 +E, B +...

_ up Us _ wp

CVE K,=2Cuu, _e+P[1+_3M2] . Ke=Cu, _—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
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Electrical conauctivity
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P.V. Buividovich, M.N. Chernodub, D.E. Kharzeey, T.K.,
E.V. Luschevskaya, M.l. Polikarpov, PRL 105 (2010) 132001

conductor

Tec

Insulator (B=0),
anisotropic
conductor (large B)

+ soft dilepton and photon
production rates



QCD
vacuum

auv /~a
GG,

N

Pr7P;,

Negative topological
charge density

For the details of the simulation see P. Buividovich, T.K., M. Polikarpov PRD 86, 074511



Fractal dimension

4.5 T T T T T T T
Top. Charge +—e—
4l Ourresult: d=2+3
and after coolingd ~ 4
35
S d = 1. monopoles
S 3r
5 d = 2: vortices
25
d = 3: domain walls
2 _
s L , L | | | d = 4: instantons

0 2 4 6 8 10 12
Number of cooling steps

IPR = {NZ,@Z | sz = } IPR(a) = const

€T

P. Buividovich, T.K., M. Polikarpov PRD 86, 074511



4D Bosonization

The total effective Euclidean Lagrangian for QCDxQED reads as

1
£(4) GauuGa ZF/.LVFMV . jMA/,L
AN 0,0 + I gemvde, 4 Negpm
47r 1672 S HY
N Nc 2
00,0
247r 1272 (0700,0)

Here 6 is a result of a gauge-invariant bosonization of the low-lying fermionic modes
with finite cutoff A and gauged U(1) axial symmetry. The transformation parameter
becomes a dynamical axion-like field. The cutoff has a physical meaning,

2 2
AT = W\/;\/Tz + % AB = 2\/ |€B| Alatt ~ 3 GeV




Phenomenology

An additional electric current induced by the 0-field:

jn = —CusBx + Ceranpsu®0"0EP — Cux (06 - B)




Phenomenology

An additional electric current induced by the 0-field:
jn = —Cus By + Ceransu®0"0EP — Cux (06 - B)

= Chiral Magnetic Effect (electric current along B-field)




Phenomenology

An additional electric current induced by the 0-field:
gx = —CusBx + CG)\aﬁ;ﬁuO‘({?&@Eﬁ — C’u)\((’%’ - 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)
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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) T.K., arXiv:1208.0012, Nucl. Phys. A 913 (2013) 243



Chromodynamic spaghetti

Still, the physical meaning of 8 is not clear. It might be a field propagating along the
percolating vortices (keep in mind d=2..3) without dissipation. We can test the color
conductivity of QCD by solving the YM equations

We switch on a constant field B along the 3-rd spatial
and color directions:

B _
A3:A§+z’A§:§(ix1—x2> 3

solve the YM equations for the
transverse components

1
+ _ 1 _— 2 A2 L
AM—E(AM:FZA'L), A:Al —|—'LA2
and obtain the Abrikosov lattice of color-superconducting 2 2
flux tubes

xrq1+1x9

A(m1,m2) = ¢oe9P™2 "2 s (

M. Chernodub, J. Van Doorsselaere,

(1‘1 —|—i1‘2>l/ 2i7r>
T.K., H. Verschelde, arXiv:1212.3168

e 3
Lp ’



Thank you for the

attention!
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Hydrodynamic equations

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

ﬁ—v&uT“” = "y,

Energy-momentum tensor

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

& Chiral anomaly coefficient
4-velocity of

the normal component > ur0,0 + ps =0 ak

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

Similar to the superfluid dynamics!



Constitutive relations

Solving 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



Step 1 LLattice action

a— re =14 .48 as(m/a)
ce = .005 as(m/a)

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



Step 2: Viente Carlo

* Heat bath for SU(2)

* Use the standard algorithm for each subgroup
of SU(3). Cabibbo & Marinari (1982)

o 1 11 12
alz( 1), CLQ:( &2), as = 1

21 29

* Overrelaxation. Adler (1981)

* Cooling (smearing) for some particular cases.
DeGrand, Hasenfratz, Kovacs (1997)



Step 3: Fermions & B-field

Do = (1- =)
ov a ATA
AZl—aDw(O)

Neuberger overlap operator (1998)

(D) ~ Tr [f D;Ul}

\ f S {17757’)/“70-/11/7'"}

Buividovich, Chernodub, Luschevskaya, Polikarpov (2009)




Chiral condensate
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Chiral condensate
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Chiral condensate

Exponent
2
1

3/2

3/2
3/2

1.3..2.3

N =% 4+ #B”

Model
Nambu-Jona-Lasinio model

Chiral perturbation theory
(weak B)

Chiral perturbation theory
(strong B)

Holographic Karch-Katz model
1 flavor overlap fermions

D3/D7 holographic system
(low temperatures)

D3/D7 holographic system
(,high" temperatures)

2 flavors staggered fermions

Reference
Klevansky, Lemmer '89

Scramm, Muller, Schramm '92
Shushpanov, Smilga '97

Zayakin '08
Braguta, Buividovich, T.K., Polikarpov '10
Evans, T.K., Kim, Kirsch 10

D'Ellia, Negro '11



Viagnetic susceptinility

(qjaaﬁqj> — X(F) (qjgj}QFaﬁ



Viagnetic susceptinility

Result (GeV?)
-4.24 £ 0.18
-4.32
-3.2+0.3
-29+£0.5

-5.7

-44+04

-4.3

-9.25

-8.2

<\IJO'O¢5\I’) — X(F) <\I“1]>QFO¢/3

aB<\IJO-12\II> |B—>O — Qth + 220

Model

1 flavor overlap fermions
instanton vacuum model
QCD sum rules

QCD sum rules

QCD sum rules

QCD sum rules
quark-meson model
Nambu-Jona-Lasinio

OPE + pion dominance

Vacuum of QCD
Is a paramagnetic!

Reference

Braguta, Buividovich, T.K., Polikarpov 10
Petrov et al.'99, Kim et al.'05, Dorokhov'05
Ball, Braun, Kivel '03

Rohrwild '07

Belyaev, Kogan '84

Balitsky, Kolesnichenko, Yung '85

loffe '09

Frasca, Ruggieri '11

Vainstein '02



Gj(r), GeV°

Current-current correlator
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Gii(7) = / 33 (J;(0,0).J;(Z, 7))



C-C. spectral function
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EXperiment
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EXperiment

(cos cos)|— (sin sin)

(cos cos)|+ (sin sin)
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EXperiment

(cos cos)|— (sin sin)

(cos cos)|+ (sin sin)
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Inverse Participation Rkatio

Observables:

pa(x) = P (@) Pra(r) <

,Chiral condensate” for eigenvalue A

A
p3(z) = (1 — 5) io‘(aj)’ygﬂ@bf (x) < ,Chirality* = Topological charge density

Inverse Participation Ratio (inverse volume of the distribution):

IPR=N ) pi(x)

> pi(z) =1

Fractal dimension (performing a number of IPR B const
measurements with various lattice (a) = e
spacings):




|_ocalization of zero-modes

Definition: B ]
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lopoloegical charge density

Definition 1: ) _ Definition 2: ) i
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