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Schwinger pair productioifi F' > m? /e for eB ~ 103 G.

Magnetic catalysisB (de)catalyzesqq), T.(B) is complicated
Balietal '12

rho-meson condensaties superconducting QCD vacuum!
Chernodub '10

Changes in the phase diagramy, — T — B
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« Schwinger pair productioii F' > m? /e for eB ~ 10'° G.

« Magnetic catalysisB (de)catalyzesqgq), T.(B) is complicated
Bali et al '12

o 'ho-meson condensaties superconducting QCD vacuum!
Chernodub '10

o Changes in the phase diagramu — T — B

This talk: Electric currents in QGP generated by magnetic fields
o Chiral aHOma|y<harzeev, McLerran, Warringa '07

o Faraday + Hall in expanding plasmas, kharzeev, Rajagopal '14
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o Initial magnitude of B

. Bio-Savart:By ~ vZe2; =
~ 10%(10') Gat RHIC
(LHC).

o By~ 10'Y — 103G (neutron
stars),10'° (magnetars)

o More relevantlyeB ~ 5 —
e 15 x m2 RHIC (LHC).
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PART I. Chiral Magnetic Current
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Chiral Anomaly in QCD

Magnetically generated currents in the QGP - p.5



massless fermions arechiral: left and right-handed quarks.

Classically QGP chiral symmetricN; = Ny
as’T ~ 500 MeV > m,,, my

Axial currentd, J*° = 9, ("), — (by ) R) = 0

N]«:g2

However there is &M anomaly o,,j+5 = - 7L Fg, Fi.
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massless fermions arechiral: left and right-handed quarks.

Classically QGP chiral symmetricN; = Ny
as’T ~ 500 MeV > m,,, my

Axial currentd, J*° = 9, ("), — (by ) R) = 0

However there is @M anomaly a,j#> = - Y19 pa f,

1672

Due totopologically non-trivial gluon configurations

Gluon winding number@),, = 3372T2 [ d*z ngﬁ’c’;“’ c Z.

Atlyah-Singer index theoremA (N, — Ng) = 2N Q)
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Sphaleron

Topologically non-trivial gluonfields

AWARA
VAR

-2 -1 0

o Sphaleronsthermally inducec€hanges i@,
o The most dominan®),, decaymoore et al '97due tosphalerons

. Sphaleron decay raté' "2 1) 1928 o5 74
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Chiral Magnetic Current
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. UnderB spin degeneracy of quarks lifted déle~ —¢5 - B:

B‘@ww
0y H

9:@
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. UnderB spin degeneracy of quarks lifted déle~ —¢5 - B:

B‘@w@ H
HH 0

3
o Macroscopic manifestation of the axial anomaly

 Anomalous magnetohydrodynamics= % 15 B

Kharzeev et al '07, Son, Surowka '09

o 15 encodes the imbalandé;, # Ng
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If Q. # 0 (0or us finite)
If there Is an external magnetic field
There exists/* ~« B due to chiral anomaly

In QGP the main source @}, is sphalerons

(NL—Ngr) 4
Sphaleron decay raté "L ") ~ 192,805 T
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If ., # 0 (or us finite )
If there Is an external magnetic field
There exists/* ~« B due to chiral anomaly

In QGP the main source @j,, Is sphalerons

Sphaleron decay ratéd! "2 1) ~ 192.8 2 T4

dtd3 x

But QGP is strongly interacting... Why trust perturbative
calculations?
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Finite T,N. > 1,0, > 1 QFT < GR
on black holes in 5D

Maldacena '97; Witten; Gubser, Klebanov, Polyakov '98
1. (O(z1)O(x2)) computed fromv2¢ = m?2¢ on the BH.
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uv

Finite T,N. > 1,0, > 1 QFT < GR

on black holes in 5D

Maldacena '97; Witten; Gubser, Klebanov, Polyakov '98
1. (O(z1)O(z2)) computed fromvV2¢ = m2¢ on the BH.
2. RecallwJ* (w) < TrFF(w). Introduce CP oddxiona(r, z)

3. The source ternf d*zag(z)TrF F(z) with a(r, z) — ag(z) at
the boundary.
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A(Np — Ng)

Initial excess N° = N; — Ny near thermal equilibrium.
Described by perturbatiof — £ + ¢TrFF

Linear response theorys N5 — w.J% oc (TrFE TrFF(w)) N5
Should calculate the decay rdates ~ (TrFF TrFF(w))
Holography:StudyV2a(r, ) = 0 on the 5D BH.
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Holographic calculation of A(Ny — Ng)
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A(Np — Ng)

2Nc)2

T#, Son, Starinets '02
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AdS/CFT:FCS =

6

(92N6)2
2567

3

A(Np — Ng)

T#, Son, Starinets '02

Phenomenologically interesting regidn~ 7. whereconformality

breaks down:

Trace of the energy-momentum tensor

0.8—

Al TA normalized to the SB limit qi/T4

. SU@d)
. SU@)
. SU(5)
. SU(6)
. Su(8)
improved holographic QCD model
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U.G., Nitti, Kiritsis '07
Vit = [ doy=g (R~ (00)2 + V(@) - 5}z Z(9)(90)?)
ParametrizeZ(\) = Zy (1 + 1A + ca\?)

Result:T'cs(T.) > C' s(1T.)T.x ©OBannon, U.G, latrakis, Kiritsis, Nitti '12

o Wherey = 88‘;(2) IS the topological susceptibility
Tcs/(k* Zo/27)
(sT/N)

201

10 I,

0.5+

T T e A AL

for ihnQCD to reproduce lattice™— glueball spectrum withind.
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Calculated thé'~s in non-conformal holography
CME is proportional td'¢ ¢

Comparison of AAS/CFT with non-AdS/non-CFTZat
PSET ~ 0.045T2 vs. Teg > 1.64T2

Precise value df,. ambiguous but a lower limit exists.

Linear responses i oc ¥{3£5

“Realistic” holography in favor of thehiral magnetic effean
HICs

Magnetically generated currents in the QGP —p.13



« Calculated theé'~s in non-conformal holography
o CME is proportional td 5

o Comparison of AAS/CFT with non-AdS/non-CF T2t
PSET ~ 0.045T2 vs. Teg > 1.64T2

o Precise value daf,. ambiguous but a lower limit exists.

. Linear responses ;5 oc Y=

« “Realistic” holography in favor of thehiral magnetic effean
HICs
Outlook:

o To fix the ambiguity, determin&(¢) = comparélrF N F
Euclidearcorrelators with lattice

o Determinel’'cg(B,T)
o What is.:5 if generated far from equilibrium?
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PART IlI: Faraday + Hall currents

ongoing work with D. Kharzeev and K. Rajagopal
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n<0, vi1>0 n<0, v1<0
Total Directed Flow
< --=c|eecaaa
B .
<@ - - c|lececacaa
— * —
oo il
JF
A-~Faraday
é/i By 7
W
u — u
JHaII
.......... >
.......... »
.......... »
Total Directed Flow
n>0, v1>0 \ n>0, vi<0

“Classical” currents in charged and expanding medium:
. Faraday currentdy ~ o Ep With V x Ep = —%—ff

—

o Hall currents/y ~ cEg with By = @ x B
. Also a “quantum” currenficy;z ~ 5B considered in part .
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o Maxwell with a point-like moving source source:
V2B — 2B — 60,B = —eBV x |26(z — Bt)6(Z, — 2| )

 Integrate oveparticipantandspectatodistributions:

. Simplifying assumptiorard-sphere distributiofor
spectatorandparticipants

. For participant&mpirical distributiorover Y-
Kharzeev et al. 2007

f(Yy) = (4sinh(Yp/2)) " e¥¥/2, —Y; <V, <Y
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‘\““\““\“‘wfm
0.5 1.0 1.5 2.0

o With o = 0.023fm—! andwith ¢ = 0:

Magnetically generated currents in the QGP —p.17



@) (b) () (d)

QGP is arexpandindluid with 4-velocity u* (x)
One has to add theduced velocityvp to u*(x)
Suppose we know*, assumevg| < ||

Treatvp as perturbation, ignore backreaction on expanding
fluid profile u:

Construct the total 4-velocity” ~ u* + v/;: contains all
observablanformation on time varying B.
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Do we knowu* of this expanding fluid?
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Do we knowu* of this expanding fluid? No, but really close:
o As a first step, assumejorken '83

1. Boost invariancalong z:£ = z0; + t0,

2. Rotation aroundz§ = x0, — y0;

3. Translations in transverggane:§ = 9, and¢é = 0,
o Solutiontolé,u] = 01Su = O; (ds? = —dr2 + 72dn? + da? + 22 d¢?)
« Hydrodynamics¥V 7" = 0 with

Ty = @y 3= Pl G T- Butiy)) T VISC:
o Bjorken’s flow: fine except transverse translations
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Do we knowu* of this expanding fluid? No, but really close:
o As a first step, assumejorken '83

1. Boost invariancalong z:£ = z0; + t0,
2. Rotation aroundz§ = x0, — y0;
3. Translations in transverggane:§ = 9, and¢é = 0,

o Solution to[¢, u] = 0iSu = J; (ds? = —dr? + 72dn” + da? + 23 dg?)

« Hydrodynamics¥V 7" = 0 with
Ty = @y 3= Pl G T- Butiy)) T VISC:

o Bjorken’s flow: fine except transverse translations

o Gubser’s flow Gubser 10
« Replace = 0,, 9, with &; = 0; + q> [inajﬂau — :13“:13#&;}
o Solutionto¢, u] = 01su = cosh kO, + sinh k0| with

27’.’,13
R = 1_|_q22q7-2_|_;_2wi
« Solution to Hydrodynamicsv , 7*" = 0 with
¢ 29)8/3
€ = 7_4(}3 [ (29)

4/3
14+2g2 (7‘2—|—xi)—|—q4 (Tz—wi)Q] /
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o Hadron spectrum from hydrodynamic flowpoper-Frye
dN; __ i kY
5.~ =t | e ()
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How to test Gubser’s flow?
o Hadron spectrum from hydrodynamic flowooper-Frye

s
— s [ dS,p F(p a )

S 0 dN; _

pdp

| e Isothermal freezout curves
- 10 |« Ty is the freezout temperature,

Tf ~ 130 MeV
B

o Assume Boltzmann distribution:
0o 5 10 15 F(z) = e
XL
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How to test Gubser’s flow?
o Hadron spectrum from hydrodynamic flowooper-Frye

as
~ ot J ' F (Pt )

S 0 dN; _

pdp

o Isothermal freezout curves

o T Is the freezout temperature,
Tf ~ 130 MeV

o Assume Boltzmann distribution:
F(x) =¢€"

o Si(pr) =

mru” ut ut
LK (R ) 1o (P5) — o pr Ko (SR ) 1 (255 |

« Gubser’s flow is independent &f, and}
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o Need to fix parametersandeé.

o Some tension betweepralistic spectrunandhydronization
temperaturdy}, =~ 400 — 550 MeV =

 Optimal solution; ! = 6.5 fm andéy = (8.7)*
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Need to fix parametersandeé.

Some tension betweenalistic spectrunandhydronization

temperaturdy}, =~ 400 — 550 MeV =

Optimal solutiony ! = 6.5 fm andéy = (8.7)%

Comparison withALICE datafor pions and protons

01t

001 -

enerated currents in the QGP
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Decompose spectrum flow parameters
Si =vo (1 +v1(pr,Y) cos(dp) + - )

Effects of magnetically induced currents most clearly saen
charge identified directed flow parametey

Directed flow only fromr™ or =~ or p.
V1|gubser = 0 BUtvi|gupser+s 7 0, Solely due td!
Partial results at RHIC, no charge identified results at Li¢€C y
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Need to calculate the total currélit,;sc,+
In lab frame:w”, B, Eraraday

Go to fluid rest frame bw (—u) = B’ and £’ includeboth
Faraday and Hall

Solve forstationary current

md<§%> — q(vé} x B! + qF' — ,um<v73> =0,
Go back to lab framé (—«) = V includes bothvg) andw.

Calculation is trustable only wheiz|) < |i]
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o Pions and protons at LHC

0.00004

0.00006

Magnetically generated currents in the QGP — p.24



e SUumMmary - part ll:

. Calculated the contribution of thene-varyingB in an

expanding plasmaising aperturbative approach to
magnetohydrodynamics.

. Effectodd under charge and rapidity
. Competition betweeRaradayand“Hall” effects.
. Howeverthe magnitude is very small
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e SUumMmary - part ll:

. Calculated the contribution of thene-varyingB in an
expanding plasmaising aperturbative approach to
magnetohydrodynamics.

. Effectodd under charge and rapidity
. Competition betweeraradayand“Hall” effects.
. Howeverthe magnitude is very small

o Observables and outlook:
. Define A (Y1, Y3) = v (Y1) — v; (Ya),
AT (Y, V) = of (Y1) — v (Ya), etc.
to eliminatecharge independent contributiotosy,
produced in event-by-event fluctuations
. Look atquadratic observables, " (YY) =
(AT (Y Y)AT (YY) = 4v (V)v (Y))
to eliminate event-by-event fluctuationsdmection of B
. To be compared with data-
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THANK YOU |
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