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Relativistic Heavy-Ion Collision
and Strong Magnetic Fields
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Conventional Starting...

Temperature 7°

A

Quark-Gluon Plasma

Critical

Liquid-Gas :
‘\ 'O @olorSuperco

— ¥ CFL-KT, Crystalline CSC _ _
Nuclear Superfluid  Meson supercurrent Baryon Chemical Potential /B
Gluonic phase, Mixed phase

KF-Hatsuda (2010)
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Relativistic Heavy-Ion Collisions

S ibe, RNt SR, it g e Mg, i, ROt NPy, RNt e

Nucleus (Au,Pb) Collision A ”“ﬁ‘
Energy per nucleon-nucleon ™ e
=200GeV @ RHIC by, s

2.76TeV @ LHC v iy
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Non-Central Collision
B S g S ST S SR R SR P P

Before Collision (seen from the “upper hemisphere”)

“Looking for parity violation
in heavy-ion collisions” Centrality is to be determined

by Berndt Miiller
event by event
Physics 2, 104 (2009) y
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Non-Central Collision
R R S SR B B SR O B SR, O B0
After Collision

Hot and Dense QCD Matter
(Quark-Gluon Plasma)
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Largest Magnetic Field in the Universe

SRR inagt B OGN e P R R BRI R S0

eB| ~m_~ — 10" Gauss

Neutron Star
(Magnetar)

There should be some influence on QCD physics!
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Example — Phase Diagram

St SN OGNyt RGNt Rt SR NI, NP, R Bt R AN

PNJ L With a B Fukushima-Gatto-Ruggieri (2010)
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ol E——— N s o
200 | e5-0 \\ e :;:—14{:1:12 o

————————— eB=4m_?

Chiral Condensate
o
=
Polyakov Loop
o]
I

Rl B eB=10m,> ‘] I, e eB=20m,”
100t eB=20m,’ i !:
50 l 'il 02
. . P . - . .
06 08 ! 12 0.6 0.8 ’ 12
TiTe TiTe
L attice Results D'Elia et al. (2010) c.f. Fraga et al. (2010) in PQM

ra=e=tdl Chiral condensate 1s enhanced 1n accord

o Peolloop b=0
o Polloop b=8

. . Lmmii| with the magnetic catalysis.
T N - ; | Gusynin-Miransky_ShOVkOVy

0.2 |- Tm—

Lo XEYNJ S | Polyakov loop shows crossover at the
e S | same (pseudo-)critical temperature.

0.05 - 2=
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Missing Coupling

g W g Wt g SN, ST ST iR SR SR R, R, SR

Discrepancy very similar to the problem at finite u
PNJL and PQM (in a mean-field approx.) tend to

favor splitting between chiral and deconf. transitions.
ol e

“Tosr Diaerams miss;
Caaf R 1a2rams 1missing
= -1 trL-dependent G .
. ol P in mean-field PNJL
S ——um Ty ]

osf  C+xSB =-=== 1y Ruggieri-Gatto (2010) and PQM
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Missing Coupling

St T SRSt BNt SN S NG NG, SR, SRR R, S
Origin of the PNJL (PQM) Coupling
In det|; y”@u—l—gyoAO—m]
- d’k
3

(277
Missing Contribution to the trL-Potential
Indet|iy"D,+gy"64,—m|
~#+g2f dxdyd A,(x)IT"" (x,y)6A4,(y)

(tr In[1+Le “ " +trin[1+ L e_<€"+“>/T])

c.f. “renormalization” of T,
Pawlowski, Schaefer, Wambach

Vaccum-polarization — fS-function
Two-loop Weiss potential?

~ s March 17, 2011 @ St.Goar 12



Example — Chiral Magnetic Effect

RN g OGN OOt N 0N P , WP, WSt BT BRIt R

Classical Picture
Left-handed Quark

= momentum
A\ anti-parallel to
SpIn =

B 1§ T

by 1nstant
Right-handed Quark A

(QCD Physics)
= momentum EZ5)

parallel to /

SpIn ==
[ J#0 if N.=N,—N,#0 ]
Kharzeev-McLerran-Warringa (2007)
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Key Equations

SRt O ihgh S ihot Bt Beginyge gt ey, 0Oy, e, RO 0N, S0

Induced /NV; by Topological Effects

dNS gsz 3 T UV
7 = — - fd xtrFWF“ QCD Anomaly

Introduce . to describe induced N,

Induced J by the presence of NV, and B
2
e U

217

J = B QED Anomaly

2
° q ] us b
j = E — B in QCD| Metiitski-Zhitnitsky (2005)

i=flavor 2 TT Fukushima-Kharzeev-Warringa (2008)
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Derivation (naive calculation)

RN g OGN OOt N 0N P , WP, WSt BT BRIt R

Thermodynamic Potential (UV divergent)

0=V NT AT Sl [

w, ,+2TIn(1 —I—e_ﬁw”’s)]

s=+ n=0

' 1 n>0,
:(\/p3—|-2|qu|n+sgn(p3)Su5) +m’ Ops=14 0y n=0, eB >0
0, n=0, eB <0

Current (UV finite)
o9

L 9, d
J3 = OAs

— = e— v
oA, ¢ dpa Only surface terms!

Aq=0

_|eB]

_847_(_2 Z O(n,s w
S, n

2
B e B
|e lzo‘n,sSI'lS: I;S

21 5. 21T
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Observable on Average

Pt R WP R R, AR PN WS R RS Wy, P

What can be measured in heavy-ion collision
experiments is not the current j, ~ B (P-odd) but

the current-current fluctuations <j, j,> (P-even).

2

;
Lor B J/\J . . . . . . .

- SRS ey

‘:\ ‘i?‘ Background

w‘r2,
As long as e is small; p = (po, p)
(JsJs) ~
Fukushima-Kharzeev-Warringa (2009) q = (po,q — p)
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Very naive calculation — Wrong!?

SRR inagt B OGN e P R R BRI R S0

2N
3|eB]|

0’0 e’|eB]

Ny

0 A’ 217

X ~ 1+

One 1s tempted to drop the UV divergence by hand.
Dangerous calculation... but... X —X, = (UV fintie)

But again, if this 1s accepted, the anomaly equation

for <j3> should receive a correction... o
Fukushima-Ruggieri (2010)

c.f. Miransky-Shovkovy

Some confusions...
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Fermion Propagator
and Dimensional Reduction
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Construction of the Propagator

o BT g OGS e PN R e BT gt W e NI, SRS

No Magnetic Field Background

Partlcles

(w(x >fdpe

—iw, (x"—y")+ip(x—y)

©, yo—p’y +m)
Zu =pyi+

2wp

Antl-Partlcles

(@(y)y >fdn”)e‘”2w

(x"=y")+ip-(x—p)

w, y°+p-y—m)

ZV puy —m

_ d4p —ip(x—1y) i
— (Ty(x = e T
(Twlxw(y)=] 7=5 P ——

March 17, 2011 @ St.Goar 19



Ritus' Method

Nt g IO SRR SRR, SN NP , O g SN R gt N g e
Landau Wave Function (4°=Bx gauge)
. v —ip’ x"+ip° X’ +ip*x° _ —ip’ X" +ip’ X+ ip’x’ [ ~ i
(iD,y"—m) P, (x)e =P, (x)e (B,y"—m)

f(x) 0 0 0

_ 0 fk—(x) 0 0

Pdo= g 0 fi(x) 0
0 0 0 S (x)

fir(x)=¢ (x P "l eB ) Wave function of
[ (x )—d)k_l(x —p /leB)  the harmonic oscillator

p:(po, 0,—2eBk, p3) Landau quantization

March 17, 2011 @ St.Goar 20



Construction of the Propagator

o BT g, R Ry N o R e IO g N R e N I R
Magnetic Field Background

Particles
2w

(w(x >fdpdp2

X P (x)|w,y’—p-y+m| P.(y)

w,(x" =y )+ip (= y)+ip’(x’=»)

Anti-Particles

_ )= dp'dp < e
(@ (y)w(x)= Ty Zk: -

iw,(x"=y")+ip’(x" =y )+ip’(x'=y")

P

xP,(y)|w,y"+py—m|P,(x)
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LLLA

o BT g, R Ry N o R e IO g N R e N I R
Lowest Landau-Level Approximation
: 0 33
P, commutes with w y " —p~y

— (Ty(x (/_j )= f dp dp dp —lp (x"=y")+i p*(x* =y )+ip’ ("= y')
(27)°
Bl(x'= p’leB)+(y'—p’leB)’] J
Py 33 :
py —DpYy —mtile
100 0] .4 ; - t
00 0 0 andau zero-mode ¢ momentum
Po=l0 o 1 ol hasonlyone spin state. conservation 1s
0o 0 o ol §// Bpreferred. highly non-trivial.

A? =Bx
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One Loop Polarization
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Polarization (Self-energy)

Pt R WP R R, AR PN WS R RS Wy, P

In configuration space

q=(q

i1 (x, y)=—(ig) tr[t"t"| Tr[y" Sy (x, ¥)y" S, (v, x)]
Note that this is not a function of x — y apparently

In momentum space
Z.Huv,ab fd Xd lq x+ik-y . Huv ab< ’y)

N Huv ab(k q ( k)abnuv

March 17, 2011 @ St.Goar 24




(1+1) Dimensional System

S hoh b S ihoh Rt bt e R, g, 0N, RGN, BN e

Transverse Directions (to the Magnetic Field)
Longitudinal Directions (u,v cither 0,3)

[y IeBlf d’ PP "(p =g )+ (p'—q")p —g

This is an ordinary expression for the one-loop
polarization diagram in (1+1) dimensions

March 17, 2011 @ St.Goar 25



Gauge Invariance

S, Bt bR, bt iR et RGNt NN, RNy Rt e e

Results from the Dimensional Regularization

1" (q)=|g" QZI g2|ef|f;dx x(1—x) —
q 41t x(1—x)—(m/g)
c.f. Naive Integration : —_—
Fukushima-Kharzeev-Warringa (2009) T ‘_““‘_*‘——
0-0 component e
J‘ )-I-(Up = 7%=0 :é """""
’
3-3 component 7
. 2
4 g el
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Threshold Behavior in (1+1)-Dim

S hoh b S ihoh Rt bt e R, g, 0N, RGN, BN e

~ Schwinger Mass

------
----------
an
wie®
"""""
.
as
.
.
a®

Strongly Dissipative

0 1 2 3 4 5 6 7 8 9 10

- 2
q I'm

Different from (3+1)-dim 1n which no divergence appears.
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Magnetic-field Induced Screening Effect
and Perturbative Polyakov-loop Potential

March 17, 2011 @ St.Goar
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U

Polyakov-loop Potential

o BT g, R Ry N o R e IO g N R e N I R
Background A,=diag(a,-a) Field (in Euclidean)

0, = O4%iga — q.,~q,=ga
1

In 7 = Trl 2 <ij i Haar measure
nZ=-3 rin|g.6"—q'q’ |+

1

:—ETr ln[(q+4)2+q2]2[N+ TT\K\[QM]

Weiss Potential (in color SU(2))

2

\O]

1281101 Vv

Vi’
12 B°

gpPa
1T

Weiss

gha

TT

—2

mod 2 mod 2

NV V/

0 T 27 R¥/4 4
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Magnetic-field Induced Screening

ROt G OGN RGN RGN 0N RGP inn Rt R SRt R ibgT

Effect of the Magnetic Field S
—%Trlnqi 5'—q'q’]
_)_lT 1 2 Sl j_|_5i36j3<qi4>2 e
2 rin qi q q _1\2 g
1 ) - ) N s
— _ETrln[(qi4)2+q2][<Q+4>2+q2+M2][<Q+4>2]
Screened by the B-mduced Gluon Mass
| | B
=gl
o 417’
S N — 4 2
<, e 7 g |€ B|
: > m— 0
) : 41r° ( )
S Two-particle threshold at |g|=2m

' 1m’ 7,2011 @ St.Goar 30



Spectral Function

RN g OGN OOt N 0N P , WP, WSt BT BRIt R

Collective Excitation in a Strong B

A lm M, (p)

2 0.2 A 2 2 2 2 >
g T|p"—Re M (p)[ +[ImM (p)]
S 0.1 / \
= Yo .

0 — i __Ls ,_ / "\x S —

=— ﬂ%§—— Massive and Dissipative

2 2 M SN
pilm” 32 L~ —~~—— "\ Transverse Photon (Gluon)
O
A s 10 12
0 2 2 c.f. followking talks

by Misha and Maxim
(1+1)-dim Analogue to (3+1)-dim “Zero Sound”

c.f. “chiral magnetic wave”
March 17, 2011 @ St.Goar Kharzeev-Yee (2010) 31



Screened Weiss Potential

o BT g OGS e PN R e BT gt W e NI, SRS

Change in the Weiss Potential as M, increases
0.9

I
Weiss Pot. —

Calculation at m=0

0.6 Perturbative vacuum at
S gPBa =0 (trtL=1)1s less
Q stabilized (slightly).
0.3 r
A barrier at the confining
vacuum at gfBa = (trL. = 0)
0 - — - - S 18 (slightly) suppressed.
gPa

Small effect but “correct” direction to

have a larger “effective” T
March 17, 2011 @ St.Goar 32



Remarks and Conclusions

Rt R g o R Ryt 0GR Rt BB e R Ryt N e N

B Magnetic-field induced screening effects has a
similar structure as the finite-7 temperature.

B The one-loop polarization diagram 1s computed 1n
the LLLA 1n a gauge-invariant procedure.

B Magnetic screening effect in (1+1) dimensions 1s
embedded in the (3+1)-dim transverse part in the
gluon (photon) propagation — collective excitation

Physics with a high B ~ Physics at a high u,
[effective (1+1)-dim systems]
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