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Electromagnetic Peld in HIC

In high energy heavy ion collisions +ve charged nucleus
collide at a speed~c -> produce intense magnetic pelds

Mid central sw=200GeV Au+Au collisions -> B~10 18Gauss
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Fleld of a moving charge

Electric peld Magnetic peld
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At relativistic speed 1GeV? =5.128 x 109Gauss

- Transverse components dominates
- Fleld rapidly fall off as we move away from charge along z
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Impact parameter and beam energy
dependence of magnetic peld

Au+Au @ 200 GeV
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Effect of electromagnetic Peld

What Is the effect of the magnetic Peld on QGP evolution ?
How electromagnetic beld evolves in conducting QGP?

¥ Electric charge separation in a chiral imbalanced medium.

a.k.a Chiral Magnetic Effect (CM E) kharzeev et al Nucl Phys. A803
¥ Di-lepton and photon productions are changed ™75 ¢ % 724510

Reduced Ideal MHD simulation  y roy et al PRC
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Red line N> without magnetic beld

No 5f correction in Cooper-Frye
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Distribution function In
magnetic peld

1
(2!)3

fm(P) = exp(! " [(p" + gA")u ! pl)

De Groot Relativistic kinetic theory

Gauge freedom for choosing A"

Cooper-Frey formula is ill dePned for this case

d°N '
EdTp = fo(p)p"d!
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Alternative way to Pndfn ()

Use Boltzmann transport equation to Pnd
f(p)= fo+ If

Assume the correction !f to be small

Here we use simplest yet effective method Relaxation
time approximation to calculate the !f

We also assume the (3uid has non-zero shear viscosity
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Boltzmann equation in RTA

Linearised Boltzmann equation in relaxation time approximation

e 1 b #f |# f
d | = 7 g 0 . 0 i
vipp— ! Zvip" av — = ! — + %« ViBk—
| | Xj 3 | $ | ' Pi
Lifshitz-Pitaevski vol-10,
Offengeim et al, EPL, 112 (2015) 59001
p' = Ith component of momentum

1 = relaxation time

" Jo

1f (p) can be written as | f(p) =! o

Ci (#Hv'p V¥,

v = 17 1vk vl

+
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The shear viscosity In
magnetic peld

¥ Shear stress : !

! (2?)3 # (V' P dPp= S Vg

¥ Using the !'f in debnition of 1

ik — (2?)3 % CKM (v, o v dp

¥ Further 1= "(n)Syn)

» 2nd rank symmetric traceless tensor
Combination of norm mag Peld, Kroneckar delta and Vi

Using above equations and by taking appropriate tensor contraction we obtain the bve
viscosity coefpcients * (0) s -1t (4)
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Evaluation of Cik and '

¥Symmetry Cik = Cjin = Cji

| 8

¥Decomposition Cjy (1)= C(”)(!)"ﬁ&)
n=1
'.EB ="k i ik
'.ﬁa =i K 'Sa = b ",

',ﬁi)l = "khhb + "k bbb + " b+ " b, i = bbb,
!iﬁ)l =" b, ',EB = b "+ bk B ik B ik
I = bbb+ bbb+ bbb+ bbb
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Evaluation of Cijq

v, 1. 1 fq  #f 1 # f
lequ §V|p aV |'—' — ' g"'qo/ﬁ)k VJBKH
!8
USing Ci (1) = C(n)(!)"ig[(ll) In Boltzmann eqgn
n=1

-

W e @ _ L. 0 20
ik T b Camn = # 0 L, ! élijmn

B
Iy = a4 Dimensionless Hall parameter

m

Taking proper contraction on both side yields ¢ (™
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f(p) =1
_ 1
T2+ 12)
Lo ! !ﬁz)
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correction due to magnetic

Charge dependent ¢ 7 and cs




Correction to spectra In

Bjorken expansion
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Shear viscosities In
magnetic peld

¥Using !'f ikl = (2?)3 % CKM (Hvimpn V' P d3p
ikl 1 g =~ #fo p4DijkI Pp

1527 # @

[ imn [ imn

where DU = 1 4+ T cmnkd (),

©, 2@ v O 0w 1O, 2,2
!ijkl | g!ijkl + H!ijkl Dimn = 2# !ijmn | 3!ijmn

| 8

Dij (1) =" d(”)(!)#éﬂl)-

n=1
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Shear viscosities In
magnetic peld

N P | . . ikl ) Tt
= =10 3! e ! Tt @3 1= %5—?3 % D™ dp
1+4! H I !" | " ' " " " " |Jk| (2 )
o o e et el ere,
_ 20 23) W jkl
Go = ! 3(1+412) +!|(2) @' 4 !
" " ijkl
4 _ 31 e "ml2! "gl2]
T4+ 1R) |1, ik
() (8 -
P
4= T T a1 - - - . .
L+4l4 l ) = Shear viscosity without magnetic field
d5 — 4 az | = 1 | *
| . - . .
1+4!12 (1) 1+4"E| ©) -
4 = 1214 | _ 1 |
L+4'5)2+13) '@ T 742 0O
H : :
g, = L tH L . Same as Dima et al
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@ T 12 7O
H
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Conclusion & outlook

¥ The correction to the distribution function
contain electric charge dependence factors

¥Simple model calculation based on Bjorken
evolution shows no signibPcant effect

¥ |In future the correction can be included in a
numerical simulation with magnetic peld

¥Chapman-Enskog and Grads moments for
calculating !f
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Expressions for S;

e

. . 1
SUo= 3yl ppky 1t 2 av

(0) J 3
Sty =2V Lo av it 2vk e 1 20 VI b+
VKB + BV AV + B Y VN b
Sy =2 (VFEbRb? + 0'V7%b 1 2607 VM bihy)
Sty = VOV VRB + D Vo + 00 Vg b,
8(4) | 2 Uka|b|U + UHkVHH
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Electrical conductivity of QGP

Lattice:

SGupta (2004) | ,ry ! 6> 11 QOMeV
PLB 597,57-62 T taking €2 = 0.0¢

GArtsetal (2007) | g4  ....... > llr—7. ! 12MeV

arXiv lat/0703008 T

A Amato et al (2013) ! | |
PRL 111’17’172001 ? I 03 ....... > . |T:2 Te - 9|\/|eV
PQCD(NLL):
|
P Arnold et al (2013) — ! E ------- > g7, ! 17" 10*MeV
PHKKb T @

1 MeVv! 1.69" 10" % (SI unit)

506! 107 % QGP highly conductive
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Electrical conductivity of QGP
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Temporal evolution of Pelds

t<0

Field evaluati

on Hydrodynamic starts, t~0.6 fm

eII/m;:
0.1’{
)
0.001 f\Conducting medium
|.\. \\--“-0 % 5-8 Mev
l()"‘r ——
1077
r Vacuum -~ --- ,
0 > 4 s s 10 ‘'Um

Tuchin, PRC 88,024911 (2013)
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Relativistic
magnetohydrodynamics

[Suid consists of charged particles moving under external
electric/magnetic beld experience force which changes
[3uid velocity

[uid constituents are electrically charged hence its motion
generates electromagnetic beld which changes the external
peld

In Magnetohydrodynamics we solve energy-momentum conservation and
Maxwell equations self consistently
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Formulation of Relativistic
magnetohydrodynamics

conservation equations

. pHe — M
L TH =0 L uET =
I NH =0 I WFY =0
NH = nut FHo=THAY T 15 AH FH = :—ZL!“!"# Fos
jH=tut s "HE
ot = ag“!
In case of vanishing net charge and isotropic system 11 Q0

jH=1EH
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Formulation of Relativistic
ideal MHD

Ed=FHy =1 vaE B+ VI B
In the Buid rest frame when 1 1~ but for pnitei
b= E+ v B E=1v" B |ideal MHD

Thater = (! + putu’ ! pg

" 1 2 v 1 2 NMY 2
Tflile!ld — | EM EK &+ Zgu! FugF 7S B<utu” ! QB g"’! BB'b’

Energy momentum tensor for ideal MHD

| . - -
T = I+ p+B2 uMd' ! p+ %BZ g" ! B°b'b
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Initial magnetic Peld

We numerically solve energy-momentum tensor on a space-time lattice.
The space-time evolution of magnetic Peld (in lab frame) is taken as parametrised

1—
TR R ——
........ y B _2! LS. «

Fluid frame Lab frame B

BB, =! B*®

. eBy (!, X,
Lab frame: yﬁn.z Y) =f (')ag(xy)
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Magnetic Peld In the

transverse plane
b=0 fm b=10 fm

-10
10 5 0 5 10 VRoyetalPRC, 92064902 (2015) P E— 5 10
X (fm) X (fm)
Iy = 1y =3.5fm Iy =1.5fm ; 1y =2.2fm

(x! x0)°  (¥! yo)°
42 42

g(x,y)= exp !
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Time evolution of magnetic
peld

Vacuum

10
(a) Parvac e ® bh—0 fm
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~Conducting QGP

(b) Parmed

e © H=10fm
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Other inputs to RMHD

model
Initial energy density  : 'y, = toxnNpar (xy,0) + (L 1 xn)Neor (., b)]
Equation of State . Lattice+HRG (s95p-PCE165-v0)
Thermalisation time  : 0.6 fm
Initial Buid velocity (X Y) = (X, y) =0

Freeze out temperature: 130 MeV
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Equation of motion

| M =
ul 0
| Il | Il l Il BZY
| =0 Iy T +|XT?7'§(+|yT17§/:| p+7
o s # "% R T
| =1: T A T BB v+l TRABBY vy o= Ly BYBY L L pr L B
I s # % # % T g2
| =2: 1, TY +1, TY+B'BY w +!, TY+B'BY v, =1, BYB* ! 1, pr ! B
TH =T, BE = TBK, B*= 1857

Multidimensional Flux-Corrected algorithm SHASTA is used for the numerical solution
of conservation equations
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Conservative to Primitive
variables

At each time step we need to Pnd out velocity, energy density and pressure
from the transported component of TH

: | | 2
Redebne the variables =B My 37
E = E+B2()2=w'2" pg,
MX = MX+ B2D B = w"2v¥ 4
! — 21 — n 2 _ M #
MY = My+B°bb =ww, VEEThDE
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Momentum anisotropy and v

eB = m?
|
1.0
DY
(a) M,=1, b=10fm — £ =0
0.8 --- M=
----- M.=1/2
ot M,=1/3 |
Q
W
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= = |
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Momentum anisotropy and v

eB =5m¢?
1.0 1.0 ‘
(b) M,=5, b=10 fm (b) M, =5, b=10 fm
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0.6} o6t e
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Momentum anisotropy and v

eB = 10m?
1.0 1.0
(¢) M,=10,b=10 fm

0.8}

0.6}
; 0.4}

0.2t
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Summary & outlook

¥For realistic values of magnetic beld we observe enhanced elliptic
[3ow within reduced MHD formalism.

¥In order to extract transport coefPcient of QGP more precisely it is
iImportant to consider the effect of magnetic bPeld on 3ow
harmonics.

¥A self consistent Relativistic non-ideal magnetohydrodynamics

code Is needed in order to more accurately study the effect of
magnetic pbeld.
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Extra slides

Finding velocity in each time step

E:=T" =w'2" pg " B2(W)?,
M* :=T'*=w"2v"" B?b b,
MY =TV = w"'2W" B%b .

E = E+B2)2=w"2" pg,
MX = MX* + B2b b* = w"2v¥ |
MY = M, +B20D = w2V,

35

= E +pg v,
| | B2
I=E " MV" —,
2
#
M %
E'+ p()#

"=E'Il M'vl B2/2



Energy momentum
conservation

B?"
Il I I
LT+ TP oty TP =1 pH 5

! ! %! & %! & % & B2 \
||! 'F-!X + "X 'F-!X + B‘-! B'—X Vi + ny 'F-!X + B‘-! B'—X Vy — ny B‘-yB'-x | "X P+ 7| B‘-XZ

! ! %! & %! & % & B2 (
YT e TYABBY o+, TVABIEY vy =, BV LY pr o1 B

¥T" =w$?! pg! B'B!
¥ T = w$?v* ! B'B*
¥ TV = w$?vw ! B'BY
I " |

] 2 ] 2
w= !+p+25 andpg = p+ - .
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Energy density of [3uid

Fluid energy density
Aut+Au@200 GeV

50
— ! (! xi )2+ (v! vi)?
£ 499 lguia = K e 2§
> nucleon
S 30
N 20 L for initial time ~0.5 fm
) _
= K=06
S 10 - | 4 = 0.5fm
V
O | | | | | | |
0.2 4 6 8 10 12 14 16 | — magbpeld
e b (fm) - - n _
y Buid
11" = | magfleld " - || " — | magfleld
fluid 1 Hluid
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Ratio of Peld to (duid energy
density

energy of peld

~NAN NN N NN

S I >1 1 N> B Important
energy of 3uid

| N> B may be neglected

Consensus : since mag Peld decay quickly

(| v _ | magfield

I fiuig

Reality: not always true because of the 3uctuating IC

<<]1

!! T — ! rT'llagfle|d 11 ~1
fluid
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Event average energy

b=0 fm b=12 fm

Fluid energy

Y (fm)

(eBy)2
2

Y (fm)

V Roy et al PRC, 92,064902 (2015)
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Event average energy

b=0 fm =12 fm
Fluid energy ¢
=2 (eBy)” i
B 55100 2 >

V Roy et al PRC, 92,064902 (2015)
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Event average sigma

b=0 fm b=12 fm
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= uld energy ™
Bl 4x10’ .
(b) Medium 1 | (b) Medium
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5 5 9
E E h | B
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V Roy et al PRC, 92,064902 (2015)
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Magneto-hydrodynamics in
one dimension

Most simple possible model B

¥ Bjorken 3ow,

AAAA
AAAA
\AAAS

\AAAS

¥ Ideal Buid (zero shear, bulk viscosity and
zero electrical resistivity),
¥ Transverse magnetic peld,
¥ Constant speed of sound,
¥ temporal evolution of magnetic beld: ‘
(@) Ofrozen in Rux theoremO B (1) = Bosi — BO’I_O
or 0 -

(b) OPower law decayO. B(1)= By 'I_o

Vz:Z/t

a
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Bjorken hydro in a nutshell

Energy-momentum tensor \

™ =(e+ putu ! pg"

! ! T =0
ut = (cosh,0,0,sinh!)
' to four velocity 1 to four velocity
u“!!T“! =0 (Iul I UHU!)""T"! :O
e+ 2P Lhp=0

Evolution of energy density y Euler equation



Bjorken magneto-hydro In a
nutshell

Energy-momentum tensor

ur _— M W
T = Thua t Tfied

I " 2™
TH = e+ p+B* uMu' ! p+ 57 g"' ! B¥B'

2
' to four velocity 1 to four velocity
u“!!T“! =0 (Iul I UMUI )"" -I-I :O
B2 e+ p+ B? - + 182 =0
l, e+ — + . =0 N P > =

Evolution of energy density ; Euler equation



Energy

].O:III

€ + 0,(B/B,)?/R

0.1

0.01

Magneto-hydrodynamics in
one dimension: Frozen In 3ux

Evolution of energy density |

1 2 3 4
T[fm]

Time

V Roy et al PLB, 750 , 45-52 (2015)

S '0
B (' ) =B 0o— — B 0 —
S0
! " .................................... 2.. : " """"" """ / (1+C§)
e B2
e= — oo = —0
€o €9

L e=1 (1+ D)

Same as Bjorken expansion without mag Peld !!

1 2
) !0 1+Cs

Solution: €= T
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Power law decay of
magnetic pelds

10 "o @
— [ [ [ | [ [ [ [ [ [ [ [ [ [ [ [ = I : =
E E B(1)= Bo 1
- 0,=1 i '
o 1F a> 1 Quickly decaying B
@) . .
g) . Fluid gain energy
LL
0.1 a=1 Frozen [Bux, O resistivity
Same as without B
0.01 l;gé} a<l] Slowly decaying B
7[fm] Fluid losses energy
Time

V Roy et al PLB, 750 , 45-52 (2015) 47



Solution for power law
decay of magnetic Peld

| "y #7227 % &e ", #,2a
! e+ 0 + 1+ C2 — 4+ — — =0
! 2 # S % # #
The solution Is




Equations of magneto-hydro

Current density : J=0(E+vxB),
: _ B | 1 [, 9’B
Magnetic beld : 5=V xwxB+ (VB uey; )
' ' . JE  dv | o N o O
E|eCtI'IC Fleld . Y — Y xB=vx(VxE)+ U_ﬂ (V E —ueW)

Magnetic Reynolds

Rm — LUU/.[.
Number
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E-by-e sigma for different
aring

gaussian sme
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Event-by-event sigma for
electric peld

107 |-
10-2 -
103 |-
10-4 .
10 -
10 |-
107

100 (a)

100 -

101 -
10-2 -
10
104 -
10

10 |- -

x=7,y=0

107 L

103

102 101" 109 101
£(GeV/fm®)

10°

101
102
103
10
10
10°
107 -
108 |-

109
10
1072
1073
104
10

10'6 | Illlllll 1 IIIIIIII [ 1 11111l L 1L

10-9 WHHH—?—?—HH’—!—!—HH—!—!—H—HH

10 102 107

£(GeV/fm®)

109

10°

102



E-by-e calculation of Pelds

Monte-Carlo Glauber
Au+Au

15 In reality the nucleon's
0L+ Proecile position Buctuates
5 | |
= Total beld = Bproton
e 0 proton
>- @
-5 °
10 L CT Consequence:
P - B £0 in central collision
15-10 -5 0 5 10 15 - non uniform E/B

X (fm)
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Motivation

Linear response theory: § = "E [static medium

Moving conducting Ruid : § =" E+ V! B

¥There can be charged current when charged (3uid
IS In motion either in electric or magnetic Peld

v

Non zero Lorentz force § 1| B
¥ QGP evolve under intense EM Peld

¥Electrical conductivity of QGP is non-negligible
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