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

X

Y

vz
p
sNNMid central        =200GeV Au+Au collisions -> B~1018Gauss



Few theoretical predictions 
• With strong background magnetic field one can observe 
charge separation in a chiral imbalanced medium.  

  This is also known as Chiral Magnetic Effect (CME)  

•Di-lepton and photon production are altered under strong 
electromagnetic field  

•It is also interesting (and important) to investigate the effect 
  of electromagnetic field on the hydrodynamics evolution  
  and on the flow harmonics  
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Field of a moving charge
Magnetic fieldElectric field
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   At relativistic speed 
- Transverse components dominates 
- Field rapidly fall off as we move away from charge along z  

~B (~r, t ) = ~vi ! ~Ei

[eB] = GeV 2
! = c = ! 0 = 1

1GeV2 = 5 .128! 1019Gauss

~E(~r, t) =
e

4⇡
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Magnetic field in transverse 
plane
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Moving nucleus ->electric current along z ->magnetic field  

X

Y



Magnetic field in transverse 
plane
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Moving nucleus ->electric current along z ->magnetic field  

Impact parameter ~ 0 -> vanishing mag field

X

Y



Magnetic field in transverse 
plane
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Moving nucleus ->electric current along z ->magnetic field  

Impact parameter ~ 0 -> vanishing mag field

X

Y

Non-zero impact parameter -> mag field along Y 



Impact parameter 
dependence of magnetic field

Au+Au @ 200 GeV
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• <By> —> increases with b 
~ 10   at b =10-12 fm 

• central collisions  

• energy density~2.5 GeV/fm3 !! 

!B " #= ! |B |"

! magfield = 1
2 (eB)2



Temporal evolution of fields
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t=0t<0

QGP

t>0

Field evaluation Hydrodynamic starts, t~0.6 fm 

Tuchin, PRC 88,024911 (2013)

We consider 
zero and 

non-zero conductivityVacuum

Conducting medium



Relativistic 
magnetohydrodynamics 

fluid consists of charged particles moving under external 
electric/magnetic field experience force which changes 

fluid velocity

fluid constituents are electrically charged hence its motion 
generates electromagnetic field which changes the external 

field 

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

conservation equations 
! µ Tµ ! = 0 ! µ F µ ! = j µ

! µ N µ = 0 rµF µ! = 0

F µ⌫ =
1
2
"µ⌫↵�F↵�Nµ = nuµ F µ ! = @µA! ! @! Aµ

jµ = ! uµ + " µ ! E!

In case of vanishing net charge and isotropic system ! µ ! = ! gµ !

! ! 0

j µ = �E µ

12



T µ⌫
matter = (! + p)uµu⌫ ! pgµ⌫

Tµ⌫
field = �Fµ↵F k

↵ +
1

4
gµ⌫F��F

��

T µ ! =
!
" + p + B2"

uµu! !
#
p +

1
2
B2

$
gµ ! ! B2bµ b!

Formulation of Relativistic 
ideal MHD

E µ = F µ! u! = !
!"

"v á"E
#

, "E +
"

"v ! "B
#$

In the fluid rest frame 
!j = "

!
!E +

"
!v ! !B

#$ when ! ! " !jbut for finite 
!E = ! !v " !B Ideal MHD

Energy momentum tensor for ideal MHD

B 2uµ u! !
1

2
B 2gµ! ! B 2bµ b!
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Initial magnetic field

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

B µ =
1
2

! µ !"# u! F"#
Lab frame BFluid frame

Lab frame:  

B µ Bµ = ! B 2

eBy (! , x, y)
m2

!
= f (! ) g (x, y)
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Magnetic field in the 
transverse plane 

b=0 fm b=10 fm 

g(x, y) = exp

!

!
(x ! x0)2

4! 2
x

!
(y ! y0)2

4! 2
y

"

�
x

= �
y

= 3.5fm
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! x = 1 .5fm ; ! y = 2 .2fm

V Roy et al PRC, 92,064902 (2015)



Time evolution of magnetic 
field
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Vacuum Conducting QGP

f (! ) = M aa3e(b3/(M⌧⌧+c3))

Ma = 1

! = 0

eB
m2

!
= 1

at



Other inputs to RMHD 
model
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Initial energy density    : 

Equation of State          : 

Thermalisation time      : 

Initial fluid velocity        : 

Freeze out temperature: 
Multidimensional Flux-Corrected algorithm SHASTA is used for the numerical solution 

of conservation equations  

! (x, y, b) = ! 0 [xh Npart (x, y, b) + (1 ! xh )Ncoll (x, y, b)]

Lattice+HRG

0.6 fm 

(s95p-PCE165-v0)

130 MeV

vx (x, y) = vy (x, y) = 0



Momentum anisotropy and v2 
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! p =
< T xx ! Tyy >
< T xx + Tyy >

v2 =< cos(2! ) >

eB = m2
⇡



Momentum anisotropy and v2 
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eB = 5m2
⇡

Momentum anisotropy Elliptic flow



Momentum anisotropy and v2 
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eB = 10m2
!

Momentum anisotropy Elliptic flow

The pressure is a function of ! , thus we also need to find it, this can be done in

the following way

E

0
! M

0
v = ! +

B

2

2

(12)

E

0
! M

0
v !

B

2

2

= ! (13)

1.2 Final formulae to be used in the code (standard form
for SHASTA)

Setting the magnetisation M=0 in eq. 1,2, and 3 we have
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#Bµ

, and
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. The component of energy

momentum tensor are
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1.3 Some useful formulas and their derivation

First we note the co-variant and contravariant field strength tensors are

Fµ⌫

=

)
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0 Ex Ey Ez
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Also note that we construct the following Lorentz invariant quantities
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T! x

The pressure is a function of ! , thus we also need to find it, this can be done in
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Summary & outlook
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•For realistic values of magnetic field we observe enhanced elliptic 
flow within reduced MHD formalism. 

•In order to extract transport coefficient of QGP more precisely it is 
important to consider the effect of magnetic field on flow 
harmonics. 

•A self consistent Relativistic non-ideal magnetohydrodynamics 
code is needed in order to more accurately study the effect of 
magnetic field.



Extra slides
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4

one solved in Ref. [38].
The set of equations (3)Ð(5) is closed by an EOS and we

use the EOS indicated as Òs95p-PCE165-v0Ó in Refs. [55, 56],
which is constructed from lattice-QCD data at high tempera-
ture and a partially chemically equilibrated hadron resonance
gas at low temperature. From now on we will refer to this as
EOS-LHRG.

III. NUMERICAL SETUP

We solve the conservation equations (3)Ð(5) for M B = 0,
i.e., f B ! 1, by using an appropriately modiÞed (see below)
version of the publicly available2 + 1 dimensional perfect
ßuid dynamics code ÒAZHYDROÓ [57, 58], which uses the
multidimensional ßux-correcting algorithmSHASTAto solve
the energy-momentum conservation equations.

At each time-step the conserved quantitiesT !! , Tx ! , and
Ty! are evolved to the next time-step using the SHASTA al-
gorithm. In order to Þnd the primitive variables! , p, vx , vy

from the time-evolved conserved quantities we use the fol-
lowing algorithm [59]. First we deÞne the quantities

E :=T!!
= w" 2 " pB " B 2

(b!
)

2 , (9)

M x
:=T! x

= w" 2vx " B 2b! bx , (10)

M y
:=T! y

= w" 2vy " B 2b! by . (11)

Note that the momentum ßow vectorM = (M x , M y
) is

not always parallel to the ßuid velocity vectorv = (vx , vy
)

and thus we cannot apply the algorithm given in the original
ÒAZHYDROÓ code to Þnd the new velocity. To counter this
problem we next introduce the new quantities

E
!

:= E + B 2
(b!

)

2
= w" 2 " pB , (12)

M x !

:= M x
+ B 2b! bx

= w" 2vx , (13)

M y !

:= M y + B 2b! by
= w" 2vy , (14)

where the new three-vectorM
!

= (M x !

, M y !

) is always par-
allel to v. As a result, we can now apply the well known
technique (given below) of Þnding primitive variables at each
time-step. More speciÞcally, after deÞningM

!
:= |M

!

| and
v := |v |, we can write

M
!

=

!
E

!
+ pB

"
v , (15)

! = E
!
" M

!
v "

B 2

2

, (16)

and use the above expressions to replace! in p(! ) to Þnally
obtain

v =

M
!

E !
+ p(! )

#
#
#
#
#
" = E ! �M ! v�B 2 / 2

. (17)

For given values ofE
!
, M

!
, andB 2, Eq. (17) can be solved

iteratively for the velocityv, which, once known, allows us to
compute! from Eq. (16). Finally, the distinct componentsvx

andvy can be obtained from the collinearity ofM
!

andv.

A. Initial data

Obviously, in order to solve the system of coupled partial
differential equations (3)Ð(5) a set of initial conditions needs
to be speciÞed. In particular, at the initial time of the hydro-
dynamical evolution, which we choose as#0 = 0.6 fm, we set
vx

= vy
= 0, while the initial energy density in the transverse

plane is obtained from the Glauber model via the following
two-component form

! (x, y, b) = ! 0 [xh Npart (x, y, b) + (1 " xh )Ncoll (x, y, b)] .
(18)

Here,Npart (x, y, b) andNcoll (x, y, b) are the transverse pro-
Þles of the average number of participants and the aver-
age number of binary collisions, respectively, both calculated
within a Glauber model for a given impact parameterb. The
fraction of hard scatteringxh is important to explain the cen-
trality dependence of the average charged hadron multiplicity.
Since we will not compare our result to experimental data, we
takexh = 0.25 in all cases considered.

B. Magnetic-Þeld evolution

In a fully consistent solution of the MHD equations with
appropriate boundary conditions the induction equation would
provide the evolution of the magnetic Þeld as a result of the
dynamics of the magnetized ßow. However, as mentioned in
Sec.I, we here employ a reduced set of MHD equations, and
the evolution of the external magnetic Þeld is taken to follow
some suitably deÞned function in space and time. Inspired by
a previous study [44], we use the following parametrized form
in space and time for they-component of the magnetic Þeld
(this is what is indicated asB s in Fig. 1)

e ¯B y
(x, y, #)

m2
#

= f (#) exp

$

"
(x " x0)

2

4$2
x

"
(y " y0)

2

4$2
y

%

,

(19)

In all cases considered we center the Gaussian in Eq. (19) at
x0 = y0 = 0 and use$x , $y to set the widths of the Gaussian
in x- andy-direction, respectively. For an impact parameter
b = 0, we use$x = $y = 3.5 fm, while for b = 10 fm, we set
$x = 1.5 fm and$y = 2.2 fm. The corresponding magnetic
energy densities at# = 0 are shown in Fig.3 for the cases of
b = 0 (left panel) andb = 10 fm (right panel).

The evolution of the magnetic Þeld in the QGP is not well
known. In vacuum, the decay time of the magnetic Þeld is
inversely proportional to the

#
sNN of the collision [1]. How-

ever, several studies have shown that the QGP possesses a
nonzero temperature-dependent electrical conductivity [60Ð
62]. In this case, the decay of the magnetic Þeld can be sub-
stantially delayed [5, 46].

In view of these considerations and uncertainties, we
here employ a function of proper time only, i.e.,f (#) in
Eq. (19), as a fully phenomenological ansatz for a reasonable
parametrization of the evolution of the magnetic Þeld¯B y , dis-
tinguishing the case in which the Þeld is in vacuum from when
it is in a QGP.

Finding velocity in each time step
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E := T!! = w" 2 " pB " B 2(b! )2 , (9)

M x := T ! x = w" 2vx " B 2b! bx , (10)

M y := T ! y = w" 2vy " B 2b! by . (11)

Note that the momentum ßow vectorM = ( M x , M y ) is
not always parallel to the ßuid velocity vectorv = ( vx , vy )
and thus we cannot apply the algorithm given in the original
ÒAZHYDROÓ code to Þnd the new velocity. To counter this
problem we next introduce the new quantities

E
!

:= E + B 2(b! )2 = w" 2 " pB , (12)

M x !

:= M x + B 2b! bx = w" 2vx , (13)

M y !

:= M y + B 2b! by = w" 2vy , (14)

where the new three-vectorM
!

= ( M x !

, M y !

) is always par-
allel to v. As a result, we can now apply the well known
technique (given below) of Þnding primitive variables at each
time-step. More speciÞcally, after deÞningM

!
:= |M

!

| and
v := |v|, we can write

M
!

=
!

E
!
+ pB

"
v , (15)

! = E
!
" M

!
v "

B 2

2
, (16)

and use the above expressions to replace! in p(! ) to Þnally
obtain

v =
M

!

E ! + p(! )

#
#
#
#
#
" = E ! ! M ! v! B 2 / 2

. (17)

For given values ofE
!
, M

!
, andB 2, Eq. (17) can be solved

iteratively for the velocityv, which, once known, allows us to
compute! from Eq. (16). Finally, the distinct componentsvx

andvy can be obtained from the collinearity ofM
!

andv.

A. Initial data

Obviously, in order to solve the system of coupled partial
differential equations (3)Ð(5) a set of initial conditions needs
to be speciÞed. In particular, at the initial time of the hydro-
dynamical evolution, which we choose as#0 = 0 .6 fm, we set
vx = vy = 0 , while the initial energy density in the transverse
plane is obtained from the Glauber model via the following
two-component form

! (x, y, b) = ! 0 [xh Npart (x, y, b) + (1 " xh )Ncoll (x, y, b)] .
(18)

Here,Npart (x, y, b) andNcoll (x, y, b) are the transverse pro-
Þles of the average number of participants and the aver-
age number of binary collisions, respectively, both calculated
within a Glauber model for a given impact parameterb. The
fraction of hard scatteringxh is important to explain the cen-
trality dependence of the average charged hadron multiplicity.
Since we will not compare our result to experimental data, we
takexh = 0 .25 in all cases considered.

B. Magnetic-Þeld evolution

In a fully consistent solution of the MHD equations with
appropriate boundary conditions the induction equation would
provide the evolution of the magnetic Þeld as a result of the
dynamics of the magnetized ßow. However, as mentioned in
Sec.I, we here employ a reduced set of MHD equations, and
the evolution of the external magnetic Þeld is taken to follow
some suitably deÞned function in space and time. Inspired by
a previous study [44], we use the following parametrized form
in space and time for they-component of the magnetic Þeld
(this is what is indicated asB s in Fig. 1)

e øB y (x, y, #)
m2

#
= f (#) exp

$

"
(x " x0)2

4$2
x

"
(y " y0)2

4$2
y

%

,

(19)

In all cases considered we center the Gaussian in Eq. (19) at
x0 = y0 = 0 and use$x , $y to set the widths of the Gaussian
in x- andy-direction, respectively. For an impact parameter
b = 0 , we use$x = $y = 3 .5 fm, while for b = 10 fm, we set
$x = 1 .5 fm and$y = 2 .2 fm. The corresponding magnetic
energy densities at# = 0 are shown in Fig.3 for the cases of
b = 0 (left panel) andb = 10 fm (right panel).

The evolution of the magnetic Þeld in the QGP is not well
known. In vacuum, the decay time of the magnetic Þeld is
inversely proportional to the

#
sNN of the collision [1]. How-

ever, several studies have shown that the QGP possesses a
nonzero temperature-dependent electrical conductivity [60Ð
62]. In this case, the decay of the magnetic Þeld can be sub-
stantially delayed [5, 46].

In view of these considerations and uncertainties, we
here employ a function of proper time only, i.e.,f (#) in
Eq. (19), as a fully phenomenological ansatz for a reasonable
parametrization of the evolution of the magnetic ÞeldøB y , dis-
tinguishing the case in which the Þeld is in vacuum from when
it is in a QGP.
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one solved in Ref. [38].
The set of equations (3)Ð(5) is closed by an EOS and we

use the EOS indicated as Òs95p-PCE165-v0Ó in Refs. [55, 56],
which is constructed from lattice-QCD data at high tempera-
ture and a partially chemically equilibrated hadron resonance
gas at low temperature. From now on we will refer to this as
EOS-LHRG.

III. NUMERICAL SETUP

We solve the conservation equations (3)Ð(5) for M B = 0,
i.e., f B ⌘ 1, by using an appropriately modiÞed (see below)
version of the publicly available2 + 1 dimensional perfect
ßuid dynamics code ÒAZHYDROÓ [57, 58], which uses the
multidimensional ßux-correcting algorithmSHASTA to solve
the energy-momentum conservation equations.

At each time-step the conserved quantitiesT ⌧⌧ , Tx⌧ , and
Ty⌧ are evolved to the next time-step using the SHASTA al-
gorithm. In order to Þnd the primitive variables! , p, vx , vy

from the time-evolved conserved quantities we use the fol-
lowing algorithm [59]. First we deÞne the quantities

E :=T ⌧⌧

= w" 2 � pB � B 2
(b⌧ )2 , (9)

M x
:=T ⌧x

= w" 2vx � B 2b⌧bx , (10)

M y
:=T ⌧y

= w" 2vy � B 2b⌧by . (11)

Note that the momentum ßow vectorM = (M x , M y
) is

not always parallel to the ßuid velocity vectorv = (vx , vy
)

and thus we cannot apply the algorithm given in the original
ÒAZHYDROÓ code to Þnd the new velocity. To counter this
problem we next introduce the new quantities

E
!
:= E + B 2

(b⌧ )2
= w" 2 � pB , (12)

M x !

:= M x
+ B 2b⌧bx

= w" 2vx , (13)

M y !

:= M y + B 2b⌧by
= w" 2vy , (14)

where the new three-vectorM
!
= (M x !

, M y !

) is always par-
allel to v. As a result, we can now apply the well known
technique (given below) of Þnding primitive variables at each
time-step. More speciÞcally, after deÞningM

!
:= |M

!

| and
v := |v|, we can write

M
!
=

!
E

!
+ pB

"
v , (15)

! = E
! � M

!
v � B 2

2

, (16)

and use the above expressions to replace! in p(! ) to Þnally
obtain

v =

M
!

E !
+ p(! )

#
#
#
#
#
"= E ! ! M ! v! B 2 / 2

. (17)

For given values ofE
!
, M

!
, andB 2, Eq. (17) can be solved

iteratively for the velocityv, which, once known, allows us to
compute! from Eq. (16). Finally, the distinct componentsvx

andvy can be obtained from the collinearity ofM
!

andv.

A. Initial data

Obviously, in order to solve the system of coupled partial
differential equations (3)Ð(5) a set of initial conditions needs
to be speciÞed. In particular, at the initial time of the hydro-
dynamical evolution, which we choose as#0 = 0.6 fm, we set
vx

= vy
= 0, while the initial energy density in the transverse

plane is obtained from the Glauber model via the following
two-component form

! (x, y, b) = ! 0 [xh Npart (x, y, b) + (1� xh )Ncoll (x, y, b)] .
(18)

Here,Npart (x, y, b) andNcoll (x, y, b) are the transverse pro-
Þles of the average number of participants and the aver-
age number of binary collisions, respectively, both calculated
within a Glauber model for a given impact parameterb. The
fraction of hard scatteringxh is important to explain the cen-
trality dependence of the average charged hadron multiplicity.
Since we will not compare our result to experimental data, we
takexh = 0.25 in all cases considered.

B. Magnetic-Þeld evolution

In a fully consistent solution of the MHD equations with
appropriate boundary conditions the induction equation would
provide the evolution of the magnetic Þeld as a result of the
dynamics of the magnetized ßow. However, as mentioned in
Sec.I, we here employ a reduced set of MHD equations, and
the evolution of the external magnetic Þeld is taken to follow
some suitably deÞned function in space and time. Inspired by
a previous study [44], we use the following parametrized form
in space and time for they-component of the magnetic Þeld
(this is what is indicated asBs in Fig. 1)

e¯B y
(x, y, #)
m2

⇡

= f (#) exp

$

� (x � x0)
2

4$2
x

� (y � y0)
2

4$2
y

%

,

(19)

In all cases considered we center the Gaussian in Eq. (19) at
x0 = y0 = 0 and use$x , $y to set the widths of the Gaussian
in x- andy-direction, respectively. For an impact parameter
b= 0, we use$x = $y = 3.5 fm, while for b= 10 fm, we set
$x = 1.5 fm and$y = 2.2 fm. The corresponding magnetic
energy densities at# = 0 are shown in Fig.3 for the cases of
b= 0 (left panel) andb= 10 fm (right panel).

The evolution of the magnetic Þeld in the QGP is not well
known. In vacuum, the decay time of the magnetic Þeld is
inversely proportional to the

p
sNN of the collision [1]. How-

ever, several studies have shown that the QGP possesses a
nonzero temperature-dependent electrical conductivity [60Ð
62]. In this case, the decay of the magnetic Þeld can be sub-
stantially delayed [5, 46].

In view of these considerations and uncertainties, we
here employ a function of proper time only, i.e.,f (#) in
Eq. (19), as a fully phenomenological ansatz for a reasonable
parametrization of the evolution of the magnetic Þeld¯B y , dis-
tinguishing the case in which the Þeld is in vacuum from when
it is in a QGP.
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+ ! x
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+ ! y
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p +
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The pressure is a function of! , thus we also need to Þnd it, this can be done in
the following way

E
!
! M

!
v = ! +

B 2

2
(12)

E
!
! M

!
v !

B 2

2
= ! (13)

1.2 Final formulae to be used in the code (standard form
for SHASTA)

Setting the magnetisation M=0 in eq. 1,2, and 3 we have
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where ÷Tµ" = #Tµ" , ÷B µ =
"

#B µ , and ÷B 2 = # ÷B 2. The component of energy
momentum tensor are

¥ T!! = w$2 ! pB ! B ! B !

¥ Tx ! = w$2vx ! B ! B x

¥ Ty! = w$2vy ! B ! B y

w =
!

! + p + B 2

2

"
and pB =

!
p + B 2

2

"
.

1.3 Some useful formulas and their derivation

First we note the co-variant and contravariant Þeld strength tensors are

Fµ" =

)

*
*
+
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Ez -By Bx 0

,

-
-
.
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-
.

where we have used the following deÞnitions ;F µ" = " µ A" ! " " Aµ ; Aµ =!
A0, %A

"
; " µ =

!
#
#t , ! %#

"
. Consequently the covariant components areAµ =

!
A0, ! %A

"
; " µ =

!
#
#t , %#

"
. By deÞnition Fµ" = gµ$ F $%g%".

Also note that we construct the following Lorentz invariant quantities
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� =
"magfield

"fluid

Fluid energy density  
Au+Au@200 GeV 

! ßuid = k
!

nucleon

e
! (x�x

i

) 2 + (y�y

i

) 2

2�2
g

k = 6
�g = 0 .5fm

for initial time ~0.5 fm

! ! " =
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! " f luid "
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Ratio of field to fluid energy 
density 
! > ! 1

! ! 1

Consensus : since mag field decay quickly 
                                          

 Reality: not always true because of the fluctuating IC

! ! " =
! "magf ield "

! " f luid "

! ! " = !
"magf ield

" f luid
"

energy of field 
——————— 
energy of fluid

—> B Important

—> B may be neglected

~1

<<1

25



Event average energy
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b=0 fm b=12 fm

Fluid energy

(eBy )2

2

V Roy et al PRC, 92,064902 (2015)



Event average energy
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b=0 fm b=12 fm

Fluid energy

(eB
x
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2

V Roy et al PRC, 92,064902 (2015)



Event average sigma
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b=0 fm b=12 fm

Fluid energy

! ! (x, y)"0.01< <10

V Roy et al PRC, 92,064902 (2015)



Event-by-event distribution 
of sigmaCentral, b=0 fm Peripheral, b=12 fm
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Central collisions 

Peripheral collisions 

! ! 1

! ! 1



Magneto-hydrodynamics in 
one dimension 

Most simple possible model 

• Bjorken flow,    
• ideal fluid (zero shear, bulk viscosity and  
    zero electrical resistivity), 
• Transverse magnetic field, 
• Constant speed of sound,  
• temporal evolution of magnetic field:  
     (a) “frozen in flux theorem”  
                         or  
     (b) “Power law decay”.         
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B

vz=z/t
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Bjorken hydro in a nutshell

uµ@! Tµ ! = 0 (⌘µ ! ! uµ u! )@" T "! = 0

Energy-momentum tensor

  to four velocity to four velocity?!

Evolution of energy density
31
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Bjorken magneto-hydro in a 
nutshell

uµ@! Tµ ! = 0
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Energy-momentum tensor

  to four velocity to four velocity?!

Evolution of energy density
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Euler equation



Magneto-hydrodynamics in 
one dimension: Frozen in flux  
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V Roy et al PLB, 750 , 45-52 (2015)



Power law decay of 
magnetic fields

34

B (! ) = B0
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a > 1 Quickly decaying B

a = 1 Frozen flux, 0 resistivity

a < 1 Slowly decaying B

Fluid gain energy

Same as without B
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Time
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V Roy et al PLB, 750 , 45-52 (2015)



Solution for power law 
decay of magnetic field
! !
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Equations of magneto-hydro

Current density :

Magnetic field :

Electric Field :

Magnetic Reynolds  
Number
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E-by-e sigma for different 
gaussian smearing

sigma_g=0.25
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Event-by-event sigma for 
electric field 
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E-by-e calculation of fields
Monte-Carlo Glauber 

Au+Au In reality the nucleon's  
position fluctuates 

Total field = 
!

proton

!Bproton

Consequence: 
-        in central collision 
- non uniform E/B

!B != 0
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