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OUTLINE

¢ Motivation.
¢ Relativistic Magneto-hydrodynamics (MHD).

¢ MHD from the Kinetic theory.

¢ Results & discussion.




WHY DO WE CARE ABOUT MAGNETIC FIELD?

Contemp

orary high-energy heavy ion collisions : precision measurements

Huovinen et al. (2001) Phys.Lett.B503, 58
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Early success of hydrodynamics missing physics
of lattice QCD equation of state and viscosity.

Luzum, Romatschke (2008) Phys.Rev.C78, 034915
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Bounds on shear viscosity but large uncertainties
from initial conditions.

0.3 Schenke et al. (2012) Phys.Rev.C85, 024901
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Higher moments constrain viscosity and fluctuating
initial conditions better, but temperature dependence
of n/s is not yet determined.
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maximal initial temperatures
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by LHC
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To determine (n/s)(T) different initial
temperatures need to be accessible.

Only possible with combined data from
LHC and RHIC beam energy scan.
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— fluctuations important
for v, analysis in small systems

— first flow results from
viscous fluid-dynamics

— reliable QCD equation of state
from the lattice included

— vpcorrelations
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- measure lower
bound to ~10%

+ determine (n/s)(T)
dependence

- measure bulk viscosity
and relaxation times

« constrain initial state
and its fluctuations
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A Community White Paper on the Future of Relativistic Heavy-Ion Physics in the US
https://www.bnl.gov/npp/docs/Bass_RHI_WP_final.pdf

Values are obtained from elliptic and higher order flow coefhicients.

3




WHY DO WE CARE ABOUT MAGNETIC FIELD?

Flow development is an early time dynamical phenomena

M Luzum et al, Phys. Rev. C. 78, 034915 (2008)
X G Huang et al, Rep. Prog. Phys. 79, 076302
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Electro-Magnetic fields are strongest during the early stage of heavy ion collisions
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Numerical simulations hints that probably we need to care about EM fields

PHYSICAL REVIEW C 93, 044919 (2016)

Magnetic-field-induced squeezing effect at energies available at the BNL Relativistic Heavy Ion

Collider and at the CERN Large Hadron Collider

Long-Gang Pang,' Gergely Endrédi,>* and Hannah Petersen’->#
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Effect of intense magnetic fields on reduced-magnetohydrodynamics evolution

Charged pion v2

PHYSICAL REVIEW C 96, 054909 (2017)

in ./syny = 200 GeV Au + Au collisions

Victor Roy,' Shi Pu,? Luciano Rezzolla,** and Dirk H. Rischke®?
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Eur. Phys. J. C (2020) 80:293
https://doi.org/10.1140/epjc/s10052-020-7847-4
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Regular Article - Theoretical Physics

Magnetic fields in heavy ion collisions: flow and charge transport

Gabriele Inghirami'->2 @, Mark Mace!2, Yuji Hirono>*, Luca Del Zanna’-%-7, Dmitri E. Kharzeev®°-10,

Marcus Bleicher!!:!2:13.14
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Some other early simple model based studies also pointed out the same

K Tuchin § Phys. G. 39,025010 (2012) ; R. Mobapatra et al Mod. Phys. Lett. A 26, 2477-2486 (2011)
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WE PROBABLY NEED TO CARE ABOUT MAGNETIC FII
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Study of Chiral Magnetic Effects

Charged dependent directed flow
Polarisation of vector mesons

Possibility of anisotropic transport coethcients




INTRO TO MAGNETO-HYDRO

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

/
A
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\V/872 / fluid constituents are electrically charged hence its
g v which changes the external field

Self consistently solving the Maxwell’s equation & Conservation laws
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BASICS OF MAGNETO-HYDRO

Selt consistently solving the Maxwell’s equation & Conservation laws

o
a.ﬂl;j;”,d — F/Mj/1 a'ﬂ‘]\% = 0 dwz}ield I il/l
< Ul ’ Ul .
T, = = PUEY + g FF,,

F* = E*u¥ — EYu* + "%y B,

For Idea-MHD: 0,T* = F"J, = B"J,

/ # fluid
e AT \Aa WU, . ACDUAT A8 i
uydﬂY}luid u B”J, =0 Ay()ﬂ}luid AYB*J, = B*d,
Fluid energy is conserved in magnetic field, The magnetic field influence the dynamics of the fluid
magnetic field does no work. only by coupling to the dissipative part of the current.

What about dissiparive stresses in EM fields?




MAGNETO-HYDRO FROM KINETIC THEORY: THE BOLTZMANN
EQUATION

d 0 0 a ¢
_f:i_f_l_ﬁ_f_l_dP f:%[f]

a8 a0l dJ 0Xx a7 0k

f(X*, P*) — single particle distribution €| f] — collision term
F X4, PH) = o+ of

fo = equilibrium distribution function of - oft-equilibrium correction

Without an external force the Boltzmann equation along with f, = 1/[exp(fp*u, — pu) + 1]
DT =Du=0
Ne =T D>
pu® = Q% x, + Q°
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THE BOLTZMANN EQUATION WITH EM FIELDS IN RTA

of o ap u-p
REERRE s S Pl F Anderson Physica 74, 466-488 (1974),
OxH e oP¢ i 5f
7 qF”ﬁpﬂ — Four force of =f—Jo

Presence of EM force introduces two new dimensionless parameter along with the Knudsen number.

x ~ qBt /T &~ qglim |}

Presence of magnetic fields allows the existence of non-dissipative transport coefhicients.
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DISSIPATIVE STRESSES FROM THE KINETIC THEORY

Order by order expansion in dimensionless small numbers
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A

= T””jdpp”p” (5f(”) + 5f(”)) — Bulk pressure

VA = A [dpp® ( SFM — 5]7(”)) — Diffusion current

ﬂ(/f; — AZ;Jdpp“pﬁ <5f(”) + 5}“’”) — Shear tensor
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THE DISSIPATIVE

STRESSES IN RESISTIVI
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+ shear-diffusion + diffusion+bulk + ...
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shear-bulk + shear diffusion +

Phys.Rev.D 104 (2021) §, 054004,

JHEP 03 (2021) 216.
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TRANSPORT COI

CEFFICIENTS IN THE MASSLESS LIMITT

Massless Boltzmann gas

: Bulk :

Transport |CE Denicol
Coefficients et al.
TIIV 0 0
XIIEE ,BZP / 36—

Ay 1/(38) |0

lnv 0 0

AV B 3/(BP) |—

CE :

. Diffusion :
Transport |CE Denicol
Coefficients et al.
AVvv 2/5 3/5
vy 22/3 1
VB 203 58/12
PVE PB*/18|—

XV B Pp*/12| Pp*/12

. Shear :

Transport |CE Denicol
Coefficients et al.
TnV 12/(56) 0

lrv 12/(508) 0

>\1rV 11/5,3 0

ArV B 24/5(BP) ™" | —
XnEE 23“P/15 -

A.K. Panda et al Phys.Rev.D 104 (2021) §, 054004,

G. Denicol et al Phys.Rev.D 99 (2019) 056017,
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THE PROPAGATION OF

PERTURBATIONS IN MHD

Propagation of the perturbation through charged fluid
Three basic linear MHD waves
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“An Alfven wave is a low frequency wave of ions and magnetic fields in plasma,

the ion mass provide the inertia and the magnetic field line tension provide the restoring force”

“In the absence of magnetic field the fast magnetosonic wave reduces to normal speed of sound

the slow magnetosonic and the Alfven waves become zero. ”

R Biswas et al

FHEP 10 (2020) 171
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THE STABILITY AND CAUSALITY

Apply perturbation and consider Fourier modes ~ e!®"=*

S(w) y¢

sivzlblie Linearize the i/IHD equations
Find the dispersion relations @ = w(k)
\/m(a))
= e lim,_, v, <1 = causal
; ok 8

3(w)IT

Under small perturbation and in linear regime IS like 2nd order MHD theory found to be Causal and Stable

R Biswas et al fHEP 10 (2020) 171
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ANISOTROPIC TRANSPORT COEFFICIENTS IN EM FIELDS

electric current density « electric field

j. =0 E : Hernandez et al THEP 1705 (2017) 001
l L]z ] Gabriel Denicol et al. Phys.Rev.D 98 (2018) 076009

Kiril Tuchin J. Phys. G: Nucl. Part. Phys. 39 025010
Arpan das et al Phys.Rev.D 102 (2020) 1, 014030
Ashutosh dash et al Phys.Rev.D 102 (2020) 1, 016016

FOI‘ iSOtI‘OpiC casc Gl Pt 5l Payal Mobanty et al. Eur.Phys.J.A 55 (2019) 35
J J Manu Kurian et al. Phys.Rev.D 101 (2020) 9, 094024
A.K. Panda et al Phys.Rev.D 104 (2021) §, 054004,
EoM mv =e(E +vxB)—mrly
Considering steady state and solving for velocity ! !
R = P™(exp[pH]),, = xplimg]P™
(@) Z i (€XploH]),, Z explimp]P,,
m=—1 m=—1
—slhh. 0 st 5. = hh Xe B
2T o <lJ il T 0 el 0 = 1 =] o
PO=hh, =P, PULPT)=G =il

i o o ey
9 Oy = cii, 0. 00( +¢> 5 60€0< +¢) S. Hess ‘Iensor for physics,

@ = eBt/m
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CONCLUSION AND DISCUSSION

* Important to use RMHD in heavy-ion collisions.
* Need to take into account anisotropic nature of transport coefhicient while
extracting them.

* Resistive RMHD code for heavy-ion collisions.
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TABLE II. Transport coefficients appearing in bulk-stress equation Eq. (28).
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BACKUP SLIDES

RELATIVISTIC “J” INTEGRALS

The n-th moments integral for the distribution function is defined as:

m)+ dp r
Ilglﬁzz"-un = /mepﬂz “ Pun (fo + fo) ,
which can be docomposed as:

Jm)£ _ p(m)£ (m)=+

pippn = In0 Upr tc Up, T Iy (ApypoUpsg * * * Up,, + perm.) + - - -

o IF (D Bpigpas - Dy + PEITIL)

where n > 2q.
Similarly the auxiliary moments integral

m)+ dp 3 o
J;(Lllzz-"un = / mepuz ©* Pun (fofo + fofo) ,
can be decomposed as:

(m)£

J(m):%.. w = Ino Uy Up, +Jnt T (DppsUpg Uy, +perm.) + - -

ot Jr(;zn)i (AprpeDpspa Dy 1p + Perm.) .

(A1)

(A.2)

1 _
(m)£ _ _m\N—2g—m a, B\q

5% = G [ 4t p N B ) (fo £ o) (A.6)

and 1 3

(m)£ __ _m\n—2g—m o, B\q 3 r I
K = s [ - py T Bagp ) (fofo £ o). (AT)

One can write the J in terms of I as:
1

JO* — 5 I+ (2010 (A.8)

The general expression of D, used in eq. (2.41) and eq. (2.42) is given by: Dy, =

0 0 0)— +(0)—
AR LSO A




MAGNETIC FOUR VECTOR

* Electric and magnetic field are elements of F**

e We need to define a rest frame where electric and
magnetic

fields are measured

—

o In the rest frame E° = 0;: E = E' same is true for
magnetic field

—

e The four velocity in the rest frame is u’ = 1; w = 0

One can define in the rest frame the following four vectors

I
Evc‘f = Faﬁuﬁ Bvﬁ\/ = EGaﬂyéFyél/ta
They are tensor equations and hence holds in all reference frames

F = yogP _ goyb 4 e;;ﬂuyBé
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