’mp Relativistic Magnetohydrodynamics
= in Heavy-Ion Collisions

\
>>/ PRINCIPIA Phys. Rev: D 109, 096021

Khwahish Kushwah
with Dr. Gabriel S. Denicol

Institute of Pl’lysics, Federal Fluminense Universi’cy,

Rio de Janeiro, Brazil

9th conference on

Chirality, Vorticity and Magnetic fields
in quantum matter 2025

= InsTITUTO DE Fisica

Universidade Federal Fluminense




Outline

1. Motivation

2. Framework of Relativistic Magnetohydrodynamies
3. Equations of motion in Strong Magnetic Field

4. Equations of motion in Strong Electric Field

5. Conclusion

1/14



Why Relativistic Magnetohydrodynamics? \
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Why Relativistic Magnetohydrodynamics? \

participants
before collision after collision
Heavy Ion Collisions (~10” G) Neutron stars (~10" G)
\ Y,
Y

Mo.xwell s equations  + Hydro&D Low freq., long
Wo.veleng’ch approx.
— Conduc’cing fluids, eg.
\E >[ Relativistic Magnetohydrodynamics } Ouark.Clucn Plaseac
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Relativistic Magnetohydrodynamics framework

Locally neutral non-resistive tluid with no magnetization

Conservation Law

Maxwell’s Equations

where, F"¥ = B*uY — B"u".
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Relativistic Magnetohydrodynamics framework

Locally neutral non-resistive tluid with no magnetization

Conservation Law

What are the
transient

equations at
finite B?

Usual Hydro
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Relativistic
Magnetohydrodynamics
Framework

Non-resistive, finite Magnetic field




2 Species-Particle fluid

The system in consideration

2 parﬁcle species fluid of massless poinf like parﬁc]es
Locaﬂy neutral system, Vanishing dipo]e moment

No spin: classical particles

On]y Shear Stress Tensor

L2 7 7

Using Method of Moments to solve the equation of

motion. ) ) ) )
Gabriel S. Denicol, Dirk H. Rischke (2021)

Microscopic foundations of relativistic fluid dynamics

Israel, Stewart, Annals Phys. 118 (1979) 341-372
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Equations of motion for the Shear Stress Tensor

Boltzmann Equations

BY _ o BV 13%
Positive species L WAL

v 0 — o
kKeOuf +a kB o fil = Clfi f] |kl

Negative species uv
By_ nv _ [1RY
—_———— T_ =~ onW=m " -

B B , 0 _
k"0.f, +q k.,B" %fk = C|[f, ,f;j_]

B*Y = /’Waﬁ’u,aBﬁ.

Binary elastic collisions:
interaction between same species +particles and also interspecies particles.
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Boltzmann Equations

Positive species wy
[fk 9.fk] ___+n+

Negative species uv
By_ nv _ [1RY
—_—— T =~ onW=m ™ -n

, 0
k 0, f + qtk,B*Y —— ak
k“aufk_-l—q_k,,B”V%fk_ =C[fy » Ij_]

BHY = e“”aﬁuaBﬁ.
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> Exact equations for shear stress tensor

5 o 10
ARV 70B 4 3 iV TtV oM
ap®t  HEATT A 5T 3 0 — 0

7 <“67r/1

uV
T,

________.—

-> :J'IZII (longitudinal),

> N J_" (semi - transverse),

- 0 J_;w (transverse).

, 3 components of shear viscosity. ,

; Each component relaxes differently. i

6/14 s = == ¢ Es 5 ES I =S I ES I BN 5 BN 5 SN B EEE F EEN 5 EEN 5 EEN 5 BN N EEN 5 ESN 5 EEm 5 ESN N Emm 5 Emm 3 Em ® -l




> New basis

Individual components in new basis for simplici’cy. Tal:ing projection with respect to (f"i.

HV ++ pH pv ——pH pv
T A A T A

> Transverse component

1 2|q|B 8 4
_|_ - q| st ++ :l::t_|_

T Fe =T 1 |=--€0 ——-0O=n
2|q|B 4
—|— —671'J_ J- 1 qu} 71'1::': — ——Oéﬂfi -+
Téw
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Shear Stress Tensor in Linear Regime: Oscillatory dynamics ?

- Linearising equations around equilibrium and in constant magnetic field (Homogeneous case)

/ / 8 / 8
. . ) . .
#TF + (2+2) aT7F + (2L +40%) 2T = Ze¥ 0T + —e6T.

15 15

Overdamped

,

8/14 Relaxing to equilibrium




Shear Stress Tensor in Linear Regime: Oscillatory dynamics ?

- Linearising equations around equilibrium and in constant magnetic field (Homogeneous case)

Oscillatory dynamics

Can'’t be described by IS
theory!
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Relativistic
Magnetohydrodynamics
Framework

Resistive case, No Magnetic field,
Homogeneous system




Relativistic Magnetohydrodynamics framework

Locally neutral resistive tluid with no magnetic field

E2
py _ sy _ ol
T = TE]VI+Flu'de = (5 §a 9

Maxwell’s Equations

8, F* =0,

where, F"¥ = E*u” — E"u".




Relativistic Magnetohydrodynamics framework

Locally neutral resistive tluid with no magnetic field

What are the transient equations of motion
at finite E and no B?
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Relativistic Magnetohydrodynamics framework

Locally neutral resistive tluid with no magnetic field

Boltzmann Equations

8
k"8, f +qtk, E* Bk

k8,1 + q—kue“”@f; = Clfy ]

Clfi, £l

EW = Bru” — B'ub

- Electric field triggers shear stress tensor
— contributes to charge four-current.
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Relativistic Magnetohydrodynamics framework

Locally neutral resistive fluid with no magnetic field

- The modes of the equations of motion

= 15 1 "
64\ 7'3 T

For large enough E, electric charge four-current can not be approximated as a simple

13/14 Ohm’s law given by Israel-Stewart-like theories.
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Conclusion

We derived MHD equations for a binary gas of classical massless

particles.
Equations of motion change drastically for this system.

Shear stress tensor splits into_three non degenerate components. Each

component relaxes differently, with their own dynamical equation.

For sufficiently large values of B, shear stress tensor will show oscillatory

dynamics.
For purely resistive case, in absence of B, electric charge four current

exhibits similar oscillatory dynamics for sufficiently large values of E.
For large E, simple ohm’s law, J* = ¢ . E*, will not be able to capture

accurate dynamics.
Outlook: Astrophysical systems like accretion disks.



Outlook-
Astrophysical systems
~ Accretion Disk

Massive case: Electrons and Ions

-_—




Causal Magnetohydrodynamics Theory

Chandra, Gammie,
Foucart, Quataert,
Astrophys.J. 810 (2015)
2,162
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~ Strong Magnetic field, Large mean free path

~ —I’A_ﬁ.(bubv 3AW)

R

Relaxation type (Israel-Stewart-like)
equation for AP



https://inspirehep.net/authors/1020814

Causal Magnetohydrodynamics Theory

~ Strong Magnetic field, Large mean free path

Chandra, Gammie,
Foucart, Quataert,
Astrophys.J. 810 (2015)
2,162

Good approximation for very large Band small T (~ 20 MeV).

In heavy-ion collisions: large B (~10! G) and large T (~ 150 MeV)

— Approximation will not work.
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Linear stability analysis

Very large Magnetic field

e = eo+Ae, n=An, u* = ujf+Aut, | = 7"+ A | B = Boby+by AB+ByAb*,

- Coupled equations of motion
form,  , o0m ubqand o,

bk’ bk’ o]

Navier-Stokes Limit:
If parallel component

grows large enough,
other components
CAN NOT be ignored.

b — Along magnetic field
q — Transverse tob and k
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Conclusion

We derived MHD equations for a binary gas of classical massless

particles.
Equations of motion change drastically for this system.

Shear stress tensor splits into_three non degenerate components. Each

component relaxes differently, with their own dynamical equation.

For sufficiently large values of B, shear stress tensor will show oscillatory

dynamics.
For purely resistive case, in absence of B, electric charge four current

exhibits similar oscillatory dynamics for sufficiently large values of E.
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accurate dynamics.
Outlook: Astrophysical systems like accretion disks.
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14-moment approximation

Israel, Stewart, Annals Phys. 118 (1979) 341-372

> Sol:ct AgeE efk“ + eijk“k”

Truncated at second order in momentum

We consider only the Shear Stress Tensor | > £F 0, €

o
I

— 0

14 moments and 14 coefficients in distribution function to be identified.




Causal Magnetohydrodynamics Theory

Current approach ~ Strong Magnetic field

Chandra, Gammie, P
Foucart, Quataert, 1 A P |(b/-1' bV -1 A/-U/
Astrophys.J. 810 (2015) - 3
2,162

Relaxation type equation for AP

dAP _ AP APy AP d APy = 3p0(bH8"V s,y — =V )

dr 1 3
Navier-Stokes Value

0 = Rest mass density; v = Kinematic viscosity
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Final equations for shear stress tensor

Iterating order by order in gradient & truncating upto 2™ order in gradient.

Longitudinal component

4 10

: 8 1 1 1 2
. u . u o
A+ A by + 1M = 15€0) — 370 — = <—§”n0\| 30 Tt g’hcxﬁ‘nﬁ> ~3 ( Ty +“’fﬁ”iaﬁ>

Transverse component

(1-49") a7 + (2445 ¢?) nT7
:

45 |
:EeojF¢ — [(1 —4¢?) (2€§F€§+ 30+ 50'”) —4(p(p] mTT

: 10 >
+ (1+2¢7) (2€§b[3 +—07] +2a)f) T — (—cyj_E$ + a)f*) |
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Relaxation time as function of magnetic field

- Different component of shear relaxes differently.
- Theory fails at large B: Negative relaxation times.

Semi transverse componen’c Fully transverse componen’c
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Relativistic Magnetohydrodynamics framework [
gT

Locally neutral resistive fluid with no magnetic field

- Electric field triggers shear stress tensor
— contributes to charge four-current.

No coupling
arises doe to

7WM]“=A57T‘“’EV electric field

Siirv) 4 igﬂuv — §E<M5JV>
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- Electric field triggers shear stress tensor

12
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Relativistic Magnetohydrodynamics framework |[EiSS

Locally neutral resistive fluid with no magnetic field

ar

— contributes to charge four-current.

75 10JH) £ 5T = NoT*Y E,,

1
STiHY) 4 = Sphv — §E<M5JV>
TSm 5}

JW = Ji+ JF

No coupling
arises doe to
electric field




Relativistic Magnetohydrodynamics framework

Locally neutral resistive fluid with no magnetic field




