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- Magnetic fields in the Universe

* Magnetic fields are everywhere in the Universe at all scales and strength

Black Holes

PLANETARY MAGNETIC FIELDS

VectorStock VectorStock.com/41788765

Planets

Neutron Stars Stars

UG --- Interstellar Medium, Galaxies
G --- Black Holes, Stars, Planets
1019G --- Neutron Star (Magnetars)

Standard cosmology: no magnetic fields were created at the big bang

How are cosmic/astrophysical magnetic fields generated?
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- MHD

 Magnetohydrodynamics (MHD) is the largest-scale description of magnetized plasmas

* One important equation:

[ E+UXB = O} Ideal Ohm’s law

* Take curl and use Faraday’s law =

— =V X (U X B) WMHD induction equation
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. MHD

* So what is the conserved quantity in MHD?

* Magnetic Flux!

aB—V><(U><B) = dJB dsS =0
ot dt B

* A plasma wants to keep its magnetic flux & Magnetic fields are “frozen into” the plasma
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- Plasma Dynamo

* Plasma induction equation is the underlying equation

aB—V><(U><B)
ot
e IfB=0att =0,
0B _
ot

* We need a source for the “seed” magnetic field!

* Has to be due to a non-conservative electric field

9B _ VXE
ot

Zhou+, ApJ (2023)
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- Seed Magnetogenesis

* Two popular mechanisms for seed magnetogenesis

Time = 23520 w,, "'

* Biermann battery [Biermann, 1950]
* Misalignment of density and pressure

ot en?

J

[Zhou+, ApJ (2023)]
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Acceleration of plasma species o
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du,

dt

= ¢, (E +u, x B)

Lorentz force
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Pressure gradient

14












ot

Vorticity 2 =V x u

mV X (8u | u-Vu>—qV><(E—|—u><B)—V><(




ot
Vorticity 2 =V x u
( 00
m -
ot

ou
mVx( 'u-Vu)—qu(E—l—uxB)—Vx(




ou
mVx(at Iu-Vu)—qu(E—l—uxB)—Vx(

Vector Calc Identity V x [u-Vu] = =V x [u x V x u]

( 9Ly’
m —_—
ot

20



ou
mVx(at Iu-Vu):qu(E—l—uxB)—Vx(

Vector Calc Identity V x [u-Vu] = -V x [ux €]

( 7Ly’
m —
ot

21



|
ot n
Vector Calc Identity V x [u-Vu] = -V x [ux €]

m(%? Vx[uxﬂ])

=
mV X (8u | U'VU>_QVX(E—|—UXB)—VX (V p)




ou
mV X Y Fu - Vu —-qu(E+u><B)—V><(
Faraday’s laWVXE:—%—?

m(%? Vx[uxﬂ])




mV X ((?; | u-Vu)-qu(E—l—uxB)—Vx(

Faraday’s law V x E = — 98

919 OB
m(@t Vx[uxﬂ])_q(_a




e
mV X ((Z:Z | u.Vu>—qV><(E+u><B)—V>< (V p)
n

m((?: Vx[uxﬂ])-q( é;f IVX[UXB])



ou
mV X (815 !u-Vu)-qu(E—l—uxB)—Vx (V.

m(%? Vx[uxﬂ])—q( %? :VX[uxB])—vX<V'



ou
mV X (815 !u-Vu>—qV><(E—|—u><B)—V>< (V.

m(%? Vx[uxﬂ])—q( %]j’ :VX[uxBO—vX(V'



ou
mVx( !u-Vu)-qu(E—l—uxB)—Vx(v.

ot

m(an Vx[uxﬂ])—q( L :VX[uxBO—vX(V'

ot
0

ot

ot

(M€ 4 ¢B)



ou
mV X (815 !u-Vu>—qV><(E—|—u><B)—V>< (Vn

m@? vX[uxn])_q( é;f :VX[uxB])—vX<V'

0



mV x (%‘; | u.Vu>=qV><(E+U><B)—V>< (V-
n

m(%? Vx[uxﬂ]>:q< %? :VX[uxBO—VX(v

%(mﬂ+qB)=VX u x (mQ + ¢B)]



v.?>

n

ou
mV X (875 Iu-Vu>:qV><(E+u><B)—V><<

m(%? VX[UX9]>:Q< %? :Vx[uxB]>—Vx<v'<ﬁ)

o, b
a(mﬂ%—qB):Vx[ux(mﬂ+qB)]—Vx(v. )




0
a(mQ—FqB):VX[ux(mﬂ—l—qB)]—Vx (V?>




0 . VP
a(mQJrqB)Vx[ux(mﬂ+qB)_—Vx( np>
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Canonical Vorticity Q= m{2 + ¢B
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- Magnetogenesis

e Canonical induction equation

BQ_
ot

VX (MHXQ)—VX

d0CEP

—— | responsible for
n magnetogenesis!

(V : ‘I_j Sole term

Vorticity-free
Magnetic-field-free
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- Pressure term

Does our pressure term generalize both mechanisms?

ot

>

i

n

= (%)

Assume isotropic pressure, i.e., p = pl Biermann Battery!
V-p % Vn XV
_yx—L = _yx-L My
n n n
So our pressure term generalizes Biermann battery
Can it generalize Weibel instability as well?
Assume 1D, i.e., V= x0/0x , D‘ag°;j'<
V-p 10°pyy xx
VX——]| 72 =—— Pxy
n n o0x? Do

Mixing between p,, and p,,,,
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- Weibel Instability

 Particle-in-cell simulations of the Weibel instability

Number density (N /P r) t=0.00T r

(=2 S e

. 0.2
Initially, pyy, > Dy
&
X 0.0
—0.2
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Weibel Instability
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\Canonical battery is
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magnetogenesis
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- New Mechanisms?

 Canonical battery generalizes Biermann battery
 Canonical battery generalizes Weibel instability

e Can there be other mechanisms?

0 .
e Assume 2D (5 = 0) and examine the z-component
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- New Mechanisms?

* Canonical battery generalizes Biermann battery
 Canonical battery generalizes Weibel instability

e Can there be other mechanisms?

0 .
e Assume 2D (E = 0) and examine the z-component

V-
BZ=—<V>< pe)-z“
n

e
1
=7z-|-V|—|xV-
Z[ <ne> Pe]"‘

Biermann-like term

1 0%
+ n, axay (pexx o peyy)

New term (2D-localized pressure anisotropy)

asia pacific center for
apc theoretical physics

46



- 2D-localized Pressure Anisotropy

* Last term
1 0%
B, = n, 0xdy (pexx — peyy)
* Assume
x? +y?
Pexx — Peyy ~ €XpP | — g2
* Then

BZny

* Quadrupole magnetic fields expected
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- 2D-localized Pressure Anisotropy

* Again, verify with particle-in-cell simulations

Anisotro B
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- 2D-localized Pressure Anisotropy

* Again, canonical battery term is confirmed to be the source!
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- Usage of the battery term

* Usage 1: Relative Importance among mechanisms
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[Schoeffler+, PRL (2014)]
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Typically, Tgiqg > Toff, S0 Weibel is important for L >> d,

asia pacific center for
theoretical physics 51



- Usage of the battery term

* Usage 2: Predict other mechanisms

* Localized density and pressure anisotropy
B a 1 apexx
L~
dyn, 0x

* Localized density and uniform temperature anisotropy

d 1\ /0dn,
By ~ Texx dyn Ox
e
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- Relativistic Battery

* |In the relativistic regime, the canonical induction equation includes a term purely due to relativity

0Q

ot

* For a single-particle, velocity and momentum commute

p=pw) =

* For a relativistic fluid, this is not generally the case

[Laishram and Yoon, in prep.]
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- Other Batteries

* Other non-ideal effects give rise to other terms

a—Q=Vx(uxQ)—Vx<u>+z“ z lu;, pi] +v(Q —Q,;) + QM + Rad

at n YAy

Inter-species QED effects Radiative
Relativity collisions effects
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- Summary

* The pressure tensor in the plasma equation of motion turns into the canonical battery term

* This term is solely responsible for spontaneously generating canonical vorticity, which is a
proxy for the magnetic field

* This term generalizes popular magnetogenesis mechanisms and predicts new ones

* Other effects may provide additional sources
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Pressure term is entirely responsible for Weibel instability

The canonical induction equation generalizes both 70-year-old magnetogenesis mechanisms
(and predicts new ones)

[Laishram, Yun, Yoon, Phys. Rev. Res. (2024)]
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