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A Quick review of particle motion and adiabatic invariants.
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Why Heliophysics?
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The Physics Part ofHeliophysics
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Early Mystery: Aurora and Particle Acceleration
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Later Discovery: Three Particle Acceleration Processes
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Early Mystery: Cosmic Ray

The discovery of cosmic rays by
balloons and cloud chambers was
the beginning of particle physics.
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Later Discoveries: Cosmic Ray Acceleration

Cosmic rays are believed to be
generated byollisionlessshocks at
supernova shells.

This work was based on
heliophysicobservations: the
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Early Mystery: Solar and Stellar Winds

HSS, 2025. Page



HeliophysicsDiscoveries: Solar and Stellar Winds
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On-Going HeliophysicsWork: Solar and Stellar Winds
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Early Mystery: Solar Flares
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HeliophysicsDiscovery: Magnetic Reconnection
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On-Going HeliophysicsWork: Magnetic Reconnection
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Early Mystery: CollisionlessShocks
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Same Phenomenon Viewed from the Inside
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Early Mystery: Radio Emissions
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HeliophysicsDiscovery: The Electron Cyclotron Maser

FAST ORBIT 1907
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FAST Results
The FAST observations within the source
region have up to 1000 times better reso-
lution than previous missions
The energy source of auroral kilometric
radiation 1s the electron-cyclotron maser
powered by parallel electric fields, previ-
ously believed to come from a “loss-cone”
nstability.

Signature of the Electron-Cyclotron Maser
Extremely high brightness temperature.
Nearly 100% circularly polarized.
Narrow frequency band.

Strong variability.

Electron-Cyclotron Maser Candidates in
the Astrophysical Literature:

Planetary radiation from all of the magne-
tized outer planets.
Solar microwave spikes.
Solar Type IV/V radio emissions.
Radio emissions from RS CVn binaries.
Radio emissions from AM Her binaries.
Radio emissions from Dwarf M flare
stars.

Implication of the FAST Results
These findings may call for re-analysis of
some astrophysical radio sources.

The FAST results suggest that parallel
electric fields may be widespread 1n astro
physical plasmas, strongly supporting the
1dea proposed over 50 years by Nobel lau
reate, Hans Alfven of Sweden.
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On-Going HeliophysicsWork: Turbulence
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On-Going HeliophysicsWork: Turbulence
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My View of a Plasma
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Basic Approaches to Plasma Physics

Kinetic

(1) For each particle, calculate its
motion givenB andE using the

Lorentz equation.

Multi -Fluid

(1) For each species, typically ions
and electrons), calculate the densit
(ny), velocity (uy), and temperature

/

—
(T using fluid equations for a giver
(2) At every particle location, B andE.
calculateBandEf r om Max we |l | ¢
equations. (2) CalculateB andE from
Maxwel | 6s equat.i
Most accurate method, but very
unwieldy; basis of PIC simulations. l
MHD
Least Treat the plasma as a single fluid.
detailed but Calculate the densityn], velocity
highly useful. | (u), and pressurd] along with

B andE using the MHD equations.




Kinetic Calculations

Kinetic

(1) For each patrticle, calculate its dv — a(E B
motion givenB andE using the m dr q(E +v X B)
Lorentz equation.
(2) At every particle location, v.g="a
calculateBandEf r om Max wel | 6s €o
equations. 9B

VXE=——

dt
UxB = 1 ﬂE+
XB =25t
V-B=20
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Distribution Functions

The distribution function as a
function ofv, is the number of
particles per unit velocity.

In freespace the units are
number of particles per unit
velocity per mi (s/nt). In three
dimensions, the units dfare
S3/mS.
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Reducing Distribution Functions

For three dimensions of
velocity space, the units 6f n(x,t) = f f f f(x,v,t) dv,dv,dv,
are $/mS. —00 —00 —00

0o

nu = fvf(x,v,t)dv

— 00

f_t vf(x,v,t)dv
u

0.159 n

0.080

3
(E)Particle = E kBT
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0.0
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Multi -Fluid Approach

Multi -Fluid D
V-E=—-
(1) For each species, typically ions “o
and electrons), calculate the density VXE=— ﬂ_ﬂ
(ny, velocity (g, and temperature Bt
(T using fluid equations for a giver . 1 F
B andE. XB = 2 3¢ + uoJ
(2) CalculateB andE from V-B=0
Maxwel | 6s equatilons.
on +V =0
dt nu =
ou ..
mn —+mn(u-V)u=—VP+nq(E+uxB)+nmyg (Collisionless
VP=yTVn
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|deal MHD

Z_;;Jr v (ou) = 0 Continuity Equation: Define:

p=mn; +mgn,

Equation of state.

VP =yT Vn min;u; + meneu,

u

Force EquationGollisionles3 MmN + MeMe

du = p.
p 5 +p-Vyu=—VP+]xB+ pg P=hi+le

J = en(u; —u;)

E, +ux B =0| Frozenln Condition

VXB=u, Ampereds Law

vxp=_2B| Faradayos Iassumed n=~n,
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Basic Approaches to Plasma Physics

Kinetic

(1) For each particle, calculate its
motion givenB andE using the
Lorentz equation.

(2) At every particle location,
calculateBandeEf r om Max we | |
equations.

To solve problems, one often must
start with MHD to obtain a large
scale solution, then use either
multi-fluid or kinetic approach to
understand the smadtale physics.

Multi -Fluid

(1) For each species, typically ions
and electrons), calculate the densit
(ny), velocity (uy), and temperature
(Ty using fluid equations for a giver
B andE.

(2) CalculateB andE from
Maxwel | 6s equat.i

l

MHD

Treat the plasma as a single fluid.
Calculate the densityn], velocity
(u), and pressurd] along with

B andE using the MHD equations.




Collisional VersusCollisionlessPlasmas

Collisional

(1) The interior of the Sun and
planetary ionospheres examples of
collisional plasmas; they have high
densities

(2) Momentum and energy exchange
between ions and electrons (and/o&l
neutral particles) can be dominated
by collisions.

(3) The force equation must include
viscosity and collision terms related
to momentum exchange.

(4) Collisions often lead to a
Gaussian distribution as per the
central limit theorem.

Collisionless

(1) The solar corona, solar wind,
Eart hdos magnet os

astrophysical plasmas can be treated

a scollfsionless.

(2) Momentum and energy exchange

between ions and electrons is
dominated byB andE.

(3) Due to low damping;ollisionless
plasmas are often turbulent.

(4) Collisionlessplasmas often do n¢

have Gaussian distributions and may

p h

Dt

have energetic tails.
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Quick Review of Particle Motion and Adiabatic Invariants

Examine the Lorentz force with a

magnetic field B). LetB be in thez- F=q(E+vXB)
di recti on. Letds consi der moti on i n t
X-y plane.
Newton: dv
mE=q(E+va)

Break the vector equation into
components:

d“xzfi'Ex qB;
dt m m 7

dvy _9qEy 4B,
dt m m
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Particle Motion and Adiabatic Invariants

Let 6s st &r® ea dvxzqﬁ’zvy dvy __4B;
d?v,

= —ﬂzvx ﬂ = ‘q_‘Bz
m

dt?

This equation is that of a harmonic
oscillator.

v, = v, cos(Qlt +9)
= — Ly sin(Qt +9
v},——mvﬂsm( + 9)

9 Is an arbitrary angle (phase).
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Particle Motion and Adiabatic Invariants

Let E, be finite. dvy _4B; dvy _4Ey 4B,
dd m 7 dt m m *
This equation is that of a harmonic d*v, E

B.
- C% 22 _ g2y ns‘ﬁ
oscillatorthat moves at a constant speed dt? B, m

E,y
v, = V,cos(Qt +9) + —
B,

vy = —%vﬂsin (Qt +9)

9 is an arbitrary angle (phase).
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Single Particle Motion

General Equation

Other drifts:;

_EXB
Vg = B2
F X B
Vrp = qBE
B 1112 BxV,B

HSS, 2025. Page4
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Ram Pressure/Shocks

Stellar winds
travel
of AU then
collide with
the
interstellar
medium.

The collision
causes as
Ashock
which
appears as a
curved
structure.

The

hel il osp
shock is
towarda-
Centauri.

HSS, 2025. Pagé6



Shocks

Shocks are
hypothesized
to be at the
root of
cosmic ray
acceleration.

Shocks lead
to strong
turbulence in
plasmas.

Shocks
convert ram
energy into
magnetic and
thermal
energy.

HSS, 2025
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Magnetic Pressure

B B4 B-V)B
*xB=-V +[ V)

Ju

B2 (B-V)B v x
P ot "'( )+Pg JxB=

+pu-Vu=-VP -V
P 24, Ko o

Assume steady state= 0,g= 0,
and thaB is straight.

2

0=-VP-V

2 2
F(P+ )=EI - P+ =C
20,
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Ram Pressure / Shocks

Suppose a plasmas impinges on a object, which compresses the plasma as slows th
flow. Steady state, no curvatureBn and not gravity.

Ram Pressure
p(u-Viu

Compressible & 1D
(plasma shock)

@ EL

Constant

Vu = V(pu?)

p(u-Vu = V(pu?)

Continuity Equation:

% .y =0

Incompressible
(water pipe)

v-@n=ﬂ

Constant

@u- Viu= %F[puz]

p(u- V==V (pu’)

(We dono6t do wat
HSS, 2025. Pagé9



Ram Pressure / Shocks

BZ
V(pu?) = -VP -V

2U,

Suppose a plasmas impinges on a object, which compresses the plasma as slows tf
flow. Steady state, no curvatureBn and not gravity.

EZ
pu® +P + =C
2U, _
Object or
barrier.
—VP Thermal Pressure
h
Ram Pressure A () A 1 NN 1
> >
plu-Viu
>
> 3
b
B? :
—V Magnetic Pressure

Ko HSS, 2025. Pagé0



Eart hds Bow Shock
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Ram Pressure / Shocks

” 5 6
(0] U —
C
Object or
Plasma Wind Shock En:g:\e:iclfi(:dr :
Ul 4 NN u2
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I'y I
> >
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Shocks

B
P1 P2
Uy Uy -
P, BN P,
B, B,
Y Y Yyvyyvyyy

Rankine-Hugoniot Jump Conditions
P1uy = Paua

Bju; = Bsu,
piup*+ Py + B2, = pouy™+ Pyt By*/21,

uy(1/2 pyuy®+ y/(y=1) Py + By*/po) = up(1/2 pyuy™+ y/(y=1) Py + By?/1,)
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Example: Shocks

ISEE-1

7 Inbound

7 Nov 1977

100 ET_TTTI T1TIITYTTTTTTTT;IT7TTTTTTI'!]HITTIHTHITTTTI]IHTI]HIHIITIUE
NE E """""""""""""""""
10 E Yoo Ry SO e NOnNIFEYeSE I T 5
7§ g PR W S PEREE S APR SRTUVN N A R DN S RS T
Vp 200+ Upstream | Downstream y
# | u decreases by ~3. 5]
T R s e L B A .
30 £ | Overshoot 3
- = Ramp\|\ r e B increases by ~3.5
20 & =
SEEEEEE LR Foot<c}--*
10 £ T
v bon b D bl b b b oo b Lo g

UT 22:49

50 51 52 53

54 225

HSS, 2025. Pagé4



Shocks
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Shocks
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Anti-Parallel Magnetic Reconnection

Mognetic Reconnection
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Magnetic Reconnection
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Mognetic Reconnection
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The Solar Flare Puzzle

The puzzle( 19500s) :
Solar flares erupt in minutes (-4$).

Magnetic diffusion time across 10 Mm is on the order é% §@sing simple magnetic
diffusion.

arth to Scale




Breaking the FrozenIn Condition

The first thought (195006s) was that e€ol
In condition resulting in resistance and diffusion:

E+vxB=n]

Generali zed Ohmdés Law

Resistance results in magnetic diffusic

e UXB = - Th
.'l : 0 S 1o ‘\
If v=0: 0B - ' y y
Y e 1 Vz B L
at ﬂo - s o Wi, L
ﬂo 2 * velocity
t, ~~212B -
n

HSS, 2025. Padel



Magnetic Reconnection at Earth

Dungy (1961) realized that magnetic re
magnetosphere allowing solar wind and its energy to enter. He correctly inferred that
magnetic reconnection is part of the energy transfer from the solar wind that power

aurorae.

_________

Dungmaodel was not well accepted. At t he
plasma resistance is near zero, SO magnetic reconnection could not occur.

E+vxB=n]=0

However, as research went forward (197C¢C
evidence supporting the Dungy model.

Now we have a bigger mysteryCollisionlessmagnetic reconnection?s 2025 pageo



The Tokamak Problem

First reported in 1974, magnetic fields in tokamaks wou 2 =
suddenly disrupt resulting in a loss of confinement. The "'}

:

events weawootma msdheds o due - ¢ e
shape of the signals. % osf
Ultimately, the root cause sawtoothcrashes has been ZZ
determined to be magnetic reconnection. os b,
Once again, the magnetic reconnection rate is much hic ~ ** "% "™ 7 °7
than expected.
20 ECEILFS 135)
15
10 WW“‘
5
g 0 388 3.08 4 4::2 4.04 4.08 4.08
ECESY
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NVl 1%
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Magnetorotational Instability T Accretion Disks

Themagnetorotationahstability in accretion

disks {elikoy, 1959; Chandrasekhar 1960) is
thought to be primarily driven by the Rayleigh
Taylor instability.

Recent work now includes magnetic reconnection
and turbulence to describe the nonlinear
evolution.

Ahf you donodot understand
reconnection or turbulent¢eo

MRI simulation
near a Kerr

black hole.
MRI in an /

accretion disk.




g-Ray Bursts

In high-( (magnetic field o External Shock
energy to kinetic energy) S —
outflows, magnetic l

. Collisions betw. diff. Reverse Forward
reconnection can be more ,, e
efficient than the internal SN, Fictospheric il
shock TThompsori994;

Spruitet al.2001;Lyutikov
& Blandford 2002;2003).
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Pulsar Nebulae

the radiation reaction limit) in pulsar Reconnection
nebulae has been inferred from
synchortrorradiation. It has been
postulated that particles can be
accelerated well above the classical
radiation reaction limit (160 MeV), by
a relativisticSpeisemechanism inside
of a magnetic reconnection layer
(UzdenskyCerutti, & Begelman
2011).

Extreme particle acceleration (beyond d

Spectral energy distribution

I |> | I I

Simulations of particle acceleration
beyond the classical synchrotron
burnofflimit in magnetic reconnection:
an explanation of the crab flares
(Ceruttiet al,, 2013).

vF, [Arbitrary units]

1013

1 1 1 1 Al

0.1 1.0 10.0 100.0 1000.0 10000.0
€, [MeV]



Magnetic Reconnection in the Solar Wind

Collisionlessmagnetic reconnection has also been observed in the solarGasling et

al., 2005; 2007)

Effective
S/C Trajectory_

Reconnechon
Site

Suprathermal
Electron f(v)

50

Exhaus

Exhaus!

" Wind:
M”MJW
..-*-n’ Lfoj“

07:48 0754
UT, 31 March 2006
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Magnetic Reconnection, a Universal Process

Magnetic reconnection has been observed/postulated in vastly differing plasma
environments, from tokamaks to neutron stars to pulsar nebulae, with scale sizes rangir
from cm to Mm, with plasma densities scaling over 12 orders of magnitude, and magne!
field strengths fronmT to >KT. It is associated with turbulence and particle acceleration. Y
the physics of the diffusion region was not understood!

Magnetic Reconnection
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Major questions:

A How doescollisionless
magnetic reconnection occur?

A What physical process breaks
the frozen in condition in fast
magnetic reconnection? H

A What supports the :
reconnection electric field?

A How is the magnetic field
energy dissipated?
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Magnetic Reconnection Research

20-30 years ago, it was - _ Mognetic Reconnection __
recognized that fast : — e phees

reconnection andollisionless - 59,‘
c O

reconnection required

examination of the full a2 D —"

Generalized Ohmos.L awr Diffusion Region =
§of > “® E+vxBz0 ® < -

Several types of MHD = =

simulations are used to
balanceE + vxB:

A Ideal MHD: 0 )
A Resistive MHD:hJ. s
A Hall MHD: JxB/en
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4di | Resistive  Hall Electron Electron
A ng € eqtron pressure or Pressure Inertia
inertia required one to

abandon MHD. x ‘1' ‘1’ \1'
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Hall Reconnection

lons, which have much larger skin deptin,;) andgyroradii, decouple fronB (via Hall term)
resulting in two diffusion regions named
regi ono.

Magnetic Reconnection

Hall MHD was a large - T T T T
step forward. = — —> -
However, electrons do .
not decouple via the = -
Hall term. e E
: == Ton Diffusion Region =

And since: s > < :
JXB-] =0 = ' ; =
_1;:’ —

Hall MHD cannot - LBl .
. - A ]

account for magnetic  =—— = = M
energy conversion. e 1 — — ——
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PIC Simulations

A number of advances came from PIC (Partiok€ell; kinetic) simulations:

Primarily in 2D.
(1) Energy dissipation into electrons
was guantified.

(2) Island formation (tearing mode)
was verified.

(3) Particle acceleration methods were
postulated.

(4) Asymmetric magnetic reconnection
(reconnection between differing
plasmas) was studied.

(5) In 3D, turbulence emerges.

(6) Magnetic reconnection with a finite
guide field differs for antparallel
magnetic reconnection.

(7) Electron jets can emerge from
magnetic reconnection.

(8) Much more

lon and electron outflows.



