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He spoke Swedish, English, German, French,

and Russian, and some Spanish and Chinese.
(https://en.wikipedia.org/wiki/Hannes Alfvén)
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My First Space Physics Book

COSMICAL “When we try to apply to
ELECTRO- : cosmic phenomena the laws
EFMIEAMICS | in which this experience is
PRINCIPLES 1 condensed, we make an

SECOND EDITION

enormous extrapolation, the
legitimacy of which can be
maxnes arvinad | checked only by comparing
CARL-CUNNE FALTHAMMARE  the theoretical results with

observations. ~
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Outline

Introduction
Magnetospheric response: “one-kick” & ULF wave scenarios
Generalized theory of ULF wave-particle interactions

" Drift resonance: radiation belt electrons

" Drift-bounce resonance: ring current ions

Concluding remarks and outstanding questions
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Inner Magnetosphere

onant Magnetic
/ Field Line

» Plasmasphere
T~1eV plasma
N ~ 10-10000 cm-3

» Ring Current
E ~ 10s-100s keV 10ns

> Radiation Belt
E ~10-100 MeV H*
E ~ keV-MeV Electrons
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Particle Motion in the Inner Magnetosphere

Mirror point DT

/ 1’ V—__ Trajectory of

trapped particle
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Loss
Drift of cone

_ Pitch angle
Drift of

electrons
protons
b"‘ Magnetic
- X
VAT
Characteristic time scales for * Gyro: ~ millisecond
1 MeV electrons * Bounce: ~0.1-1.0s

e Drift: ~ 1-10 minutes
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Radiation Belt & Ring Current:
Space Weather
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“Killer Electrons”: Deep-Dielectric Charging
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On 5 April 2010, shortly after an IP tergy > 100 keV
shock impact, the geosynchronous netrate satellite surface

spacecraft- Galaxy 15 has been found
to be anomaly.
Baker et al., 2010 » Permanent loss!

ep-dielectric charging
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Magnetospheric Response to IP shocks
are tractable from at least two obvious vantage points

V=724.5 km/s (-0.9, -0.13, -0.27) WE Hme(UT) Rosiion(GAF, Re)
$\ACE
$\i/i}1& /%SOHO

2412 24

o ¢ 1. It creates a significant
© . 2 © and easily identified
electromagnetic signal.

¥ 2. The specific energy
= source 1s clear.

(-0.95, 0.12, -0.27)
GOES and Double Star

V = 1249. Tkm/s
(-0.99, 0.10, 0.13)

Tamao et al., 1964; Wilken et al., 1982; Zong et al., 2009

There is no temporal ambiguity for the IP shock
related phenomena.
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Outline

Introduction
Magnetospheric response: “one-kick” & ULF wave scenarios
Generalized theory of ULF wave-particle interactions

" Drift resonance: radiation belt electrons

" Drift-bounce resonance: ring current ions

Concluding remarks and outstanding questions
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COUNTS/SEC

B, (nT,GSE) Ey,mV/m

Magnetosphere Response to IP Shock Impact:

“One-kick” Scenario

Energetic Electron, Electric and Mognetic Fields
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Data

1

T
>6 MaV
>S9 MaV 7|
>|3 Mav

10-50 MoV ™

-40

150

100
50~

0
~50

.

SEC 13280 R430 [ISEO 3730 138BO 14030 14180 SEC O

L 259 230 240 230 220 2.0 200

b Simulation
108 i ). r———r—T

] ] [ T 1

150 Py

100 1

52-_/\

S e —

15 300 450 €00 730
L2684 234 244 234 224 214

S00
204

Shock-induced
Injections
followed by drift

echoes.
[Liet al., 1993]

It remains unclear
how these shock-
related energetic
particles are

accelerated.

[Friedel et al., 2002; Baker
et al., 2004 ]
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A magnetogram recorded at the Greenwich Observatory
in London during the Carrington Event of 1859

Stewart, B, On the great
magnetic disturbance
which extended from
August 28 to September
7, 1859, as recorded by
photography at the Kew
Observatory, Philos.
Trans. R. Soc. London,
423, 1861

https://geomag.bgs.ac.uk/education/carrington.html
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Field Line Resonance (FLR)

Resonant Magnetic .
/Field Line Guitar
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Magnetosphere Response to IP Shock Impact:
ULF Wave Scenario
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Magnetosphere Response to IP Shock Impact:
ULF Wave Scenario

Wave Power in the Earth’s Environment
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Zong et al., 2008, 2010, 2017
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Magnetosphere Response to IP Shock Impact:
~ ULF Wave Scenario
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Drift-Bounce Resonance
ULF waves: E = Egexpi(m¢® — wt)ég

N
= + .
Ny S :i* Analogous to wave-particle
] e gyro-resonance, the
— = ===~ particle’s bounce and drift
e -
R R W resonance could occur.
— - [Dungey,1964]

S
Drift Resonance

—D Electron Drift
Condition of

Drift-Bounce Resonance:
O—-—MO;=N O,
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ULF Wave-Particle Interactions

FLR . .
[ Poloidal mode ULFJ ‘ [Partlcle Acceleratlon}

L)

[ Solar Wind Drivers:

Drift-Bounce Resonance:

®—m ;=N O,

Condition of
shocks or pressure pulses]

New View:

Electrons and 1ons can be accelerated by poloidal mode ULF waves.

Zong et al., 2007, 2009, 2012, 2017
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Magnetosphere Response to IP Shock Impact:
ULF Wave Scenario
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ULF Wave Modes

Dungey, 1955

Poloidal Mode —
-

 Toroidal standing waves

."Poloidal (outward)

""" field-line resonances — B_azimuthal

— E radial

— Small wave number m

* Poloidal standing waves
— B radial
— E azimuthal

— Large wave number m
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Electron Fluxes

Magnetosphere Response to IP Shock Impact:

ULF Wave Scenario
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Magnetosphere Response to IP Shock Impact
ULF Wave Scenario
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Magnetosphere Response to IP Shock Impact:
ULF Wave Scenario

Pitch Angle (deg) Ey (mV/m) Ey (mV/m)

Pitch Angle (deg)

RBSP-A EFW-L2 Ey (MGSE; spinfit E-field, VxB subtracted)
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IP Shocks Create Killer Electrons

Copyright: ESA
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Outline

* Generalized theory of ULF wave-particle interactions

® Drift resonance: radiation belt electrons
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Generalized Theory of ULF Wave-Particle Interaction:
(1) Growing or Decaying ULF Waves

¢ 1 In the conventional drift
' resonance theory

40 ey

ULF waves: E = Egexpi(m¢ — wt)ég

E ,(mv/m)

* Small & constant amplitude

*  Globally distributed

Monochromatic wave

5 128
o

256

o — no w R
Log10 Power (mV/m)2

* Unperturbed particle

512
UT 18:20 18:25 18:30 18:35 18:40

L 454 460 469 480 495 trajectories

Wang, C., R. Rankin, and Q. Zong (2015), Fast damping of ultralow frequency waves excited by
interplanetary shocks in the magnetosphere, J. Geophys. Res. Space Physics, 120,D01:10.1002/2014JA020761.
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Generalized Theory of ULF Wave-Particle Interaction:
(1) Growing or Decaying ULF Waves

ULF waves: E = Egexp(—t*/7%)expi(m@ — w,t)é&

Growing ULF waves followed by decaying ULF waves
E 20f@) SN .
£ op Drift Resonance:
~ sdo-w)' a B BB T 1.0 O =m oy
= '
g B - 0.5 s
300F : - -
5 ; J ”u R LS B IR Observations
£ il | £ r ;E ?\ - :II ' 'I;“ L I1 gl 'I A II' 1l 05
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TN | R TS A T S :
500F sEE=aE B il il 1
= SO
s | ] 8 Theory
> 300 0 -
3 .t"i'i"-'- 1 G
" 100f R WY el , ) Zhou et al., 2015, 2016;
R R Li, Zhou et al., 2017a, 2017b
S
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New Findings: Boomerang-shaped Pitch Angle Spectrogram
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Pitch Angle (degree)

Pitch Angle (degree)

Generalized Theory of ULF Wave-Particle Interaction:
(2) Localized ULF Waves

16:40

466.8keV (b)
C L=45
- MLT=6.5 N

dipole field -
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Van

>
t
1

— :
n Probe\\
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Hao et al.,2017; Zong et al., 2017

Egoexp(—1*/7°)

ULF waves: E(1.¢) =

2nly(<)

exp[& cos(d — @) - exp i(md — wi)éy,
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Generalized Theory of ULF Wave-Particle Interaction:
(2) Locahzed ULF Waves

Zong etal., 2000 [N g :
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Generalized Theory of ULF Wave-Particle Interaction:
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Generalized Theory of ULF Wave-Particle Interaction:
(2) Localized ULF Waves

Magnetopause -

High-energy
electrons

e * Novel periodic stripes in Pc 4-5
Van nProb&\ o o o 4o )
: Van Allen Frgbe B band in relativistic electrons

pitch angle spectrogram after

R é’ | shock impact.
7 @ ] E ((( « The Boomerang-shaped pitch
. I“l I angle spectrogram can be used

in remote sensing of the ULF

\\ gl / wave-particle interaction

¥(Re region.

/Jo  466.8keV
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Generalized Theory of ULF Wave-Particle Interaction:

(3) Global and Localized ULF_Waves

Magnetic Field
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Drift Resonance with multiple m number waves
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Generalized Theory of ULF Wave-Particle Interaction:
(3) Global and Localized ULF Waves

Waves: m=3, m=10

Observation ! Simulation
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Generalized Theory of ULF Wave-Particle Interaction:
(3) Global and Localized ULF Waves
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Outline

* Generalized theory of ULF wave-particle interactions

" Drift-bounce resonance: ring current ions

2021-4-18  Q.-G. Zong Alfvén Lecture p. 37



Interaction of ULF Waves with Ring Current Ions
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Interaction of ULF Waves with Ring Current Ions

Drift-Bounce Resonance Condition:
@O—-—m (!)d =1 (!)b

Energy

Drift-bounce resonance of H+ (L=4.5, cct_q=30. f=5.0 mHz) ClS CODlF OCt 2003 TANGO (SC 4) isp erSion
10° 5 <
M % 1 B :
/ \\\. ‘H"'--.. Loq -‘ux
10° - W 19
= o /1y o
2 10 N=I
= STIhG il g
o il ‘
10 [ | L | I I ‘ I I UL
Ay
10" ~ ﬁﬂ—f 'l‘ ""P LA @ Loq flu
ke m (azimuthul?vuve number) 200 0] - :' } “ 4 Q
N IE | T
103 Drift-bounce resonance of O+ (L=4.5, (xm=3{]1 f=5.0 mHz) ] li O+
N2 | o o W L
¥ : L ol
. |
TR R LA T L T
i LV -.A.!.‘I.'.":va\
s oroos a%o 20 26 20 25 20 Pitch Angle
=107 Kge 34 32 30 AT M 3L Di .
Yoo 241 2% 26 2 2B 2% 2% ISpErsion
10 , ; ; : - : :
AR A s, T T B Zong et al., 2011, 2012, 2017
2021-4-18  Q.-G. Zong Alfvén Lecture p. 39



Interaction of ULF Waves with Ring Current Ions
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Ring Current Ion Drift-bounce Resonance with Growing
or Decaying ULF Waves: Fishbone Distribution
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Interaction of ULF Waves with Ring Current Ions
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Concluding Remarks

Magnetosphere response to interplanetary shocks is not a “one-kick”
scenario. Instead, the impact generates different types of waves
including poloidal mode ULF waves in the magnetosphere. Energetic
particle acceleration starts nearly immediately and can last several
hours.

A generalized theory of drift-bounce resonance with growing or
decaying localized ULF waves has been developed to explain
observations.

Energy and pitch angle dependent behavior (e.g. Boomerang) for both
resonant and non-resonant electrons are well predicted by generalized
drift-bounce resonance theory.

This generalized theory can also be explained to resonant ion features
when they interact with ULF waves (e.g. Fishbone), oxygen ions can
be accelerated more efficiently by the poloidal mode ULF waves.
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Outstanding Questions

What is the significance of high-m poloidal mode ULF waves for the
energization of storm-time ring current ions (see, e.g., Zong et al. 2012)? Is
this a prerequisite for a super magnetospheric storm?

Do ULF waves mediate coupling between plasmasphere and ring current
ion species and high-energy electrons in the radiation belts? If so, is
energization of radiation belt electrons caused by ring current ion-excited
second-harmonic poloidal ULF waves of moderate m-number (Ozeke and
Mann, 2008)?

How common are high-m poloidal mode waves at the plasmapause and are
the signature of the existence of the plasmapause? What is the role of the
plasmaspheric ion constituency?

Are high-m poloidal mode ULF waves generated principally by an exterior
solar wind driver or do ring current ions predominantly excite these wave?

What is the role of ULF waves in other planetary magnetospheres?
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