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Heliophysics is multi-disciplinary
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\ Common Fundamental Processes

Turbulence

Wave-Particle interactions

Kinetic Instabilities

Evolution of Particle Velocity Distribution Functions (VDFs)
Dust

Magnetic Reconnection

Shocks

Much more!




Parker Solar Probe is supporting an ongoing investigation...
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Who is involved in the story of marco-scale to micro-scale cosmic energy flow?
What is the nature of the mechanisms mediating cross-scale energy transfer?

Why do kinetic-scale features show signatures of macroscale processes?
When does cross-scale energy transfer occur?

Where in the heliosphere can we witness it? Top-level PSP Science
Question (Fox, 2016)

How does cosmic energy flow heat plasmas?




The story of a proton beam

Departures from local thermodynamic equilibrium in particle velocity "
distribution functions (VDFs) can provide free energy for wave generation

Non-Maxwellian features, such as beams, have been observed by SPAN-I, a

subset of the particle instrument suite, SWEAP (
— 3D ion distributions with mass discrimination =

Simultaneous electromagnetic field data from FIELDS shows hints of energy
Fig. 2. SPAN-I: (a) Top-hat design (b) Highlighted on PSP

transfer via Wave-partlcle Interactions within green circle (c) Close-up taken in lab (at SSL)
[Livi et al, 2021]
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Where did |
come from?

Example non-Maxwellian feature, a bump-on-tail
instability that could lead to wave growth. Particles
moving slightly slower (faster) than the wave phase
velocity can participate in resonant interaction, leading to

A Ve d,\ﬁ )\ energy transfer from the particles to the wave.

o ’ B Image Credit: CC BY-SA 3.0,
T https://commons.wikimedia.org/w/index.php?curid=279802
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Helios saw the proton beam in Marsch et al. (1982)

58 MARSCH ET AL.: SOLAR WIND PROTONS
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~ 36 Solar Radii

S Vernieroetal, 2020, ApIS.485 .
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Initial instability characterization with PLUMAGE

[Klein et. al 2017, JGR; Klein et. al 2019, AplJ]
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[The proton beam started to change...

“Kinetic shells”
Isenberg et al. 2001
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Turbulence in the Near-Earth Solar Wind
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Ultimate goal:

To understand the dynamics and energetics
of the entire cascade, from large scale
turbulent motions to plasma heat
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But what about electron beam (strahl)?

log,, f (s’kmZcm™) :
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Electron VDF components. Credit: M. Pulupa

Behaviour of electron strahl indicates
magnetic connection to Sun

The electron VDF participates in
electron-scale wave-particle instabilities

The electron VDF is known to depend on
location from Heliospheric Current Sheet
(HCS)




SPAN

PSP Encounter 08 HCS at 16 R : Reconnection producing high-energy proton beams

observed around the HCS

leaked ion beams

accelerated ions
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Evidence for proton beams originating
from the HCS exhaust:

Same upper energy
Energy dispersion

Strahl electron dropouts implying
disconnection from Sun

Phan, T. D., Verniero, J. L., Larson, D., Lavraud, B., Drake, J. F., @ieroset,
M., et al. (2022). Parker Solar Probe observations of solar wind
energetic proton beams produced by magnetic reconnection in the
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PSP Encounter 08 HCS at 16 RS: reconnection
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PSP Encounter 08 HCS at 16 RS: reconnection

G\ 108 j T TOB
> <A ool s
Y 6| _ L &
~ 10 —~ 200 11110 g
Yy 1 = ; 1100
This row: SPAN £ 4g¢L- . i of i .E
Proton - S | : 1 10 <
2021-04-29/08: vy . 5 T > —200f | §103%
< 10 - [ 1 <
18:57 o . [ ] o2
a Velocity (km/s) —— 4 [ i s 107 —
= 10" . A | — —400¢ Ao .. 800 G
= vr (km/s) ‘ Z
200 400 600 800 1000 0 200 400 600 80O 1000 |
g L j T - 10" 8
s 3 150 mn i Election PAs - . ] "“WW W! ;
24 £ 100 AL ' 10° |
5 8 50 # n_tm L g
b — 0 i " "m" l“m Hni. Jlbl “L“ 2 IGE g
> s st
53 10000 S TO:TE
1= 10
é‘lﬂ 1000 1gt0
& 100 1 B
18 10—5 —
@) 8 10_7 ™
= | &g 10 1098 <
O :j;E. 10 'TEg_mN
— 7 << -1 =
%) 10 10
O
% +__|100-0 S 10.00
-~ = o
ol DO.E 10.4 Yol \}n
o = | 1.4 0.10 2
> E; N | Joor
=|w 100.0 Bl : é’g
Felen : jal - A
oy 10.( B0 o
;Dv“_ 1.4 i _0,5\"
8] - = e ———— = e —— - - = - :M-1.0
hhmm 0730 0735 0740 q745 0750 Q755 0800 0805 0810 0815 0820

2021 Apr 29

lon-scale Circularly Polarized



PSP Encounter 08 HCS at 16 RS: reconnection

Wave power
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PSP Encounter 08 HCS at 16 RS: reconnection
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PSP Encounter 08 HCS at 16 RS: reconnection
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PSP Encounter 08 HCS at 16 RS:

reconnection
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PSP Encounter 08 HCS at 16 RS:

reconnection
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PSP Encounter 08 HCS at 16 RS: reconnection
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PSP Encounter 08 HCS at 16 RS: reconnection
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PSP Encounter 08 HCS at 16 RS: reconnection
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PSP Encounter 08 HCS at 16 RS: reconnection
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PSP Encounter 08 HCS: key results
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The proton beam provides macro-scale context

If proton beam intensity is connected to HCS, and electron strahl is connected to
corona, then the proton beam is providing context for coronal field line connections

Closer to the Sun, we expected stronger acceleration of particles
— more available energy for cosmic information flow

Not expected: Close to the HCS we have more energy scattering and leakage
— could be a significant energy driving region

lon heat flux (both protons and alphas) may play a more significant role in energy
transfer within the HCS and associated rxn

Which instabilities (fluid and kinetic scale) are responsible for what and why?
Tearing mode? 2-fluid? lon Acoustic? lon Cyclotron?



Mysteries and opportunities await us in the HCS

The HCS is more dynamic than previously thought
... simple picture needs to be revisited!

Can we infer the inherent 3D nature and non-steady
state dynamics of the HCS?

|strahl dropout) [strahl dropot>

HCS dynamics appear similar to the magnetotail (and
heliotail?). PSP data provides ample opportunities to
assess the universality of magnetic reconnection,
shocks, instabilities, across the ocean of plasma
regimes...

flappin
@ )

features



Toward a new coordinate system for optimally extracting (a)symmetries leading to multi-scale, explosive
energetic phenomena: The Mobius Transformati

£ 3 G
Py - e

Seemingly
uncorrelated
data :(

Re-organization
of data shows
pattern :)




Mob: E8 ‘sine waves’ with ‘line-like’ transform

E8 a,b,c,d=1,Bl-1,IBl 25000 pts = 1000s 28-Apr-2021 09:29:59 to 28-Apr-2021 10:50:00
T T

400 : :
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— 0 R |
q —_— _ o e S -
L 200 —
1.1, = mov(B; - iB,) -400 ‘ ' ' ' '
09:30 09:45 ‘ ‘ 10:00 10:15 ‘ ‘ 10:30 10:45
Apr 28, 2021

2. f, = mov(B.) -mov(iB,)

3.1, = (f, + |B]/(f, - B)



E8 transformation

] E8 ab,c,d= 1,1IBl, 1,-1IBl mov = 1000 pts ~ 4s; Mob = mov(BRT K ) 29-Apr-2021 (07:50:35 - 08:26:36)
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Where does the cosmic energy flow?

We are on our way VDFs may show energy flow signatures
toward connecting What is the via: wave-particle interactions, solar
micro to macro scale origin of the VDF stream sources, HCS proximity,
physics in the inner asymmetries? reconnection (topological changes)...

heliosphere!

x=B

radial
= o+
y Btangentlal Bnormal

33;)33 z=x+iy

200 08:26:35

y; [nT]
Iy
Z
7%

How do those asymmetries
contribute to energy transfer
and plasma heating?

-200

08:14:35

08:14:35
150

b3 =b3

w = (z+IBI)/(z-IBl)

Im [w3]

-150

08:14:35

a3 b3 29-Apr-2021 E8 PSP B-field 45=10° pt avg



The future of hel’ophysics is trans-disciplinary

Astro?
Trans-Disciplinary - Higher Level Synthesis

.H(—)(—)

Inter-Disciplinary - Interactive

+ + +
Think big!
Thanks:)
jaye.lverniero@nasa.gov

Multi-Disciplinary - Additive

Disciplinary - Silos



