2. Solar Wind Origins and Acceleration and Solar
and Stellar Winds and Magnetic Activity



MHD Flow Equations;’sféé(’you can’t escape MHD, but you can go beyond it)
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Whence the Solar Wind ?

Steady State Conservation Equations, Rotating Frame of Reference,
neglecting centrifugal force (ok out to beyond 1 AU)
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Whence the Solar Wind ?
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Solar wind speed and flux tube expansion

A detailed solar wind acceleration profile is obtained only by ensuring that the
the velocity U also satisfy the momentum equation, and in particular that the
solution smoothly pass through the critical point, where the speed becomes

supersonic. ,
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Solar wind base speed is an increasing function of expansion factor at fixed temperature.
Provided the mechanical energy flux is held constant, there is an inverse correlation of
mass flux to asymptotic solar wind speed. Mass flux is proportional to speed at the coronal
base, and therefore to the flux tube expansion close to the sun.



Weber and Davis 196/

:cond section presents Helios observations betw
AU, which can serve to infer the plasma and n
varameters at the Alfvén critical point. A final
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1D field aligned self consistent wind models (Lionello,
Vellietal. 2014)
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Fast SC Models (Verdini et al./Li et al.)
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Alfvén Theorem
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Alfvén Theorem: magnetic flux through a closed line which moves with the fluid

is constant in time.



RECONNECTION PLACES
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Heating the confined corona
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Component reconnection and wind source

Denser, hotter plasma and
momentum are injected from
the closed into the open region

all along the boundary
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Component reconnection and wind source

t/t, = 163.50




Sweet-Parker Current Sheets
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Energy dissipated in an Alfvén time in the sheet is proportional to:
L?viT4q = Sil/szvA.gTA = [3871/2

“The observational and theoretical difficulties with the hypothesis of
magnetic-field line annihilation suggest that other alternatives for the flare
must be explored.” E. Parker, 1963



Tearing Mode Instability
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Tearing Mode Instability
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Plasmoid Instability of Sweet-Parker Current Sheet

Definition:
— — Tt = — S* = ——
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Renormalizing: (r=1/v)
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For Sweet-Parker current sheet:
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Threshold Lundquist Number for stable
current sheets

* Early MHD simulations (Biskamp, 1986): S-P current sheets are stable at S <

104

* The accelerating outflow stabilizes the current sheet (Bulanov et al., 1978)

* We carried out: linear MHD S|mulat|on & linear stabilitv analVS|s for § < 10%
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* The inhomogeneous background outflow stabilizes the current sheet by

1. stretching the growing magnetic islands:

|. Decreasesy directly(y ~y; — 1)

ll. Decreases y by increasing the wavelength

2. Ejecting the magnetic islands within a finite time

* The critical Lundquist number should be several thousands (Shi et al., 2018)



There exists a critical aspect ratio which scales with the non-ideal
parameters of the system in question at which the reconnecting instability
develops on a timescale that does not depend on the non-ideal terms
themselves.

* Such critical aspect ratio (L/a)i provides a “sup” for current sheets that can
P P P

07 T : naturally form
e * Onset of “ideal” tearing can provide a scenario for the trigger of fast
' reconnection
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Ah the viscosity

Sl — Pallf _ Seip}

¢ 19

i~ 10°% 10~ 10* 107 10 107
a'lL




current density t=0.00
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Evidence of “recursive” tearing mode-like instabilities during
the nonlinear stage of a primary tearing mode within a
Harris current sheet. New plasmoids appear to be
generated, at each nth step, within smaller and smaller
current sheets (CS), that consistently correspond to the inner
layer of the (n-1)th unstable CS.
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The fractal reconnection scenario

(1) Threshold for instability growth S = ]_013 —> Ny = 4
(2) The nth unstable layer is the 4
diffusion regions of layer (n-1)th Ll/L ~ 6. 10
/Ly ~ ST1/3 Ly/L ~2.107°
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YTA ~ s’ (a,/L)_?’/2 458

—1/4 —5/4
kL ~ S~Y4(a/L)~5%/
d; 0
—1/4 3/4 - Y —=
§/L ~ S~ *(a/L)% L~ L
Plasma L B n T S ) h a/L €d
Solar Corona 10° 100 10 | 10%| 2x10 | 2x1077 | 7x 1077 10~ 1078
Solar Cromosphere | 5 x 108 | 50 —200 | 10 | 10* | 3x10® | 6x10° | 5x107? | 5—-6x10"6| 10710
Solar Wind 102 | 3x107®| 2 | 10% | 4x108 | 2x1077 | 2x10°® 10~ 4 x 108
Interstellar Gas 101 | 3x1076 | 1 100 | 2x 108 | 2x1077 | 2x 1078 TBD 5x 10710
Magnetars Corona | 3 x 10° 1014 1017 | 107 | 3x10%° | 6x 10711 | 2x 1078 TBD 6 x 10710
Magnetotail %107 1074 | 1071 | 107 | 4x10 | 6x10% |7x1072%| 7x10°? 3x 1076

For magnetotail reconnection parameters, typical conditions in the plasma sheet during a substorm
growth phase have been considered, [Eastwood et al., 2009][Coroniti, 1985][ Angelopoulos et al.,
2013] [Eastwood et al., 2009] [Sergeev et al., 1993] [Kivelson and Russell, 1995]
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What if when the current sheet approaches ion
kinetic scale? HALL
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Parker Solar Probe Mission Trajectory and Current Position

Heliocentric Velocity (km/s): 12.62

Distance from Sun Center (AU): 0.745
Distance from Sun's Surface (Rg): 159.1
Distance from Earth (AL): 0.286

Round-Trip Light Time (hh:mm:ss): 00:04:46
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Highly Alfvenic magnetic field ‘switchbacks’ are
ubiquitous in the inner heliosphere and are
50 . / ‘ ) ‘ organized into ‘patches’ separated by quieter wind
= | ¥ i‘ : ‘UU i (Bale et al., 2019, Dudok de Wit et al., 2020,
(- 0 ) Horbury et al., 2020, Mozer et al., 2020, Squire et
E’ '* al., 2020 and many more)
| | [

'1 OO Small, equatorial coronal holes can be a source of solar

01 Nov 02 Nov 03 NOV 04 NOV 05 NOV 06 Nov 07 NOV 08 NOV 09 NOV 10 NOV 11 NOV  wind that expands laterally, slowing down, and filling the

inner heliosphere (Bale et al., 2019, Nature Panasenco et
al. 2019, 2020 AplS)
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Alfvénic velocity
spikes

Kasper et al.,
2019, Nature,
Volume 576, Issue
7786, p.228-231
Discovery of
coherent
structures
travelling through
L e wmie wei the solar wind at
high speeds called
switchbacks.
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Switchbacks are Alfvénic
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Supergranule cell scales
may range from 20-75 Mm
Normally

30-36 Mm

Rincon&Rieutord

Living Reviews in Solar
Physics volume 15, o
Article number: 6 (2018) '20

Lifetime 24-48 hours

-20° -10° 0 10°
Red cells — supergranules.
AR 11520: HMI magnetogram with filament threads and
barbs superposed. Yellow points are sites of the strong
magnetic field cancellation = endpoints of barbs =
intersections of supergranular cells.

Supergranulation — Panasenco et al. 2021


https://link.springer.com/journal/41116
https://link.springer.com/journal/41116

Solar wind origin/acceleration

Time series measurements of the solar wind plasma and magnetic field
through the November 2021 solar encounter. a,b, Hot solar wind

ions in a extend in energy to greater than 85 keV as suprathermal tails o
the proton particle distribution in b. ¢, Red arcs mark the solar wind
radial

velocity (VR) microstream structure that is organized in Carrington
longitude at angular scales associated with supergranulation convection
and thenphotospheric network magnetic field (Fig. 2). These
microstreams become shorter in duration as the spacecraft accelerates
through perihelion near the centre of this figure and sweeps more
rapidly through Carrington longitude.

The thermal alpha particle abundance (AHe, blue trace in c) is similarly
modulated by the microstream structure. The alpha particle abundance
is

frozen-in at the base of the corona. d, Reversals of the radial magnetic
field (BR), so-called ‘switchbacks’, are organized by the microstreams and
are linked to the radial flow bursts by the Alfv.nicity condition. e,
Photospheric footpoints from a PFSS model instantiation indicate two
distinct coronal hole sources well separated in Carrington longitude
(Lon), shown in Fig. 2 (and as dotted lines in Fig. 1e).
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The solar wind is structured as a ‘baseline’ Parker-like wind

beneath smaller-scale microstreams that emerge from
supergranulation cell boundaries (Bale et al., 2021, Bale et al.,

2022)
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Reconnection seen in the Solar Wind
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PFSS/HMI footpoints and SECCHI 171 Map
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Encounter 1: Slow Alfvenic Wind from a rapidly Expanding Coronal Hole



Why fast and Slow Solar Wind ?

Magnetic Cage

“unipolar” helmet streamers
(Hundhausen 1972)

Fast
Slow Solar Wind Slow
Solar Wind & + Solar Wind
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Fast vVov + ast
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Fig. 7.1 A qualitative (and speculative) sketch of the coronal structure responsible

Figure 11. Comparison between funnel-like (a) and regular open magnetic fields (b). The funnel open field (PFSS for Sep 06)
evolved into a regular coronal hole one rotation later (PFSS for October 6, 2012). The magnetic field lines for a regular coronal

for high-speed plasma streams. This picture is similar to that of Billings and Roberts Panasenco&Velli2019

(Fig. 5.33) except in details (such as the extension of isotherms in closed field regions)

hole (b) show monotonic radial expansion - no rapid funnel-like expansion (PFSS field lines rotated to give a limb view).



Pseudostreamers are a second
defining feature of the corona
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Where and how does the sharp gradient in speeds
develop close to the Sun?
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UVCS on SOHO suggest slow/fast separation already in place by 9 Rs



Where and how does the sharp gradient in speeds develop

close to the Sun?
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Panasenco etal. 2018
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Connection between coronal sources, streamer belt, and heliospheric
current sheet (S-Web, Antiochos 2007.2011)

log,,0 + Photospheric B, Magnetic Field Lines




Fast and Slow Solar Wind Origins
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PDSs are formed in the
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slow solar wind release
and/or acceleration
processes. (Viall and
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Connection between coronal sources, streamer belt, and heliospheric
current sheet (S-Web, Antiochos 2007.2011)

log,,0 + Photospheric B, Magnetic Field Lines




Single vs multiple heliospheric current sheets
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EVIDENCE FOR TWO SEPARATE HELIOSPHERIC CURRENT
SHEETS OF CYLINDRICAL SHAPE DURING MID-2012

Y.-M. WaNG', P. R. YOUNG?, AND K. MuGLACH?**
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ABSTRACT

During the reversal of the Sun’s polar fields at sunspot maximum, outward extrapolations of magnetograph
measurements often predict the presence of two or more current sheets extending into the interplanetary medium,
instead of the single heliospheric current sheet (HCS) that forms the basis of the standard “ballerina skirt” picture.
By comparing potential-field source-surface models of the coronal streamer belt with white-light coronagraph
observations, we deduce that the HCS was split into two distinct structures with circular cross sections during
mid-2012. These cylindrical current sheets were centered near the heliographic equator and separated in longitude
by roughly 180°; a corresponding four-sector polarity pattern was observed at Earth. Each cylinder enclosed a
negative-polarity coronal hole that was identifiable in extreme ultraviolet images and gave rise to a high-speed
stream. The two current sheet systems are shown to be a result of the dominance of the Sun’s nonaxisymmetric
quadrupole component, as the axial dipole field was undergoing its reversal during solar cycle 24.

Key words: interplanetary medium — solar wind — Sun: activity — Sun: corona — Sun: heliosphere —
Sun: magnetic fields

Online-only material: color figures
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How does the Heliosphere end?

Local Interstellar
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Reasonable LISM plasma parameters indicate that the LISM flow may
be either marginally super-fast magnetosonic or sub-fast
magnetosonic.

Because the Mach number is only barely super-fast magnetosonic in
the 3uG case, the hot and fast neutral H can completely mediate the
transition and impose a charge exchange length scale on the
structure, making the solar-wind—-LISM interaction effectively bow-
shock-free.

The charge exchange of fast and hot heliospheric neutral

H therefore provides a primary dissipation mechanism at the weak
heliospheric bow shock, in some cases effectively creating a one-
shock heliosphere (i.e., a heliospheric termination shock only).

(Zank et al. 2013)
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The ribbon is formed by the secondary ENA mechanism. ENAs created in the outward-propagating solar wind (SW) or from
the inner heliosheath (IHS) exit the heliosphere into the denser local interstellar medium (LISM). These ENAs eventually
charge exchange with interstellar ions, producing pickup ions (PUls) that gyrate around the ISMF lines. The PUls will
neutralize again after a period of time depending on the PUI energy and the local neutral density, and they may travel back
into the heliosphere. Due to their long mean free paths inside the heliosphere, some of these "secondary" ENAs can travel
close to the Sun and be observed by IBEX. The ribbon, therefore, is likely formed from secondary ENAs whose intensity is
greatest where the observer's line of sight ( r ) is approximately perpendicular to the ISMF ( B ) draped around the
heliosphere, i.e., B-r=0.The B - r =0 plane is warped as a function of distance from the heliopause by the draping of the

ISMF around the heliosphere (Pogorelov et al. 2011), forming a complex, 3D structure of the ribbon source region as a
function of ENA energy (Zirnstein et al. 2015).
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