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Solar wind sources and Heliospheric
Current Sheet (HCS)

open
———— magnetic
field lines

500-800 km/s

fast wind

closed
magnetic
field lines

"k *//‘//k

slow wind

coonal - 900-400 km/s

Schematic of the heliospheric magnetic field
and solar wind sources close to the Sun.
(Woo and Habbal 2002)

Graphical representation of the heliospheric
current sheet (HCS) large scale shape.
(Orcinha et al. 2019)



Parker spiral and solar wind streams

Spiral Locus of
Fluid Parcels Emitted #1
from a Fixed Source
on Rotating Sun

Location of Source
when First Parcel
Left Base of Corona

Location of Source

when Last Parcel

Left Base of Corona
Sun Rotating with/

Angular Speed w

Locations of plasma parcels successively
emitted from the same solar source.
(Kivelson et al. 1995)

2008-03-10 03:53

2.0
1300
1.5
1143
1.0 -
986
= 0,59
2 - 829
o 00
w
= 671
> -0.5
- 514
-1.0
357
-1.5
200
_2-0 T T T T T T T T T
-2.0 -15 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
x [HEEQ AU]
Mercury @ Earth [l sTA |l stB
@ Venus ® Mars

Ecliptic snapshot of the solar-wind radial
speed modeled by EUHFORIA (MHD code).
(Hinterreiter et al. 2019)

vr [km/s]



Slow wind

Stream interaction regions (SIRs)

Stream Interaction region schematic
(Owens & Forsyth 2013)

Due to the Sun’s rotation the slow
wind can be caught up by a faster
wind => formation of SIR.

A pair of propagating shocks can also
develop at the edges of the
interaction region.

This type of patternis 3D

Property of the SIR depends on the
sources parameters.

The shocks tend to develop with
distance from the Sun.



Streams Interaction Regions (SIR) and HCS

= Due to the Sun’s rotation the slow wind can be caught up by a faster wind = formation of SIR.
= A pair of propagating shocks can also develop at the edges of the interaction region.

= Depending on the magnetic field topologie SIR can also engulf the HCS and HPS.

Schematic a SIR engulfing
the HCS.
(Huang et al. 2016)




Goal : detect and study the same parcel of solar wind at

different distances from the Sun (plasma line-up)

Sun



Goal : detect and study the same parcel of solar wind at
different distances from the Sun (plasma line-up)

o
—— - b < =

Sun Parker Solar Probe




Goal : detect and study the same parcel of solar wind at
different distances from the Sun (plasma line-up)

Sun Parker Solar Probe Solar Orbiter

‘ Caracterisation of the solar wind radial evolution !




PSP, SolO : new opportunity to study solar wind

e i
e v @ 5S0l0
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N \ W
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1 N tO I

radial alignments

Schematic: Telloni et al. [2021]
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/l N
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Find an approximate alignment between the two

spacecraft.

Establish a propagation model using the inner

spacecraft measurements.

|dentify the same plasma on both spacecraft.

y (au}

N

solar.orbiter

1.0

Sun
e o PSP
‘\ e SolO
0.5-
0.0 (\
—-0.51
Date : 2021-04-29
Rpsp = 0.075 au
Rsoio = 0.9 au
-1.0 - - -
-1.0 -0.5 0.0 0.5 1.0
X {(au)



4 x 101

Plasma propagation method ...

N
X
=
o
—

4_--~

=
o
[

138-
=
= 135
3
+
& 132
~
129V
~5.0 25 0.0 2.5 5.0
tin(h)

- propagation time (~134 h).

0.075 au .
Refinements :

d(t’ t’m) — IROUt <t) o Rparcel(t’ tm)| = Constant acceleration constrained by measurements
= Non-radial propagation



(R/Ro)? N,
(cm™3)

Same structure identification

Matching density structures

| to = 29/04/2021 00:45 UTC 'QJJLW = Same density structure observed on
both SC.

Wa rjz\ »
v ‘@,/ v W\\/Uv AW

)
.J

/® —— PSP

—— SoIlO

= Propagation time of ~137 h over 0.8 au.

= Structure composed of several (~4)
wf\ substructures.

= Density structure is remarkably well

. . . . , | | | | conserved during the propagation.
-0.50 -0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50

t& t—1(h)



Heliospheric Current and Plasma Sheets
(HCS/HPS) substructures

open
———— magnetic
field lines

~1-10’s hrs Locations of
:1-_’

Locations of
flux ropes streamer (a)

fast wind

closed
magnetic
field lines

coronal
streamer

Schematic of the heliospheric magnetic field
and solar wind sources.
(Woo and Habbal 2002)

= The Heliospheric Plasma Sheet has a complex
Schematic of the HCS/HPS close to the Sun. topology and is formed of several substructures.
(Lavraud et al. 2020) 10




Comparison PSP-SolO

(zoom out)

—— PSP
— SolO

44 to = 29/04/2021 00:45 UTC
35
=~
NA‘?E 30
<
€ O
f 5 © ©
20 @ — PSP
— SolO
-0.50 -0.25 0.00 025 050 0.75 1.00 125 1.50
t&t—1(h)

= Physical parameters indicate
crossings of the HCS/HPS on both
PSP and SolO.

= B-data = PSP & SolO go through the
HCS in opposite directions.

Pitch Angle (PA) =

0 : .
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Zoom-out:
Stream Interaction Region (SIR)

Unperturbed slow and fast wind streams observed at PSP (~0.1 au).

12



Zoom-out:
Stream Interaction Region (SIR)

= Unperturbed slow and fast wind streams observed at PSP (~0.1 au).

= The slow wind and HCS have been caught up and compressed by the faster wind +
sharp pressure discontinuity between the unperturbed and compressed winds.

PSP Measurements SolO Measurements

-~

m
O SOLA§<N\D

Stream Interaction region

schematic (Gosling et al. 1999)
12




Corotating
N
reverse i

shock

Shock normal and Mach number estimation

\
4— Compression,
deflection

- Corotating
forward shock

=
Vi

Sketch of a SIR involving a pair of

guasistationary corotating shocks.

(Schwenn

& Marsch 1990)

Vv, =V -1
cmSZ\/vg—l—cg

Minimum Variance Analysis (MVA):
(Sonnerup & Scheibel 1998)

AB, =0

Magnetic field’s
covariance matrix:

M}, = (B,B,) — (B,)(B,)

The eigenvector associated with the smallest eigenvalue
gives the direction normal to the discontinuity

M, =" ~11-12

Cms

13



Complex interface and in-situ identification
of twisted magnetic field.

Force-free equilibrium:

jxB=0 mmp VxB=aB

In cylindrical symmetry,
solutions are:

B = Bzez + Bgeg

Bz = BQJo(OéR) Bg = BoJl(OéR)

Flux rope schematic.
(Priest 1990)

14



Complex interface and in-situ identification
of twisted magnetic field.

twisted field?

10 1

Force-free equilibrium:

(nT)

jixB=0 mmp VxB=aoB

GBI,m,n

In cylindrical symmetry,
solutions are:

B = Bzez + Bgeg

(km/s)

6VI,m,n

B, = BQJo(()éR) By = BOJl(aR) -40

0.08 A Pth,p + Pmag

Interpretation: 5 W"
Forcing of magnetic reconnection due = [ il J
Flux rope schematic. to the SIR-HCS interaction => -+
(Priest 1990) creation of twisted magnetic structure ﬁ

-12 -10 -08

14 at the boundaries.




Summary

Propagation Method:
Constant Velocity = Constant acceleration = Non-radial propag.

Identification of a same density structure.

Density structure corresponds to a sector boundary substructure.

Observation of Stream Interaction Region forming then engulfing the Heliospheric Current Sheet at SolO.
Shock Mach number~ 1.1 -1.2.

Driving of magnetic reconnection and formation of twisted fields by interaction of shock and HCS.

Futur work

Better characterization of the boundary structuring.
Studying other event of HCS embedded in SIRs.

Accounting for temperature anisotropy.
13
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In-situ identification of magnetic
reconnection exhaust?
VA — 40 [— 20:50Vx
201 — +AVa
lg ------ —0.5AV
i3 o ... —AVa
3 —201
—401
201 — +0.5AVa
N — +AV,4
g 0o —0.5AV,
. X | e —AV4
Reconnection < 201
—40+
5 —— +0.5AV, I:,.r
- —— +AV,y :
£ o o F h
S -101 L
| I 1
20 R
1 11
0.08{ — Ptnp +Pmag i i i |
— Pw,p 11 ‘
~ 0.061 Prnag N ¥ i 'I
lllustration of the Walén relation across £ 004} N‘MW\ » m ™)
. . i 't» \ i  TWg cad T
a reconnection site. 0.02 il + ik
N

14 (Fargette et al. 2023) 03 50 is s G4 iz 1o <o



1st case study of plasma line-up with Helios 1 & 2 :
Schwartz & Marsch, 1983

Helios 1 1976 Helios 2
- 0507 RIAU] 0721
189 = 40 Eapy, ] 900 e e = Fast solar wind
AR oMM, S5 L. :
ke R R = Prediction assuming a constant
i km/s i . . .
I DRSS i and radial propagation velocity.
SO PSS = Solar wind’s expansion taken into
[ vomemee ™ g Lt account.
:—:lv-—-"—".'—'!’* Cl'lis 10 AR
I . = Helios era : few studies, not very
e 10° frsesmrmammmr 1y concluding (large error bars, data
- :
el B gaps)
:—_____—____—-— .K 10 E--—_____-____—
[ % i W L
8 9 10 1 12HOURS 0 1 2 3 &
69 DAY 70
319 LONG 310

12 LAT -12



Taking into account the e

- V.
Sun’s rotation oo
. > / /z’

I | d d
. : Solo -
________________________________________ & M T / //
il , / ’
- < ! A m ﬁ I / /
—— PSP i j f /
I I /
— SolO I I I
- | 1 I /
=3 -2 = 0 1 2 3 l
t&t—1(h) : C’afrmngton

ml PSP

Magnetic field line

Sun’s rotation

= We take into account the solar and
spacecraft rotations:

A¢ — (winner — wSun)Atinner
A¢ — (wouter — wSun)Atouter




PSP
314 eV e” PA
(degrees)

SolO
> 242 eVe” PA
(degrees)

Taking into account the

Sun’s rotation

(b")

A¢ (degrees)

”
P d
VC’arm’ngton ///
SolO % .
/ -
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/ -
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SolO K 7
/
/ 7
/ ’
! ’
[} /
/
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&
1010§| g
U:L%
10° %H
~ = We take into account the solar and
102 .
5. spacecraft rotations:
101m"”8
N A¢ — (winne'r - wSun)Atinner
10°
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Interpretation

| to = 29/04/2021 00:45 UTC

Density structure advected by the
solar wind = radial gradients

@ ® ©
@ —— PSP

— S0l0

-0.50 -0.25 000 025 050 075 1.00 1.25 1.50
t&t—1(h)

Magnetic inversion linked with the solar
wind sources = longitudinal gradients

t&t—1(h) A¢ (degrees)

SolO
09au,t+rt

10



HCS and Streams Interaction Regions (SIR)

9 = Due to the Sun’s rotation the slow wind can be caught
| up by a faster wind => formation of SIR.
A pair of propagating shocks can also develop at

AMBIENT the edges of the interaction region.
SOLAR WIND

= Depending on the magnetic field topologie SIR can
also engulf the HCS and HPS.

Schematic a SIR
interacting with the HCS
Thomas et al. 1981

CIR EMERGING FROM SUN

@9‘ = DEFLECTION OF
S ?

f., 4

SOLAR WIND SEE:I
&
S

\ /. F R
\ - CURRENT SHEET ABSORBED
BY CIR

Stream Interaction region schematic
Gosling et al. 1999 : - 26




Constrained constant acceleration

Constant acceleration:

After propagation:

Modeled acceleration:

Max acceleration:

Data - model:

R(t) =Rin + (t — tin)Vin + 2l a
V(t) = Vin + (t — tin) a
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Non-radial propagation

(c)
€
V4
Due to the SIR deflection: S 10
. o o = — Vrn&arn=0
non-zero VT and VN around the identified structure z — Vr&ar=0
—_— Vy&ay#0
75 — Vrn&arn=0
(a) <Vp,r> =6 km/s PSP — Vo1
—~ 501 <Vp,n> = -3 km/s — Vp N
u 137.51
£
; 251
£ _135.0-
S, <
132.51
=25
e 130.01
(b) <V, > =14km/s SolO -5.0 -2.5 0.0 2.5 5.0
= 501 <Vp,n> =31 km/s tin (h)
[ N = A |
— 251 —_
2 ®l - V(@)= (Vr@), Vr(0), V(1))
I
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401

(RIR0)? Ny
{cm~3)

20

(RIR)? (< Vg >/Vg o} N,
(cm=3)

15

w
e

I
b

w
&

(a)
® ®
@
—— PSP
— S0l0
(b)
—-0.5 0.0 0.5 1.0 1.5

t&t—1t(h)

Correction of plasma acceleration

Assumptions : spherical expansion + stationnarity

0. (R*nVg) =0 = nVz ox R™?

Density at SolO is higher than at PSP after correction
] compression effect during the plasma’s expansion
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Stretching due to acceleration
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and propagating with the same speed profile.
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1st study of plasma line-up with Helios

1&2: Schwartz

160

& Marsch, 1983

Helios 1 1976 Helios 2
0507 RIAU] 0721
s e 900 b-————-—7
R o RPN
_M Vp.a 600 F-=-————==-"1

i km/s i
e e 0 e —
;-—-—-—-——-———: 100 ;- -------------
: w o mnge np'u :..w-':_/e,a"v"\.u"h\’-'\?“"'
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: — e e -NF" 106 ;—_RT\fﬂc.tgﬁ? g
N A Snmfhort
5 T &
- =y K 105 R
[ 1 % i W L
8 9 10 1 12HOURS 0 1 2 3 &
69 DAY 70
319 LONG 310
12 LAT <7 2

Fast solar wind

Prediction assuming a constant
and radial propagation velocity.

Solar wind’s expansion taken into
account.

Helios era : few studies, not very
concluding (large error bars, data

gaps)
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PSP Measurements
1

Vp,r,m) (km.s™1)

314 eV electrons
PA (degrees) - PSP

t (h)

1010

10°

108

107

10°

SolO
>242eVe” PA

(degrees)

Zoom-out

] Stream Interaction Region (SIR)

AMBIENT >
SOLAR WIND _Z==

'dx\\FAST/ S AMBIENT
o SOLAR WIND

«,\'@ % \\

Stream Interaction region schematic
Gosling et al. 1999
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