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Early ideas of space storms caused by the Sun
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No magnetic flux rope had been proposed!

1852: Edward Sabine claimed that the sunspot periodicity
IS evident also in geomagnetic activity records and that
there might be a physical impact of the Sun’s activity on
the Earth.

Nobody had ever recognized a direct link between solar
and terrestrial phenomena, but on September 1, 1859,
Richard Carrington observed together with Robert
Hodgson an outstandingly intense “white-light flare” — a
sporadic electromagnetic emission (EM) on the Sun’s
visible surface, lasting for some minutes. The flare
observed by Carrington and Hodgson was followed by a
geomagnetic storm about 18 hours later and Carrington
claimed that the solar flare might have been the indicator
of solar processes that subsequently led to the

geomagnetic storm.

Burlaga, L.F., Magnetic clouds, in Physics of the Inner Heliosphere Vol.ll, ed. by R. Schwenn and E. Marsch, Springer, Berlin/Heidelberg, 1991.



Coronal mass ejections (CMEs) have been discovered in the 1970s

The solar corona and CMEs are very faint: B<10° MSB

— £ * Thomson-scattering of solar photons at free electrons

At distances >3 R; F-corona is brighter!
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Electron Density (m-3)

NASA Skylab (1973-1974); 2-6 R.; Film detector (5¢
resolution); ~100 CMEs observed
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What is a CME?

A new, discrete, bright feature appearing
in the field of view of the coronagraph
and moving outwards over a period of

minutes to hours 34 6810 20 3040 6080100 .ty
(Munro, R.H., J.T. Gosling, E. Hildner, R.M. MacQueen, A.l. Poland, C.L. Ross, The Association Of Distance from Sun's Center (Rz=) orbit

Coronal Mass Ejection Transients With Other Forms Of Solar Activity, Solar Physics 61, 201-215,
1979).
Credits: A. Vourlidas, K. Lang, NASA
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The Helios 1 & 2 spacecraft
(1974-1986)

Solwind coronagraph on board
P78-1 (1979-1985)




Fast interplanetary shock measured by
Helios 1 in 1978

All Helios 1 directed
CMEs with a speed
>400 km/s in the FOV
of the Solwind
coronagraph caused a

shock at Helios 1!

Sheeley, N.R. Jr., R.A. Howard, M.J. Koomen, D.J. Michles, R.
Schwenn, K.-H. Mihlh&auser, and H. Rosenbauer, Coronal
mass ejections and interplanetary shocks, J. Geophys. Res.,
90, 1985.

12 00 21000 1200 24 00 12 OO Gosling, J.T., J.R. Asbridge, S.J. Bame, W.C. Feldman, R.D.
Zwickl, Observations of large fluxes of He+ in the solar wind
May 13 May 14 [UT] May 15

following an interplanetary shock, J. Geophys. Res. 85, 3431-
3434, 1980.




Interpretation of ISEE 3 and Helios Measurements

Bame, S.J., J.R. Asbridge, W.C. Feldman, J.T. Gosling, R.D. Zwickl, Bi-directional streaming of
solar wind electrons > 80 eV: ISEE evidence for a closed-field structure within the driver gas of an
interplanetary shock, Geophys. Res. Lett. 8, 173-176, 1981.

A POSSIBLE GEOMETRY OF FLARE EXPELLED
PLASMA DRIVING A SHOCK WAVE
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Burlaga, L.F., R.P. Lepping, J.A. Jones, Global configuration of a magnetic cloud, in Physics of

Magnetic Flux Ropes, ed. by E.R. Priest, L.C. Lee, C.T. Russell, AGU Geophysical Monograph
58, 373-377, 1990.

Helios 1_ 1980/171-173

Jun 21
1980/173

Credit: K. lvory, MPAE; Phillips L.J., J.T. Gosling, D.J. McComas, S.J. Bame, W.C.
Feldman, Quantitative Analysis of Bidirectional Electron Fluxes within Coronal Mass

Ejections at 1 AU, in Solar Wind Seven, ed. E. Marsch and R. Schwenn, Pergamon,
Oxford, 1992 .
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Gosling, J.T., Coronal mass ejections and magnetic flux ropes in interplanetary space,
in Physics of Magnetic Flux Ropes, ed. by E.R. Priest, L.C. Lee, C.T. Russell, AGU
Geophysical Monograph 58, 343-364, 1990.



Interpretation of ISEE 3 and Helios Measurements
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The magnetic field has the form of a cylindrical helix rather than the form of a closed circular
loop.

MAGNETIC CLOUD
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JUNE | 1980

. _ Burlaga, L.F., L. Klein, N.R. Sheeley Jr., D.J. Michels, R.A.
Klein, L.W., L.F. Burlaga, Interplanetary Magnetic Clouds At 1 AU, J. Geophys. Res. 87, 613-624, Howard, M.J. Koomen, R. Schwenn, H. Rosenbauer, A magnetic

1982. cloud and a coronal mass ejection, Geophys. Res. Lett. 9, 1317-
1320, 1982.



A magnetic cloud detected by Helios 1 following a CME
observed with Solwind
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Sh k ) Bothmer, V., Magnetic Field Structure and Topology Within CMEs in the Solar Wind, Solar Wind 9
ocC ay Conference Proc., published by American Institute of Physics (AIP), 119-126, 1999.



Possible explanation for the magnetic structure of a MC

MVA-Analysis
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Assume that the plasma
is in static
equilibrium, without
influence of external
forces, e.g.,
gravitation:

divp+ jxB=29

plasma pressure
current density

magnetic field

if B « 1, a force-free
configuration can be
considered:

jxB=20

The electric current is
flowing everywhere
parallel or
antiparallel to B

Goldstein, H., On the field configuration in magnetic clouds, in Solar Wind Five, NASA Conf. Publ. 2280, 731, 1983; Bothmer, V., and R. Schwenn, The Structure

and Origin of Magnetic Clouds in the Solar Wind, Annales Geophysicae, 16, 1-24, 1998.
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Other modelling approaches:

A circular-cylindrical flux rope analytical model for
magnetic clouds, T. Nieves-Chinchilla, M. G. Linton ,
M. A. Hidalgo , A. Vourlidas , N. P. Savani , A. Szabo,
The Astrophysical Journal, 823:27 (13pp), 2016.

Grad-Shafranov reconstruction of magnetic clouds:
overview and improvements, A. Isavnin , E.K.J. Kilpua
H.E.J. Koskinen, Solar Physicsv 2011, Volume 273,
Issue 1, pp 205-219.

Reconstruction of magnetic clouds in the solar wind:
Orientations and configurations ,Qiang Hu and Bengt
U.O" Sonnerup, JGR, Vol. 107, A7, 1142,
10.1029/2001JA000293, 2002.

Magnetic cloud fit by uniform-twist toroidal flux ropes
M. Vandas and E. Romashets, A&A 608, A118
(2017).

Writhed Magnetic Flux Rope Model, J. Weiss, T.
Nieves-Chinchilla, C. Méstl, Martin A. Reiss, Tanja
Amerstorfer, and Rachel L. Bailey, Astronomy &
Astrophysics, ©ESO 2022 July 25, 2022.

On the Quasi-Three-Dimensional Configuration of
Magnetic Clouds, Qiang Hu, Wen He, Jiong Qiu,
Angelos Vourlidas, and Chunming Zhu,Geophys
AGU, Volume48, Issue2, 2021.




MC observed by Helios 1 and Voyager 1&2 in 1978 -
field rotation not just a local phenomenon, evidence for expansion
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Bothmer, V., and R. Schwenn, The Structure and Origin of Magnetic Clouds in the Solar Wind, Annales Geophysicae, 16, 1-24, 1998.

See also recent studies of radial alignments, e.g., Self-Similarity of ICME Flux Ropes: Observations by Radially Aligned Spacecraft in the Inner Heliosphere, S. W. Good, E.K.J. Kilpua, A. T.
LaMoury, ,R. J. Forsyth, J. P. Eastwood,and C. Méstl.
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Interplanetary Coronal Mass Ejections,Space Science Reviews, 123:31-43, March 2006.
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Adapted from Marubashi, K., Structure of the interplanetary magnetic o
clouds and their solar origins, Adv. Space Res. 6, 335, 1986; &
Bothmer, V., and R. Schwenn, The Structure and Origin of Magnetic Q@
Clouds in the Solar Wind, Annales Geophysicae, 16, 1-24, 1998.



The four different types of MCs as magnetic FRs oriented
parallel to the ecliptic plane

LH RH

Based on Helios observations during 1974-1981

46 unique clouds: 23 LH, 23 RH

Bothmer, V., and R. Schwenn, The Structure and Origin of Magnetic Clouds in the Solar Wind, Annales Geophysicae, 16, 1-24, 1998.



The different rotations observed in MCs by the
Helios s/c

MC Type Magnetic helicity Rotation
of magnetic field
vector in Bz-By-plane

Direction of
magnetic field
on flux tube axis (Bx -Bv -plane)
Number of MCs during 1974-1981 (BX -By -plane)

Variation of
magnetic field vector

Left-handed

Sketch showing the diflerent
South (~Bz)—snorth (+B2) East (+By) magnetic configurations of
MCs and their magnetic
helicity (left-handed (LH),
right-handed (RH)) based on
the magnetic flux-tube

South (-Bz)—snorth (+Bz) West (-By) concept and the field
rotation that a s/c would
observe during the cloud's
passage. The number at the
bottom indicates how often

each MC-type was observed by

Helios 1/2 between ©.3-1 AU

during 1974-1981.

North (+Bz)—»south (—Bz) East (+By)

Left-handed

North (+Bz)—south (-Bz) West (—By) NOte . perpendiCUIa r cases
had also been included.

East (+By)—west (—By) North (+Bz)—ssouth (-Bz) )
Rotations in By-Bz-

West(—By)—seast(+By) South (—Bz)—north (+Bz) (By -Bx -) plane

Bothmer, V., and R. Schwenn, The Structure and Origin of Magnetic Clouds in the Solar Wind, Annales Geophysicae, 16, 1-24, 1998.



Proposed scheme for the solar cycle dependence of
the observed MC types

Magnetic polarity of sunspots Structure of filaments Flux rope type of magnetic clouds
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Bothmer, V., and R. Schwenn, The Structure and Origin of Magnetic Clouds in the Solar Wind, Annales Geophysicae, 16, 1-24, 1998.
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CMEs often show a three
part structure:

* bright leading front

 dark cavity

o




MDI

A detailed study was undertaken to
investigate the evolution of the photospheric
flux in the source regions of CMEs



April 2000 MDI Synoptic Chart for Carrington Rotation 1961 SRs of CMEs
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The Graduated Cylindrical Shell (GCS) model

Thernisien, A.F.R., R.A. Howard, A. Vourlidas, Modeling of Flux Rope Coronal Mass Ejections, The Astrophys. J., 652, 763-773, 2006.

CME Model
Axis

Source Region
Central Position

Position on Sun Geometrical parameters
Longitute: ¢ Latitude: © Angle between both Legs:
Radius of cross-section:
Electron model Distance between sun center & boundary point of GCS:
Gaussian width of density profile inside GCS: o, Height of the legs:
Electron density: N, Tilt angle:
Gaussian width of density profile outside GCS: o, Distance between O (sun center) & leading edge:

Other CME modelling techniques and reviews:
Coronal Mass Ejections: Models and Their Observational Basis, P. F. Chen, Living Rev. Solar Phys., 8, (2011), 1.
The flux rope nature of coronal mass ejections, Angelos Vourlidas, Plasma Phys. Control. Fusion 56 (2014) 064001 (6pp).
Fried a novel three-dimensional model of coronal mass ejections, A. Isavnin, The Astrophysical Journal, 833:267 (10pp), 2016.
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= A CME is the eruption of a magnetic flux rope with its emission measure dominated by coronal-temperature plasma,
carrying a prominence along its bottom dips, piling up the overlying streamer plasma, and driving a wave ahead (if

the acceleration is sufficiently high).

STEREQ_S SECCHI COMY O 1-May-2007 19:00:41.722 U

= Interpretation of bright front loop as pileup of material at the boundary of the FR

Faint fronts ahead of bright loops are compression waves
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Processes leading to complexity
of FR CMEs/ICMEs



AlA 304 - 2013/08/20 - 00:00:19Z
LASCO C2 - 2013/08/20 - 00:00:06Z
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The July 2000 FR CME/ICME -
expansion of FR-kinks
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Comparison of CME and ICME Structures Derived from Remote-Sensing and In Situ Observations, V. Bothmer, N. Mrotzek, Solar Phys (2017) 292:157.



Localized geomagnetic response recorded near
Braunschweig/Gottingen

Magnetsrode and ACE combined data
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scale features

COR2-A
2013/09/29 23:54

AlA 304 -2013/09/29 - 18:00:31Z

Expansion of fine-scale
features.
Arrival times will depend on
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SDO AIA 304 29-Sep—2013 20:13 UTC

SDO AIA 304 29—Sep—2013 20:13 UTC
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Fine structure of CMEs 1n the
corona, CME-flythroughs by Parker
Solar Probe and further FR-
complexities
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Unprecedented observations
of CMEs close to the Sun




Fine structures observed in a CME on 21 November 2021 with PSP/WISPR-I at ©.10 au and

the simultaneous view with STEREO/SECCHI/COR2A at 1 au - WISPR acts as coronal
microscope and reveals hitherto unseen details
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Overview of the Remote Sensing Observations from PSP Solar Encounter 10 with Perihelion at 13.3 Rg, Russell A. Howard, Guillermo Stenborg, Angelos Vourlidas, Brendan M. Gallagher, Mark G.
Linton, Phillip Hess, Nathan B. Rich, and Paulett C. Liewer, The Astrophysical Journal, 936:43 (17pp), 2022 September 1.



Internal magnetic field structures observed by PSP/WISPR in a filament-related
coronal mass ejection, G.M. Cappello, M. Temmer, A. Vourlidas, C. Braga, P.C.
Liewer, J. Qiu, G. Stenborg, A. Kouloumvakos, A.M. Veronig, V. Bothmer, A&A in
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»WISPR-Composite® Images from Encounter 10, Perihelion at .07 au,
16-26 November 2021 - CME-Dynamics, Interactions and Deformations and they can cause
compund ICME-streams in the interplanetary medium (see ,,Structure and evolution of compound
streams at <1 AU, K. W. Behannon, L. F. Burlaga, A. Hewish, JGR, Volume 96, Al12, 1991

S/C HAE Lat:  1.51 deo S/C HAE Lat:  1.35 dea - . ¥ ¢ S/C HAE Lat:  1.13 dea

S/C HAE Lon: 229.86 dea
S/C Dist: 22.60 Rs

W-l: 21/11/22 18:48 UT
w=0: 21/11/22 18:53 UT

S/C HAE Lat:  0.96 dea
S/C HAE Lon: 239.88 dea
S/C Dist: 26.18 Rs
W=I: 21/11/23 04:04 UT
W=0: 21/11/23 04:09 UT

S/C HAE Lon: 232.87 dea
S/C Dist: 23.57 Rs

wW=l: 21/11/22 21:19 UT
W=0: 21/11/22 21:24 UT

S$/C HAE Lat: 0.71 dea
S/C HAE Lon: 244.23 dea
S/C Dist: 28.11 Rs
W=l 21/11/23 09:04 UT
W=0: 21/11/23 09:09 UT
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W-I: 21/11/23 01:04 UT
W=0: 21/11/23 01:09 UT
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S/C Dist: 31.24 Rs
W=l 21/11/23 17:19 UT
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Credit: Howard et al., ApJ, 2022

Overview of the Remote Sensing Observations from PSP Solar Encounter 10 with Perihelion at 13.3 Rg, Russell A. Howard, Guillermo Stenborg, Angelos Vourlidas, Brendan M. Gallagher, Mark G.
Linton, Phillip Hess, Nathan B. Rich, and Paulett C. Liewer, The Astrophysical Journal, 936:43 (17pp), 2022 September 1.



»WISPR-Composite® Images from Encounter 10, Perihelion at 0.07 au,
16-26 November 2021 - CME-Dynamics, Interactions and Deformations

Korona bei einer Sonnenfinsternis

Encounter 10
2021-11-16 04:18 UT
Speed: 70.30 km/s
Distance: 53.76 Rs
Carr Lon: 348.33°
FOV Range at 0° Lat:
[ 12.50, 97.77] Rs

0° 15° 30°
NASA Parker Solar Probe / WISPR; WISPR.NRL.NAVY.MIL

NASA/NRL/JHUAPL

Credit: B. Gallagher/WISPR Consortium



First ever passage through a CME inside the solar corona on 5 September 2022 -
The magnetic field measurements have been converted to audio signals

Encounter 13
2022-09-01 02:00 UT
Speed: 70.31 km/s
Distance: 53.74 Rs
Carr Lon: 210.41°
FOV Range at 0° Lat:
[ 12.49, 97.76] Rs

15° 30°
NASA Parker Solar Probe / WISPR; WISPR.NRL.NAVY.MIL NASA/NRL/IJHUAPL

Credit: NASA/Johns Hopkins APL/Naval Research Laboratory/Brendan Gallagher/Guillermo Stenborg/Emmanuel Masongsong/Lizet Casillas/Robert Alexander/David Malaspina
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Parker Solar Probe Mission Trajectory and Current Position

Heliocentric Velocity (km/s): 26.03
Distance from Sun Center (AU): 0.612
Distance from Sun's Surface (Rg): 130.5
Distance from Earth (AU): 1.148

Round-Trip Light Time (hh:mm:ss): 00:19:06
7 Jun 2024 11:00:00 UTC
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» The closest planned
approach of the Sun -
below 10 Rg - by PSP
will take place during
its 22 nd perihelion
on 24 December
2024!




o CMEs originate from bipolar (quadrupolar) photospheric regions

o CMEs are magnetic flux ropes (to be distinguished from coronal jets)
o CMEs can exhibit complex structures due to

- the nature of the eruption and complexity of the underlying photospheric

fields
- kinks in prominences

- non-selfsimilar expansions and speed gradients across their global structures
- distortions through interactions with the ambient corona, solar wind or other

CMEs and can form compound streams

= Parker Solar Probe will help further explore the near-Sun evolution of CMEs and

their internal fine structures
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