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Our Star: the Sun
An example of the most simple object in the Universe

A self-gravitating sphere of plasma

IS IT?



Overview of solar interior and atmosphere
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A magnetic star!



“Our Sun, a fairly typical star in a fairly typical galaxy, is not 
a boring spherical static ball of gas but a complex evolving 
tangled medium of plasma and magnetic fields that 
produces structure in the form of convection cells, sunspots, 
and solar flares.”

In PATTERN FORMATION AND DYNAMICS IN NONEQUILIBRIUM SYSTEMS,  Michael Cross & Henry 
Greenside, Cambridge Univ. Press

One of the key questions we are addressing is 
how does a simple physical system like the 
Sun produce such a complex dynamics?

The inherent nonequilibrium state of the 
solar structure is the answer.

Convection is a paradigm of a nonequilibrium
system.

Viticchié +, Interpretation of HINODE SOT/SP asymmetric Stokes profiles observed in the 
quiet Sun network and internetwork, A&A 526, A60 (2011)



Driving a system away from equilibrium produces space-time symmetry breaking and 
consequent emergence of structures and pattern.

Viticchié +, Imaging Spectro-
polarimetry with IBIS: Evolution of 
Bright Points In the Quiet Sun, 
ApJ, 700:L145–L148, 2009

Giannattasio +, Occurrence and 
persistence of magnetic elements in 
the quiet Sun, A&A 611, A56, 2018

The black square shown in the lower left figure is 
purely indicative of the scale of the two images.



The solar surface is covered with magnetic 
features with spatial scales from smaller than 
can currently be resolved to active regions 
covering up to 100 Mm. These evolve on a 
correspondingly wide range of time scales, 
from seconds for the smallest observed 
features, to months for some active regions.

R. Stein, Solar Surface Magneto-Convection, Living Rev. Solar Phys., 9, 
2012

From the quiet sun to the active regions

On the extreme left are cases in which the 
imposed field is zero and on the extreme 
right, cases in which the imposed field is 
strong enough to suppress convection 
altogether.

Cattaneo, Emonet, Weiss, On the interaction between convection 
and magnetic fields, ApJ, 588:1183–1198, 2003





The solar dynamo – primarily at the base of the convection zone





Property at 1 AU

Speed (v) ~400 km/s
Number density (n) ~10 cm–3

Flux (nv) ~3´108 cm–2 s–1

Magnetic field (Br) ~3 nT
Proton temperature (Tp) ~4´104 K
Electron temperature(Te) ~1.3´105 K (>Tp)
Composition (He/H) ~1 – 30%
+ trace heavier elements

The solar wind 

• The solar wind, consisting of ionised 
coronal plasma, flows supersonically 
and radially outward from the Sun due 
to the large pressure difference 
between the hot solar corona and the 
interstellar medium.

Parker model of the solar wind 

Parker(1958) was the first to propose a 
model of the solar wind assuming a 
steady flow of plasma independent of 
time, as opposed to a static corona.



Parker’s Solar Wind Model
In 1958, motivated by diverse indirect observations, E. N. Parker developed the first fluid 
model of a continuously expanding solar corona driven by the large pressure difference 
between the solar corona and the interstellar plasma. His model produced low flow speeds 
close to the Sun, supersonic flow speeds far from the Sun and vanishingly low pressures at 
large heliocentric distances.  In view of the fluid character of the model, he called this 
continuous supersonic expansion the “solar wind”.



The Heliosphere
• The heliosphere is the volume of space, enclosed within the interstellar 

medium, formed by, and which contains, the outflowing solar wind and the 
Sun's magnetic field.

• The size of the heliosphere (greater than 100 AU) is determined by a 
balance between the dynamic pressure of the solar wind and the pressure 
of the interstellar medium.





Heliospheric Spacecraft
• The first observations of the solar wind were made in the vicinity of the Earth 

in the early 1960s.

• Pioneer 10 and 11, launched in 1972 and 1973 were the first spacecraft to 
explore beyond 1 AU. Contact with these spacecraft have now been lost 
although Pioneer 10 was tracked to nearly 80 AU.

• Voyager 1 and 2 were launched in 1977.  Both have scientific instruments still 
operating.  Voyager 1 crossed the termination shock in 2004 at 94.5 AU, has 
now reached 126 AU and continues out towards the heliopause. Voyager 2, 
following behind at 103 AU, crossed the termination shock at 84 AU in 2007.

• Helios 1 and 2, launched in 1974 and 1976, explored the inner heliosphere in 
the ecliptic plane between 0.3 and 1 AU from the Sun.

• Ulysses, launched in 1990 into a ~6 year period orbit of the Sun inclined at 
80.2° to the solar equator, with perihelion at 1.3 AU and aphelion at 5.4 AU. It 
was thus the first spacecraft to explore the 3D structure of the heliosphere 
over a large latitude range.  Operations ceased in 2009 after nearly 3 orbits.

• STEREO, launched in 2006, consists of two spacecraft at 1 AU separating in 
solar longitude ahead of and behind the Earth.  They carry instrumentation 
aimed at obtaining stereoscopic views of the Sun and to make multi-point in-
situ measurements of the solar wind.





The heliospheric magnetic field

• The heliospheric magnetic field 
is a result of the Sun’s magnetic 
field being carried outward, 
frozen in to the solar wind.

• Within the corona, the magnetic 
field forces dominate the plasma 
forces.

• As the field strength decreases 
with distance, beyond the Alfvén 
radius at a few solar radii, the 
plasma flow becomes dominant, 
and the field lines are 
constrained to move with the 
solar wind.

Model of Pneumann and Kopp (1971)





The Parker Spiral Field

• The solar magnetic field is 
frozen in to the radial 
outflowing solar wind. Thus, 
due to the Sun’s rotation, the 
magnetic field lines adopt an 
Archimedean spiral 
configuration.

• The angle to the radial 
direction of the magnetic field 
depends on distance, latitude 
and the local solar wind 
velocity.

Parker (1963)



The current sheet mapped out into the heliosphere…

Jokipii and Thomas (1981)



• Ulysses found 
continuous fast solar 
wind (~750 km/s) at 
high latitudes at solar 
minimum in agreement 
with the idea that fast 
solar wind originated in 
coronal holes. This fast 
wind was associated 
with large stable polar 
coronal holes.

• Slow solar wind is 
associated with the 
streamers seen in 
coronagraph images, 
but its exact source is 
unclear.

McComas et al (1998)



• Close to solar minimum 
the flow pattern close to 
the Sun can be 
approximated as a band 
of slow wind at low 
latitudes, centred on the 
Sun’s dipole equator, 
with fast wind at all 
higher latitudes.

• This pattern of fast and 
slow solar wind is 
occasionally disturbed by 
transient flows 
associated with coronal 
mass ejections.

Pizzo (1991)



Characteristics of slow and fast solar wind

Property at 1 AU Slow wind Fast wind

Speed (v) ~400 km/s ~750 km/s
Number density (n) ~10 cm–3 ~3 cm–3

Flux (nv) ~3´108 cm–2 s–1 ~2´108 cm–2 s–1

Magnetic field (Br) ~3 nT ~3 nT
Proton temperature (Tp) ~4´104 K ~2´105 K
Electron temperature(Te) ~1.3´105 K (>Tp) ~1´105 K (<Tp)
Composition (He/H) ~1 – 30% ~5%



Solar cycle evolution

• The tilt of the underlying solar dipole field and hence of the heliospheric 
current sheet and the band of slow wind is a function of the solar cycle, 
with least tilt near solar minimum. 

• Alternatively, the evolution of the coronal field can be viewed as the 
strength of the dipole component decreasing as solar activity increases so 
that the higher order components of the solar field have a greater effect.

Figure 3.3
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• This evolution culminates in the reversal of the Sun’s magnetic field during 
the solar maximum period. 
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• At solar maximum the large polar coronal holes disappear and are 
replaced by smaller, generally short lived coronal holes at all latitudes. 
Ulysses observed fast and slow wind at all latitudes in the southern 
hemisphere.

McComas et al, (2008)



CME, Flares, and Coronal Hole 
HSS

Three very important solar wind 
disturbances/structures for space 

weather

Solar energetic protons

CME, Flares, and Coronal Hole HSS
The Sun

maker of space weather

üRadiation storm
o proton radiation (SEP) <flare/CME>
o electron radiation <CIR HSS/CME>

üRadio blackout storm <flare>
üGeomagnetic storm 

o CME storm (can be severe)
o CIR storm (moderate)

28



Two Main Drivers for the Magnetosphere

• CME  (Coronal Mass Ejection)
• CIR (Corotating Interaction Region) High Speed solar wind Stream 

(HSS)

Geomagnetic storm 
o CME storm (can be 

severe)  Kp can reach 9
o CIR storm (moderate) 

Kp at most 6



Corotating Interaction Regions
• Interaction regions form wherever 

fast solar wind ‘catches up’ with 
slower wind ahead of it.

• A compression region forms where 
the magnetic field lines and plasma 
‘pile up’. The resulting pressure 
waves can steepen into shocks.

• When a fast solar wind stream 
originates from a stable coronal 
hole persisting over many solar 
rotations, the resulting interaction 
region pattern corotates with the 
Sun.

• Ulysses provided new results on the 
three dimensional geometry of 
Corotating Interaction regions. 
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Pizzo (1985)



Coronal Hole HSS

Mar 1, 2011

June 4, 2012



WSA+ENLIL+cone
Predicting impacts of CMEs

WSA+ENLIL

Modeling and predicting the ambient solar wind

Forecasting capability enabled by ENLIL





Coronal Mass Ejections
• Fast coronal mass ejections can 

interact with solar wind ahead of 
them in a similar way to high speed 
streams to produce compression 
regions and shocks.

Gosling (1998)



Schematic of the three-dimensional structure of an ICME and 
upstream shock



1: shock only

2: shock+sheath

3: shock+sheath+MC

4: ejecta?
5: ejecta?

6: MC only

In-Situ signature can be quite complex



Gopalswamy, SSR, 2006

shock

sheath

Magnetic cloud

Textbook 
example of ICME 
in-situ signature



NASA/GSFC, internal use only :-)

Two major types of solar wind-magnetosphere 
interactions

Southward IMF

Northward IMF



The Earth’s Magnetosphere

NASANASA/GSFC, internal use only :-)



The Earth’s Magnetosphere

Inner Magnetosphere:
Up to ~ 10Re

APL

Plasmasphere

Ring Current

Van Allen Belts

1-10 eV

1-400 keV

400 keV – 6 MeV



Magnetic Storms

• Most intense solar wind-
magnetosphere coupling

• Associated with solar coronal 
mass ejections (CME), 
coronal holes HSS

• IMF Bz southward, strong 
electric field in the tail

• Formation of ring current 
and other global effects

• Dst measures ring current development
– Storm sudden commencement (SSC), main 

phase, and recovery phase
– Duration: days



Substorms

• Instabilities that abruptly and explosively release 
solar wind energy stored within the Earth’s 
magnetotail. 

• manifested most visually by a characteristic 
global development of auroras

• Last ~ hours

Storms


























































