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Abstract Solar Physics is at present in a highly dynamic state with many new observations
from a series of major space satellites that are transforming our basic understand-
ing. This review summarises some of the key recent discoveries about our Sun
on fundamental topics which have many implications for fundamental plasma
processes elsewhere in the universe. In particular, the solar corona is dominated
by the subtle nonlinear behaviour of the Sun's magnetic �eldand its interaction
in complex ways with plasma.
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1. Introduction

It is a great pleasure for me to attend JENAM. As a solar physicist, I have
always enjoyed collaborating with many friends in other European countries
and encouraging closer links between solar physics and astronomy. I work at
St Andrews University, founded nearly 600 years ago in 1411,when the Moors
were at their height in Granada.

For centuries humans have worshipped the Sun, and indeed many �ock to
the Costa del Sol to continue that tradition, but why should we study the Sun
today? Firstly, because it is of very great interest in its own right. Secondly,
because it has profound in�uences on the Earth and its climate. Thirdly, be-
cause it is of key importance for astronomy as a whole, since we can study
fundamental cosmic processes at work on the Sun. For me, however, I study
the Sun simply because I am captivated and fascinated by it.

Many of the basic properties of the Sun are still a mystery. For example, we
do not know: how the Sun's magnetic �eld is generated; how thesolar wind
is accelerated; how the corona is heated; how ejections of mass occur or how
particles are accelerated in solar �ares. Nevertheless, great progress on each
of these questions has been made over the past �ve years and they have all
been greatly re�ned and unpacked. So, the Sun is at present one of the liveliest
branches of astronomy and many students are being attractedto study it.
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Figure 1. A picture of James Gregory in his laboratory

Traditionally, there has always been a close link between mathematics and
astronomy. This was certainly true of Andalucian astronomyhere in Granada
in the �fteenth century, and it was also true in St Andrews in the seventeenth
century. I happen to hold the Gregory chair of mathematics, named after James
Gregory (1638-1675), who invented the gregorian telescopeand was also one
of the co-founders of calculus (with Newton and Leibniz). Hewas elected an
FRS (an academician) in 1668 at the age of 30, and the same yearwas ap-
pointed the �rst regius professor of mathematics in St Andrews. He was given
what is now known as Upper Parliament Hall (Figure 1) as his laboratory, and
you can still see today the meridian line on the �oor along which he lined up
his telescope. James Gregory died in 1675 at the age of only 37, but before that
he had been the �rst to discover many basic elements of calculus that we take
for granted today, such as: the general binomial theorem, Taylor expansions
(40 years before Taylor.), the ratio test for convergence ofa series, the series
expansions for sinx and tanx , the integrals of secx and log x , the fact that
differentiation is the inverse of integration, and how to use a change of variable
in integration.

In my view the role of theory should not be to reproduce imagesor to explain
every observation, but rather to understand the basic processes, and to do so
in a step-by-step manner, starting with a simple model and gradually making
it more and more sophisticated and hopefully more realistic. In addition, the
different types of theory complement one another, namely, analytical theory,
computational experiments and data analysis.
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Figure 2. A magnetogram of the photospheric magnetic �eld

My title today is “Our Magnetic Sun” in the sense both that magnetic �elds
are crucial for the Sun and also that the Sun is a highly attractive object of
study. After introducingyou to the structure of the Sun (Section 2) and sunspots
and the corona, I shall describe brie�y MHD and reconnection(Section 4) and
will go on to discuss three topics on which there has been progress recently,
namely, the solar interior, erutpive solar �ares and coronal heating (Section 5).
My overall theme is that the Sun is full of surprises and a subtheme is that
many of these surprises are caused by the magnetic �eld. The Sun is of course
a plasma and so is coupled in an intimate, subtle way to the magnetic �eld,
which exerts a force on a plasma and can store substantial amounts of energy.

2. Overall Structure of the Sun

The interior of the Sun consists of a core (extending out to about 0 : 25 R

0

,
where the radius (R

0

) of the Sun is about 700 Mm), a radiative zone, and a
convective zone (extending between0 : 7 R

0

and the surface). The atmosphere
consists of the photosphere (the surface layer at about6000 K ), the rarer chro-
mosphere, and the corona (which reaches to the Earth and beyond).

The photosphere is covered with turbulent convection cells, namely, granu-
lation (with typical diameters of 1 Mm) and supergranulation (with diameters
of 15 Mm). It rotates differentially, with the equator rotating more rapidly
than the polar regions. A map of the photospheric magnetic �eld (Figure 2)
shows the line-of-sight magnetic �eld, with white being directed towards you
and black away from you. The active regions around sunspots show up as
large-scale bipolar regions.
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Figure 3. A close-up of a few granule cells in the photosphere (SwedishSolar Telescope, La
Palma, G Scharmer)

One surprise is that outside active regions intense magnetic �elds cover the
whole Sun, concentrated at the boundaries of supergranules, whence they are
carried by the supergranule �ow. Another is that active regions form a global
pattern, with black polarity to the left in the northern hemisphere in Figure
2 and to the right in the southern. This pattern reverses withthe start of a
new sunspot cycle. It occurs because differential rotationin the interior shears
up poloidal �ux and creates toroidal �ux of one polarity in the north and the
opposite polarity in the south. It is when such toroidal �ux rises by magnetic
buoyancy that it creates a pair of sunspots where it breaks through the surface.

Amazing images in white light at 0.1 arcsec from the Swedish Solar Tele-
scope reveal incredible detail in and between the granulation (Scharmeret al,
2002; van der Voortet al, 2004). Tiny bright points are probable locations of
intense magnetic �ux tubes at the edges of supergranules, where it was thought
until this year that 90 % of the quiet-Sun �ux is located. However, close-ups of
a few granules (Figure 3) reveal for the �rst time bright points, “�owers” and
ribbons in the intergranular lanes around granules and suggest the presence of
many more intense magnetic tubes throughout the centres of supergranules at
the granule boundaries. Indeed, Trujillo Buenoet al (2004) have suggested
�ve or six times as much magnetic �ux there than we thought previously.
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Figure 4. The corona over a solar cycle from Yohkoh (S Tsuneta)

Sunspots are dark because they are cool, which in turn is because the mag-
netic �eld stops granulation. They vary with the 11-year cycle. The dark umbra
of a spot is the central part where the magnetic �eld is close to vertical. The
striated penumbra surrounds the umbra and possesses a spreading magnetic
�eld that is far from vertical. However, the penumbra is certainly not simple:
recent observations from the Swedish Solar Telescope (Scharmer et al, 2002)
have revealed bright �ows moving both inward and outward, together with
strange dark cores. Also, the bright penumbral �laments arethought to be at
intermediate angles to the vertical and to represent magnetic �eld lines that go
far from the sunspot, whereas the dark �laments are lower-lying and so return
to the solar surface close to the spot, probably held down by granular pumping
(Thomaset al, 2002; Weisset al, 2004).

3. The Corona

The corona can be viewed during a solar eclipse, and an early surprise was
the discovery by Edlen (1940) that the coronal temperature is a million degrees
or so. In the corona, the magnetic �eld dominates the plasma,both heating it
somehow and creatings its beautiful structure. The corona can also be ob-
served direct with an x-ray or euv telescope (Figure 4), and indeed Yohkoh
has revealed it to be a magnetic world with an amazingly rich variety of MHD
phenomena.

Earlier rocket images and images from Skylab showed that thecorona con-
sists of dots called x-ray bright points, together with coronal holes (dark re-
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Figure 5. Coronal loops imaged by TRACE

gions from which the fast solar wind escapes), coronal loopsand active regions
which are rather fuzzy. However, the TRACE mission has shownactive regions
in incredible detail (Figure 6) and that the corona is made upof intricate loops
of plasma aligned along the magnetic �eld.

4. MHD and Reconnection

Magnetohydrodynamics models the interaction between a magnetic �eld
and a plasma treated as a continuous medium. It comprises a set of partial dif-
ferential equations for the behaviour of the plasma velocity (v ), magnetic �eld
(B ), pressure (p ), temperature (T ) and density (� ) as functions of (x; y ; z ; t ).
The equations are nonlinear and to me as beautiful as the Sun itself.

For example, the induction equation

@ B

@ t

= r � ( v � B ) + � r

2

B ; (1)

describes how the magnetic �eld changes in time due to two terms on the right-
hand side, which represent the transport of magnetic �eld with the plasma and
the diffusion of magnetic �eld through the plasma. The electric current is then
determined as a secondary variable (once the magnetic �eld has been found)
from

j = r � B =�:

In most of the universe the transport term in (1) is very much larger than the
diffusion term and so the magnetic �eld is frozen to the plasma and hangs on to
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Figure 6. Complex topology in (a) 2D and (b) 3D.

its energy. The exception is in singularities where the magnetic gradient (and
therefore the electric current) is extremely large.

Such singularities can form at null points of the magnetic �eld (where B

vanishes and near which the magnetic �eld lines have an X-type topology). In
the singularities, magnetic �eld lines break and reconnectand the in�owing
magnetic energy is converted into heat, kinetic energy and fast particle energy.
The singularities take the form of sheets containing extremely large currents
and therefore being the sights of large ohmic heating. Such reconnection is
thought to be at the core of solar �ares and of coronal heatingevents.

Recently, attention has turned to trying to develop theories for reconnection
in three dimension (e.g., Priest and Forbes, 2000). However, so far the theory
is in a rudimentary state since many features of 3D reconnection are com-
pletely different from 2D. For example, null points have a different structure
and reconnection can occur either at nulls or in the absence of nulls. Also, the
topology of the �eld is more complex. In 2D the �eld due to foursources of al-
ternating sign in a line possesses an X-type null point (Figure 6a), from which
emanate four separatrix curves: these special �eld lines divide the plane up
into topologically distinct regions, in the sense that in each region all the �eld
lines start from the same positive source and end at the same negative source.
In 3D, in contrast, the �eld due to four sources (such as sunspots) on a plane
possesses two separatrix surfaces (orseparatrices) in the form of domes (Fig-
ure 6b) which separate the volume into topologically distinct regions. These
surfaces can intersect in a special magnetic �eld line called aseparatorwhich
joins one null point to another.
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Figure 7. The Sun's internal rotation deduced from the MDI instrumenton SoHO (A Koso-
vichev)

5. The Solar and Heliospheric Observatory (SOHO)

SOHO was launched in 1995 and is orbiting the Sun at the L1 point in
phase with the Earth. A joint ESA-NASA mission, it is observing the Sun
continuously for the �rst time and has transformed our understanding of the
Sun. It has produced many surprises and I only have time to describe three of
them today.

5.1 The Solar Interior

The �rst question is: what is the structure of the solar interior? Just as a
Spanish guitar string can oscillate beautifully in different normal modes, so can
a three-dimensional object such as the Sun. Indeed, severalmillion different
normal modes of vibration of the Sun have now been discovered, and with the
MDI instrument on SoHO the line-of-sight velocity at a million points on the
solar surface per minute is being measured. By summing such observations
for several months and using techniques of solar seismology, the temperature
inside the Sun as a function of radius has been measured and found to agree
with the standard model to within 1%.

More interestingly, the MDI observations have also been used to deduce
the Sun's internal rotation. At the solar surface we know theequator rotates
faster than the polar regions, but how is this differential rotation continued into
the solar interior? The expectation was that the rotation would be constant on
cylinders around the Sun's axis of rotation and that the magnetic �eld would
be generated by dynamo action throughout the convection zone. The surprise
from MDI (Figure 7) is that the rotation tends to be constant along cones in
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the convection zone and is then fairly uniform in the radiative zone, which
implies the existence of a strong shear layer at the base of the convection zone
(known as the tacocline). In addition, it is now thought thatthe magnetic �eld
of sunspots and active regions is generated in and near the tacocline, so that
theorists are now attempting to build tacocline dynamo models.

In another important development, methods of local helioseismology are
being used to probe the structure below sunspots and it has been discovered
that there is a region of reduced wave speed by 10 % below a sunspot for a
distance of about a sunspot radius, presumably because of the reduced temper-
ature there, and a second region of enhanced wavespeed for a distance of about
3 sunspot radii, presumably because the temperature is no longer cooler but the
magnetic �eld is enhanced.

5.2 Solar Flares and Coronal Mass Ejections

A second important question is: how do eruptive solar �ares and coronal
mass ejections occur? The LASCO instrument on SoHO is a coronagraph
which has discovered huge ejections of mass calledCoronal Mass Ejections
(CME's), which can sometimes reach the Earth and disrupt communications
and space satellites.

On October 28 last year an incredibly large and complicated group of sunspots
was crossing the solar disc and spawned the 3rd largest solar�are ever recorded.
It produced a halo CME, namely, one that produces a halo roundthe Sun (Fig-
ure 8) since it is either coming right towards the Earth or is moving away from
it. It was travelling at 2000k m s

� 1 , �ve times faster than normal. High-
energy particles taking only an hour to reach SoHO (by comparison with the
CME itself, which takes a couple of days) produced “snow” as they bombarded
the CCD detector plates (see Figure 8), and when the CME did reach Earth it
produced beautiful aurora that we viewed eagerly in St Andrews for a couple
of nights. One week later, when the sunspot group had reachedthe limb of
the Sun, the �reworks continued as it gave birth to the largest solar �are ever
recorded.

The overall picture of what happens in an eruptive �are is that a sheared and
twisted magnetic tube with an overlying arcade either losesequilibrium (Priest
and Forbes, 1990; Forbes and Priest, 1995) or goes kink unstable or breaks
out (Antiochos et al, 1999; Maclean et al, 2004). As the tube erupts, it drives
reconnection in the arcade under the erupting tube. The reconnection heats a
loop to high temperatures, which then cools down and drains as new loops are
heated and the reconnection location rises. The result is the appearance of a
rising arcade of hot loops with cool loops beneath them. A particularly �ne
example was caught by the TRACE satellite and the RHESSI �aresatellite
on April 21, 2002 (Figure 9). The RHESSI contours of hard x-ray �ux at
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Figure 8. CME on October 28, 2003, viewed by LASCO

Figure 9. Overlay of RHESSI contours of hard x-ray �ux and TRACE image in 195 A (P
Gallagher).

12-25 keV show emission from the reconnecting current sheetabove the 1.5
MK TRACE loops, while the 50-100 keV contours show emission from high-
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Figure 10. Magnetic �eld lines in the quiet Sun (Close et al, 2004)

energy electrons accelerated in the reconnection and having travelled down
to the feet of the loops. Particle acceleration is thought tobe partly by DC
acceleration in the current sheet and partly by Fermi and betatron acceleration
in the �eld lines that are springing downwards after reconnection.

5.3 Coronal Heating

A third questions is: how is the solar corona heated to several million de-
grees by comparison with the photospheric temperature of only 6000 K? We
know that the magnetic �eld is responsible and the mechanismis likely to be
magnetic reconnection, but the exact process is still uncertain. A key discov-
ery from SoHO is, however, the existence of themagnetic carpet(Schrijveret
al, 1997), the fact that the photospheric sources of the coronal magnetic �eld
are highly fragmentary and concentrated into intense �ux tubes threading the
solar surface. These sources are also highly dynamic, magnetic �ux emerging
continually in the quiet Sun and then undergoing processes of fragmentation,
merging and cancellation, in such a way that the quiet Sun �uxis reprocessed
very quickly, in only 14 hours (Hagenaar, 2001).

Recently, from observed quiet-Sun magnetograms from the MDI instrument
on SoHO, Closeet al (2004) have constructed the coronal �eld lines and stud-
ied their statistical properties. For the region they considered, 50 % of the �ux
closed down within 2.5 Mm of the photosphere and 95 % within 25Mm, the
remaining 5 % extending to larger distances or being open (Figure 10). They
then tracked the motion of individual magnetic fragments inthe magnetogram
and recalculated the coronal �eld lines and their connectivity. In doing so, they
discovered the startling fact that the time for all the �eld lines in the quiet Sun
to change their connections is only 1.5 hours. In other words, an incredible
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Figure 11. Coronal Tectonics model

amount of reconnection is continually taking place - indeed, enough to provide
the required heating of the corona.

Furthermore, aCoronal Tectonics Modelhas been proposed (Priestet al,
2002), which seeks to determine the effect of the magnetic carpet on coro-
nal heating. Each observed coronal loop reaches down to the surface in many
sources, so the �ux from each of these tiny sources is separated by separatrix
surfaces (separatrices). As the sources move around, they generate current
sheets on the separatrices and separators, where reconnection and heating takes
place (Figure 11). In other words, the idea is that the coronais �lled with myr-
iads of separatrix and separator current sheets continually heating impulsively.

6. Conclusions

Solar physics is currently in a golden age of discovery, driven by a wealth
of new observations from space and ground-based telescopes. In addition, the
development of MHD theory is playing an important role. Magnetic reconnec-
tion, in particular, is likely to be at work in solar �ares andcoronal heating.

The current sense of vitality is certain to continue in future. The present
missions are still working well, such as SoHO (launched in 1995), TRACE (in
1998) and RHESSI (in 2002). However, a �eet of new missions isplanned
to build on this success and answer new questions: these include STEREO (a
NASA mission to be launched in 2006 consisting of two satellites, one moving
ahead of the Earth and the other lagging behind, which will provide stereo-
scopic images of the corona), SolarB (a Japan-US-UK mission, to be launched
in 2006, which will focus on understanding the subtle connections between the
solar surface and the corona), Solar Dynamics Observatory (to be launched in
2008 as a successor to SoHO with a super-MDI and a super-TRACE), and So-
lar Orbiter (an ESA mission scheduled for launch in 2013, which will go three
times closer to the Sun than Mercury). However, the future depends most on
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inspiring a new generation of active young researchers who can take advantage
of an understand the new surprises expected from these future missions.
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8. Discussion

Virginia Trimble When astronomers study magnetic �elds they worry about
having enough electric current to produce the �eld and how itcloses - is this a
problem on the Sun ?

Eric Priest For processes where MHD is valid, which is often the case on
the Sun, no, there is no problem, since, once you have calculated the magnetic
�eld, the electric current follows from Ampere's law and automatically its di-
vergence vanishes, so the electric current closes. In otherwords, in MHD the
basic physics lies in the equations describing the magnetic�eld and plasma ve-
locity, and the electric current and electric �eld are secondary variables which
follow automatically from Ampere's and Ohm's laws.



14

Thierry Montmerle How do you determine the magnetic diffusivity (� ) on
the Sun ?

Eric Priest This is a very important issue. Usually, people just assume
a classical value, but a better approach in the corona would be to try and link
properly the macroscopics and microscopics of what is goingon. In the corona
a reconnecting diffusion region is certainly collisionless and so in a full analy-
sis MHD would determine the global environment, while collisionless plasma
physics would determine the detailed microscopic behaviour within that global
MHD mould. However, the collisionless dissipation would inturn react back
on the MHD in subtle ways, so that the macroscopics and microscopics are
nonlinearly coupled. So far, collisionless dissipation has been studied only in
relatively simple environments. However, it is not even clear that collisionless
dissipation can be described in terms of a collisionless or anomalous diffusiv-
ity. Certainly, there are likely to be a number of different types of dissipation,
depending on the parameter regimes. A start has been made, moreover, by
several groups, as reported at the Isaac Newton Institute Progamme on Mag-
netic Reconnection Theory, held this summer in Cambridge and organised by
Joachim Birn, Terry Forbes and myself. It included MHD and collisionless the-
ory in the Sun and the Magnetosphere, and the main �ndings will be reported
in a new book (Birn and Priest, 2005).

Valentin Martinez-Pillet What do you feel will be the consequences of the
new “hidden �ux” that has been discovered in the centres of supergranule cells
?

Eric Priest The suggestion by Schrijveret al (2004), Trujillo-Buenoet al
(2004) and Sanchez-Almeida and Lites (2000) that in the quiet Sun there may
be �ve times more magnetic �ux than we thought, due to the presence of ex-
cess �ux between granules in supergranule cell centres is likely to have several
consequences for the overlying atmosphere. The �rst is thatthe coronal �eld
will be even more complex than Priestet al (2002) considered in their Coronal
Tectonics Model, and so there will be many more reconnectingcurrent sheets
low down in the atmosphere than in their estimate: indeed, they pointed out
that future higher-resolution observations would probably reveal an even more
fragmented web of separatrices, so all this makes their model even more effec-
tive. The second consequence is that the resulting additionof low-lying loops
and separatrices would contribute substantially to the heating of the chromo-
sphere. The third is that the additional low-lying loops andseparatrices would
provide extra heating for the corona. For the high corona I doubt that the heat-
ing would be affected much, although the connectivity of the�elds would be
changed, in the sense that half of the high coronal �ux would now be con-
nected to the supergranule cell boundaries and the remainder to the cell centres
(Schrijveret al, 2004).


