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MAGNETIC FIELDS AND CORONAL STRUCTURES

E. R. Priest
Mathematical and Computational Sciences Dept., St Andrews University, St Andrews KY16 9SS, Scotland

ABSTRACT

One of the main aims of SOHO is to try and deter-
mine how the solar corona is heated. Here we first of
all propose answers to the questions: why do some
loops have a hi%her pressure than others and how are
they contained? Then we summarise the main theo-
ries that have been proposed to heat the corona by
waves, by reconnection in current sheets or by MHD
turbulence, and in particular give some new results
on the signature of braiding. Advances in solving the
coronal heating problem are described, including the
realisations that: most x-ray bright points are heated
by driven reconnection (the converging flux model);
Yohkoh observations suggest that loops are heated by
two distinct mechanisms, namely an impulsive mech-
anism (probably reconnection) and a steadier back-
ground mechanism. Finally, a new technique is pro-
posed for identifying the form of the heating mecha-
nism, namely comparing observations of the tempera-
ture structure with loop models having different heat-
ing forms. This is a spur to theorists to deduce the
form of heating produced by different models and to
observers to determine temperature profiles with high
accuracy. Applied to the large-scale diffuse corona as
observed by Yohkoh, this technique implies that the
heating is likely to be uniformly distributed along a
loop: unless Alfvén waves can heat uniformly, the ev-
idence is therefore in favour of turbulent microflare
heating.

Key words: magnetic fields, corona, reconnection.

1. INTRODUCTION

The solar corona is incredibly beautiful and complex;
and it is the magnetic field that creates its three-fold
structure of coronal holes, coronal loops and x-ray
bright points. Today I plan: to discuss the structure

- of coronal loops (Section 2); to give a brief review of

theories of coronal heating, either by waves, current
sheets or turbulence (Section 3); to describe the re-
cent advances in solving parts of the coronal heating
problem (Section 4); and to suggest a new technique
for deducing the form of the coronal heating mecha-
nism (Section 5). I shall not aim to summarise what
we have learnt so far from SOHO, since that is being

done by the PI’s in their reviews and in the work-"

ing groups. Rather, I plan to try and give a general

background to the physical processes at work as a
preparation for our future SOHO studies.

From Skylab we deduced temperatures for x-ray
bright points of 1.3 - 1.7 MK, coronal holes of 1.4 -
1.8 MK, active-region coronal loops of 2.2 - 2.8 MK,
quiet-region loops of 1.5 - 2.1 MK and interconnect-
ing loops of 2MK. Clearly, these and the other pa-
rameters need to be reassessed in the light of Yohkoh
and SOHO and, in particular, much higher tempera-
tures are sometimes found.

Many coronal structures are in equilibrium under a
balance
IxB-Vp+pg=0 1)

between a magnetic force, a pressure gradient and
gravity, where j = V x B/ and the magnetic force
can be written as the sum of a magnetic pressure
force é—V(B2 / (%p)) and a magnetic tension force
((B-V)B/u). The ratio of the second to the first
term in (1) is the plasma beta

P nT

= ———=35x10"2— 2
w0 E O
and so is about 1073 for n = 1013m~3, T' = 2 x 10°K,
B= 100G. The ratio of the third to the second term

1S A

where A = p/(pg) =~ 50 T metres is the scale height
(roughly 100 Mm for T = 2 x 10°K) and h is the
height of the structure. In the corona usually the flow
speed (v) is much less than the Alfvén speed (v4) }so
we are justified in neglecting the inertial term in (1)
and also 8 €« 1,88 < 1, so that (c) reduces to a
force-free balance

(VxB) xB =0, (4)

which may be solved to produce magnetic models
for loops and arcades. The exceptions are for highly
dynamic phenomena (where v & v4), in weak-field
regions (where the pressure gradient is important)
and in large structures or prominences (where § = 1).

The coronal magnetic field lines are anchored in the
dense photosphere (where 8 > 1) and their footpoints
are carried around by a variety of surface motions
(on a timescale 7). The corona then evolves in a way
that may be described as wave-like if the footpoint
timescale is less than about ten times the Alfvén
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travel time along a loop of length 2L (1 < 10L/v,),
whereas it is a slow evolution through a series of equi-
libria if 7 > 10L/v4. The energy is injected from the
photosphere as a Poynting flux

S=Z=ExB/pu=—-(vxB)xB/p=v,B,B./n (5)

when the footpoint field has vertical and horizontal
components B, and B; and is moved by a velocity
vz, say. Thus if v; and B, are given, S is not imposed
but is for many purposes determined by the coronal
evolution (which gives B, at the base).

Now what happens to the energy that is injected
through the solar surface (S)? The answer is given
by Poynting’s theorem

-2 2
/ExI-LdS:/J——dV + LBy
S v o ot V2l‘

+ /v-ijdV(ﬁ)

which states that the inflow of electromagnetic en-
ergy through the solar surface produces ohmic heat-
ing, a rise in magnetic energy and work done by
j x B. Thus, some energy is continuously dissipated
and heats the corona directly (the first term on the
right of (6)), whereas some is stored and eventually
released as an eruption or flare or microflare and some
accelerates the plasma, which may in turn either es-
cape or be dissipated by viscosity or shock waves; the
second and third terms in (6) may therefore lead to
an indirect heating of the corona.

What is the nature of the coronal plasma? Essen-
tially, it appears to be a dynamic turbulent envi-
ronment, with a wide range of lows and fine-scale
structure (e.g. from EIT, Schriver, at this workshop).
There is a general unresolved turbulent value of 10 -
40 km s~! Mason (1991), which is being reassessed by
e.g. Brekke (at this workshop). Sometimes one finds
explosive events at 250 km s~! (Brueckner, Sarro,
Erdelyi, Wilhelm). In addition impulsive events are
seen in the ultraviolet in x-rays and in radio (Harri-
son, Crosby at this workshop).

The heat required to balance radiation, conduction
and outflow is about 600 Wm~2 for a coronal hole,
300 Wm~2 for a quiet region and 5000 Wm~2 for
an active region, but clearly these values need to be
reassessed in the light of SOHO. The heating mech-
anism 1s probably magnetic since the acoustic flux is
only 10 Wm™2 in the transition region, the magnetic
regions are hotter, and there is plenty of electromag-
netic energy since the Poynting flux is in order of
magnitude

- G

and so this is about 10* Wm~2 for v ~ 0.1 km s~!
and B ~ 100G.

2. THE STRUCTURE OF CORONAL LOOPS

Skylab and Yohkoh have shown that some loops have
a higher plasma pressure than others and that this

is often where the magnetic field is larger, such as
in active regions. Why do some loops have a higher
pressure? Is it because they are twisted? If § « 1
so that the loop height (h) is larger than the scale
height (A), then

Vp=jxB (8)
and so, taking the scalar product with B,
B-Vp=20 (9)

or in other words the plasma pressure (p) is constant
along each field line. If, therefore the pressure (pg) at
the coronal base is uniform, i.e. the same at all foot-
points, then the pressure will be uniform throughout
the arcade (Figure la). Starting with a loop of uni-
form pressure and twisting it up while maintaining a
uniform footpoint pressure just produces a force-free
loop with a strong magnetic core and having the mag-
netic tension force in equilibrium everywhere with the

T higher

(c) P, higher (d)

Figure 1. Magnetic arcades having loops with (a) and (b{
uniform base pressure, (c) enhanced base pressure (po
and (d) enhanced temperature (T')

magnetic pressure force. More generally, if § > 1 so
that h < A, the component of the force balance (1)
along the loop is :

Vp = pyg (10)
and so if the loop temperature is uniform the pressure
p = poe~*/A (11)

falls off exponentially with height (z). Thus, if the
temperature is uniform throughout the arcade, the
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pressure is independent of the structure of the mag-
netic field and therefore of the twist, since the isobars
are simply horizontal (Figure 1b). Our conclusion
therefore 1s that twist cannot by itself create a higher
pressure.

So, why do some loops have a higher pressure. One
possibility is that the pressure (pg) at the coronal
base of that particular loop is enhanced (Figure 1c),
which raises the pressure everywhere along the field
line. Another possibility is that the coronal heating
is enhanced in that particular loop: if the tempera-
ture is higher, then the scale height is longer and so
the pressure decreases more slowly with altitude by
(11); the resulting excess plasma could be provided
by an evaporative upflow from the feet (Figure 1d).
A third possiblity is the effect of dynamics (Peres,
this workshop) if the flow speeds are very large, i.e.
of order the coronal sound speed. It would be use-
ful to test with SOHO which of these possiblities is
at work, but to my mind the second seems the most
likely.

A second question is that, if a region (such as e.g.
an active region) has a higher pressure than its sur-
roundings, then both the plasma pressure gradient

and magnetic presure gradient act outwards, so how

is it contained? The answer I would suggest is that
the magnetic field in a loop with enhanced pressure is
slightly lower than it would otherwise be. In a low-
beta plasma, small variations in magnetic field can
balance large variations in plasma pressure. Thus,
for example, consider a potential field arcade with
a uniform pressure, in equilibrium everywhere under
a balance between a magnetic tension force acting
downwards and a magnetic pressure force acting up-
wards. If you enhance the pressure in one loop of
such an arcade, it simply expands slightly (mainly
outwards) to a new magnetostatic equilibrium. An
example that Longbottom and I have constructed is
shown in Figure 2. The initial potential field lines are
shown by dashed curves and the final magnetostatic
equilibirium by solid curves (Figure 2a). Also shown
(Figure 2b) is the profile of magnetic field strength
with height along the vertical axis of the arcade. The
potential field (solid curve) decreases monotonically.
The magnetostatic field is plotted for § = 0.1 (dot-
ted), B = 0.5 (dashed), # = 1.0 (dash-dotted): in the
loop it declines with height at first more rapidly and
then more slowly than the potential case, even pro-
ducing a minimum and a maximum when £ is large
enough; thus the field lines expand in the loop and
pile up slightly below, producing a magnetic pressure
force to confine the loop both from above and below.

Many groups have constructed linear and nonlinear
force-free models of active regions (see e.g. F. Chiud-
eri, Mikic, at this workshop). A particularly interest-
ing comparison of the nonlinear field computed from
a Mees vector magnetogram with Yohkoh active re-
gion loops has been made by Jiao et al (1997). They
use a relaxation technique with a 90 x 40 x 40 grid
and the normal current and magnetic field specified
on the lower boundary. Figure 3 shows the computed
field lines and the Yohkoh loops with the top line

superposing the potential (left) and force-free (rightg .

field lines on the line of sight magnetic field &top row

and current (second row). The force-free field can be
seen (in the bottom row) to match the Yohkoh loops
much better than the potential field. The main prop-
erty of the brightest loops is found to be that they
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Figure 2. (a) Magnetic structure and (b) magnetic field
as a function of height for a potential arcade and one with
a loop of enhanced pressure

are rooted in strong fields (about 500G at both feet
leading to a summit field of 100 - 250 G). This sug-
gests that the heating is stronger in such loops (see
also Sylvester and Sylvester, this workshop).

3. THEORIES FOR CORONAL HEATING

Coronal heating theories may be divided into three
classes, namely waves, reconnection and turbulence
theories.

3.1. Magnetic Waves

Both Alfvén waves and magnetoacoustic waves are
present in general in a magnetic medium, but mag-
netoacoustic waves are likely to steepen into shocks
low down in the atmosphere or become evanescent in
the chromosphere and so the emphasis has been on
Alfvén waves. Hollweg (1984) recognised that Alfvén
waves tend to be reflected at the transition region,
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Figure 8. A comparison of potential (left) and force-free (right) fields of an active region with Yohkoh loops (Jiao et al,

1997)

but coronal loops may resonate at discrete frequen-
cies
nvy
w=—, 12
oL (12)
with spatial peaks at distances &

2,%,%... along the
o

loop. These correspond to periods of typically
T= lgg seconds (13)

for a loop length of 100 Mm and Alfvén speed 2000
km s~!, say. The resulting transmission coefficient
of waves through into the corona is then enhanced at
these resonances. An important question is therefore:
can we observe the resonances and spatial peaks with
SOHO? If so, it is much more likely for long loops
than small ones, since their resonant frequencies are
lower and therefore in the part of the spectrum where
the photospheric power is high. Possible ways of
overcoming the Alfvén wave reflection have been sug-

ested by Velli (this workshop) and Litvin & Rosner
1997). Alfvén waves may dissipate by two effects,
the first being phase mixing (Heyvaerts & Priest
(1983); Cally (1991); Goossens (1991); Berghmans,
this workshop). In a coronal loop, standing waves
may be set up which phase mix in time, whereas in
a coronal hole propagating waves may phase mix in
height. Furthermore, tearing and Kelvin-Helmholtz
instabilities may enhance the dissipation (Browning
& Priest (1984)). The second effect is resonant ab-
sorption (Goedbloed (1975); Goossens (1991); Davila
(1987)), which will be discussed extensiviely at this
workshop (Berghmans, Erdelyi, Ofman, Belein, Velli,

at this workshop). Here the damping rate tends to
be independent of resistivity as there is mode conver-
ston and energy accumulation at a resonant surface
where the wave frequency matches the Alfvén or cusp
frequency.

3.2. Coronal Heating by Magnetic Reconnection in
Current Sheets

The idea of heating by nanoflares in many small cur-
rent sheets has been developed by Parker (1972) and
is discussed here by Karlicky, Benz, Judge. First
of all, reconnection may occur at null points where
the magnetic field vanishes. It is associated with
a discontinuity in the mapping of the footpoints as
one crosses a separatrix. Slow footpoint motions
can drive reconnection at a null, whereas fast mo-
tions produce waves that accumulate and dissipate
at the null. These processes may occur both in two-
dimensional nulls and in the more generic and quite
different case (Figure 4al.2 of three-dimensional mills
(Priest & Titov (1996); Parnell et al (1995); Craig &
Fabling (1996)).

However, reconnection can also occur in the absence
of nulls (Schindler et al (1988)) at quasi-separatrix
layers Priest & Demoulin (1995). When no null is
present, the mapping of footpoints from one bound-
ary to another is continuous, but it can have steep
enough gradients in thin quasi-separatrix layers that
the magnetic field can slip through the plasma (Fig-
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Figure 4. Reconnection in (a) a 3D null and (b) a quasi-
separatriz layer

ure 4b) and change the magnetic connectivity of
plasma elements - 1.e. it reconnects. Indeed small
flares have been shown to occur at quasi-separatrix
layers (Demoulin et al (1996)).

 In addition, reconnection may also occur at current

sheets that form in response to slow braiding mo-
tions of footpoints (Parker (1972); Van Ballegooijen
(1986); Mikic et al (1990)). Recently, Galsgaard &
Nordlund (1996), Galsgaard et al (1997) have con-
ducted a 3D resistive MHD numerical experiment
with 1363 points on braiding by applying sinusoidal

3D resistive MHD shear velocities with random am- .

plitude, phase and duration at two boundaries of an
initially straight field. The current density in across-
section (Figure 5) shows an initial exponential growth
of current density and later a transition to a dy-
namic state with current sheets continually forming

97

and dissipating and super-Alfvénic jets being accel-
erated. The Poynting flux fluctuates in time (solid
curve of Figure 6a) while the Joule dissipation oc-
curs in a series of bursts (dashed curve, Figure 6a).
The spatial location of the current sheets depends on
the rate of driving (v4) and the mean time (< tg >)
between the random changes in driving relative to
the Alfvén time (t4). For example when the driv-
ing is rapid with < t4 >= t4 and vg = 0.2v4, you
find many small randomly distributed current sheets
(Figure 6b), whereas slow driving with < 4 >= 3t4
and vg = 0.02v,4 produces a small number of current
sheets with large bursty heating events (Figure 6c).

The joule dissipation therefore depends on the rate
of driving. Rapid driving (Figure 7a) produces large
transients near the feet from the formation of the
first current sheet. Later there are many sheets at
random locations and an average over time (Figure
7b) gives peaks at both the feet and summit of a
loop. Slow driving, on the other hand (Figure 7c)
gives two large sheets that change in location and
strength. Enhancements of the sheets can be seen
as waves propagate across the loop in response to
boundary motions. A time-average (Figure 7d) gives
a much smaller heating that is much more uniform
although it still possesses slight peaks at feet and
summit. It will be interesting to see how those results
are changed when large-scale curvature in the loop is
included.

3.3. Coronal Heating by MHD Turbulence

Braiding or waves often leads to a state of MHD tur-
bulence and so the question arises how one can de-
scribe such a state.

Heyvaerts & Priest (1984) were the first to stress the
importance of magnetic helicity in the solar corona.
They suggested that coronal fields evolve through
global force-free fields (V x B = aoB) with the foot-
point connections continually broken and aq deter-
mined from the evoloution of the magnetic helicity.
Conceptually, an arcade may be stressed and energy
built up until it goes unstable to small-scale insta-
bilities of many kinds and so it relaxes and recon-
nects, liberating heat in the process. But this the-
ory was incomplete in the sense that it doesn’t give
the coronal heating in terms of the photospheric mo-
tions alone. So Heyvaerts & Priest (1993), Inverarity
et al (1993) developed a new self-consistent approach
in which they assumed photospheric motions main-
tain the corona in a turbulent state with turbulent
transport coefficients (v* and n*). First of all, they
calculated the global MHD state driven by boundary
motions, which gave the heat flux Fy as a function
of v* and n°. Then they invoked cascade theories
of turbulence to determine the v* and n* that result
from that Fg. This general philosophy was applied
to an arcade, a flux tube and to wave motions. Re-
cent work on turbulent theories by Georgoulis and
Petkaki is reported at this workshop.
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Figure 5. Current density in a braided field (Galsgaard and Nordlund, 1996).

4. THE NEWLY EMERGING PICTURE
ABOUT HOW THE CORONA IS HEATED

But, how is the corona heated? Which parts of the
coronal heating problem have been solved? What is
the new picture that is emerging as a background for
our future SOHO studies? In particular, let me de-
scribe the recent advance in understanding of x-ray
bright points and the implications of Yohkoh obser-
vations for heating of coronal loops.

0.0040
0.0030

0.0020

Energy flux

0.0010

0.0000

-0.0010

Figure 6. (a) Variation of Poynting fluz and Joule dis-
sipation with time. Spatial location of current sheets for
(b) fast driving and (c) slow driving.

4.1. X-ray Bright Points

X-ray bright points occur above opposite-polarity
magnetic fragments, and Harvey (1985) discovered

that about one-third of them are produced by emerg-
ing flux but that two-thirds are associated with the
cancellation of approaching photospheric magnetic
fragments Mason (1991). We therefore proposed a
Converging Flux Model Priest et al (1994) to explain
the majority case of cancelling flux (Figure 8). In
the model, initially the magnetic fragments are con-
nected magnetically and, as they approach, a mag-
petic null forms in the photosphere. Then, as the ap-
proach continues, the null rises into the corona and
magnetic reconnection is driven there, which heats
the bright point and can drive an x-ray jet (Shibata,
this workshop).

We set up a simple model for this process, devel-
oped a numerical experiement and also applied the
model successfully to some specific bright points Par-
nell et al (1995). A remarkable NIXT image revealed
the internal structure of many bright points. For
example, one has the shape of the wings and body
of a mythical Norwegian bird (Figure 9a). Below
this bright point in the photosphere, we found four
magnetic fragments, one large positive fragment sur-
rounded by three smaller negative fragments, giving
a complex magnetic structure (Figure 9b). As the
central fragment moves relative to the other three, it
drives reconnection and transfers flux across the sep-
aratrix surfaces from one lobe to the other. Remark-
ably, the field lines that have just been reconnected
and are therefore hot have the shape of the wings and
body of the bird. Clearly, we can learn many more
details of this basic process of bright points created
by driven reconnection (both converging or emerg-
ing) from SOHO (e.g. Bocchialini, this workshop).

4.2. Yohkoh Observations of Loops

What are the implications of recent observations from
Yohkoh of coronal loops? (Tsuneta (1996); Acton
(1997)). A key result is that coronal loops (both
small and large) appear to be heated by two inde-
pendent mechanisms:

(i? an impulsive time-dependent mechanism, proba-
bly reconnection;

(ii) A background diffusive mechanism that is steady.
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Figure 7. Joule dissipation as (a), (c) a function of po-
sition and time and (b), (d) averaged over time for rapid
(top) and slow (bottom) driving.

The evidence for (i) is as follows. After large erup-
tions (coronal mass ejections) there are large rising
cusps, produced by reconnection (Tsuneta (1992);
Forbes & Acton (1996)). Also, large interconnect-
ing loops are heated by reconnection as two active
regions approach Tsuneta (1996). In addition many
x-ray jets are a signature of reconnection (Shibata
et al 61992) Inside active regions one finds many
transient brightenings QSchimizu et al (1992)). Also
the loop temperatures lie between 2MK and 10MK

(Yoshida & Tsuneta (1996); Kano, this workshop): .

short-hved loops (with lifetimes of a few hours or less)

have high temperatures (6-7MK) and all the highest-
temperature loops are either cusps or are multiple
interacting loops, probably heated transiently by re-

99

Photosphanc magnetic fragment

PRE-INTERACTION PHASE

INTERACTION PHASE

Figure 8. Converging fluz model for an z-ray bright point

connection); longer-lived loops (a day or more) are
cooler (2 - 4 MK % and are heated more steadily and
uniformly.

5. HEATING THE LARGE-SCALE DIFFUSE
CORONA

How is the large-scale diffuse corona heated, which
shows up as a beautiful halo of loops in Yohkoh SXT
images? Is it simply a remnant of the heat liberated
low down in the corona and conducted outwards?
One of the paradigms about coronal heating is the
belief that the overall or summit temperature of a
loop is completely insensitive to the nature of the
heating mechanism. This depressed many theorists,
making them feel it would be impossible to unravel
this secret of the Sun and discouraging them from
comparing with observations. However, we have just
realised that the temperature profile along a loop is
highly sensitive to the nature of the heating. We have
used Yohkoh SXT observations to measure the tem-
perature along a large loop and have compared with
a series of models and have deduced the likely form
of the heating (Priest et al (1997)).

The simple coronal loop models that we have set up
are as follows. Consider the part of the loop above
10% K where the radiation is negligible so that there
is a balance

1

dT
T s A

0Ty =—H(s)  (19)

between conduction and a heating (H) that depends
on distance (% along the loop from a footpoint
(s = 0) where To to the summit (s = L) where
dT/ds = 0. Integrating (14) gives the heat flux

F(s) = —roT?%L ﬁ/'LHAds (15)

ds

and then integrating again gives the temperature pro-

file (T'(s)) as

s 7 L
T = To 1 + / ——'——7/—2(15, / HAdSH
0 2ICQAT0 s’

2/7

(16)
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Figure 9. (a) Part of a full-disc NIXT image. (b) A close up of one of the bright points. (c) The corresponding magnetic

field structure.

Assume now that the cross-sectional area (A) is con-
stant, as is often observed, and consider the effect
of different forms of heating (H). Suppose first that
the heating is uniform along the loop (H(s) = Ho).
Then the heat flux

—F = Ho(L — s) (17)
is a linear function of s decreasing from HoL to zero

and
—Ls— l.sz>

T7/2 = ]/ (1+H—L—22—— (18)

is a quadratic function, where H = 7H0L2/(2n0T07/2)
is a heating parameter, (Figure 10, solid curves). By
contrast, if H is uniform near the base and zero above
it, then near the summit the heat flux is reduced
to zero and the T7/2 profile is flattened (Figure 10,
dashed curves). Again, if H is uniform near the sum-
mit, then at low heights the heat flux is flattened
and T7/? is linear (Figure 10, dotted curves). Simi-
lar conclusions hold if the heating has an exponential
decrease from base or summit.

A Yohkoh full disc image is shown in Figure 11 (top),
with a large-scale diffuse loop on the top right limb.

We have measured the temperature (Tobs) along this
loop and compared with the above models. The most
likely values of the parameters of the models (such
as the magnitude of the heating) were determined by
minimising

Xz — Z (Tobs - {Tmodel)2 ’

2
o

where o; is the rms error in Thps at distance s;. x2/n,
where n is the number of degrees of freedom, then has
expected value 1 if the true model has been identified.
Figure 11 émiddle shows how the observed tempera-
ture rises from 1.4 MK at one footpoint up to about
2.2 MK at the summit and then down to the other
footpoint. A heating that is concentrated within 0.1L
of the feet (top panel) gives a flat profile with a very
poor fit (x?/n = 5.4 and the significance level is less
than 0.1 %). A heating that is localised at the loop
top gives a pointed profile with a fit that is better but
still not good (x?/n = 1.7, significance level 10 %f.
However, a heating that is uniform (bottom panel)
gives a good fit (x?/n, significance level 50 %).

We have therefore been able to make strong deduc-
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Figure 10. (a) Heat fluz (F) and (b) temperature (T') as
functions of distance (s) along a loop from foot (s = 0)
to summit (s = L) for different forms of heating

tions about the form of the heating in a large diffuse
loop. In particular, we have found the heating to
be uniform rather than concentrated either at the
loop feet or at the loop summit. In order to make
the next step and deduce the heating mechanism, we
need to know the forms of heating produced by the
different mechanisms. These have not yet been cal-
culated and so we cannot take such a step with con-
fidence. However, we can deduce that diffuse loops
are heated in situ rather than just being a conduc-
tive response to low-lying heating near the feet or
to reconnection heating at their summits. Alfvén
waves dissipating by phase mixing or resonant ab-
sorption also tend to heat preferentially near loop
summits, where the wave amplitude for the funda-
mental is largest. If a loop broadened substantially

at its summit, braids would tend to accumulate there’

and so give enhanced heating at the summit. How-
ever, loops tend to have rather uniform cross-sections
and so heating by braiding tends to be fairly uniform.
The resulting stochastic or turbulent heating is there-
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Figure 11. Yohkoh SXT image (top). Comparison of
observed temperature along a large diffuse loop (middle
three graphs). Comparison of observed temperature as a
function of height in a large Yohkoh diffuse arcade (bot-
tom two graphs) with models that have a fluz that is (a)
proportional to loop length (dotted), uniform (solid) and
(b) proportional to the square of the magnetic field

We have also measured the temperature as a function
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of height on the axis of the diffuse arcade and com-
pared with models of an arcade of loops one above
another, in each of which the temperature is given by
the above loop models. But, if the heating is constant
in each loop, we need to decide how that constant
varies from one loop to another. Figure 12 shows the
observed temperature profile. When the heating is
uniform throughout the arcade the fit is very poor
with a x?/n of only 5.0. If instead the heat flux at
the base (—Fy = HolL) is constant so that the heat
per unit volume is less for the longer loops, then the
fit is better §X2/n = 1.8). However, if the heat in
each loop scales with the square of the magnetic field
and the arcade is modelled as a potential field with
circular field lines, the fit is excellent (x%/n = 0.5
with a significance level of 94 %).

6. CONCLUSION

First of all, we suggest that the amount of heat re-
quired in different coronal structures be reassessed
and the variation of the turbulent velocity with
height be studied in depth. In addition, it would
be interesting to use SOHO to determine why some
loops have a higher pressure than others.

The fact that the temperature profile along a loop
and in an arcade is highly sensitive to the form of the
heating opens a new door to try and determine the
heating mechanism. In turn this is a stimulus to the-
orists to deduce the form of the heating produced by
their favourite heating mechanism and to observers
to refine their diagnostics and deduce the tempera-
ture profiles with as small an error as possible. This
basic approach, which we have so far applied to large
diffuse loops, can be applied the other types of loops
and coronal structures which may well be heated by
quite different heating mechanisms (Kano, Landi and
Landini, at this workshop).

Finally, of course, there are many observations of
other signatures which are being reported at this
workshop. They include work on: Doppler shifts by
Brekke, Brynildsen, Frevik, Kjeldseth-Moe, Lemaire;
magnetic waves by Erdelyi, Fleck, Ofman; intensity
and velocity variations by Ireland, Walsh, Hansteen,
Wikstol; jets by Shibata, Curdt; and nanoflares by
Judge. It is the complementary power of all these
approaches which is likely to entice the Sun to reveal
the many ways in which the corona is heated.
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