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Abstract. The main differences between a coronal hole and quiet coronal regions are explained by a reduc-
tion of the thermal conduction coefficient by transverse components of the magnetic field in the transition
region of quiet coronal regions.

Calculations of minimum flux coronae show that if the flux of energy heating the corona is maintained
constant while the thermal conductivity in the transition region is reduced, the coronal temperature, the
pressure in the transition region and the corona, and the temperature gradient in the transition region
allincrease. At the same time the intensities of lines emitted from the transition region are almost unchanged.
Thus all the main spectroscopically observed differences between coronal holes and quiet coronal regions
are explained.

The flux of energy heating the corona in both coronal holes and quiet coronal regions is 3.0 x 10°
ergcm” 2s™ L

The energy lost from coronal holes by the high speed streams in the solar wind is not sufficient to explain
the difference in the coronal temperature in coronal holes and quiet coronal regions. The most likely
explanation of the high velocity streams in the solar wind associated with coronal holes is that of Durney
and Hundhausen.

1. Introduction

Coronal holes are regions where the emission of coronal lines is much lower than from
quiet coronal regions. This difference is most striking in the X-ray region, but it is
also strong in extreme ultraviolet lines like Mg X and Si 1. On the other hand, the
intensities of lines formed in the transition region below 800000 K differ little between
quiet coronal regions and coronal holes.

Munroe and Withbroe (1972) have analysed the observations of a large coronal
hole taken in the spectral range of 300 to 1400 A with O8O-4. From these observa-
tions they have derived the temperature and pressure distribution with height in both
coronal holes and quiet coronal regions. They specify these distributions in terms of
three parameters: (1) the pressure in the transition region, with the pressure distribu-
tion with height determined from the assumption of hydrostatic equilibrium, (2) the
temperature gradient in the transition region specified by a constant conductive flux
where the coefficient K of thermal conduction is assumed to vary as Ko T>'* where T
is the temperature and Kois 1.1 x 10" ®ergcm ™' s~ ! deg~7/2; and (3) the temperature
of the corona which is assumed to be isothermal.

In this way they concluded that the pressure at the transition region in a coronal
hole is 3 times less than in a quiet coronal region, that the temperature gradient in the
transition region is 9 times lower and that the coronal temperature is some 600000 K
lower.

These and other results have been discussed by Withbroe and Gurman (1973).
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Most recently observations from Skylab have confirmed the lower temperature
gradient in coronal holes (Huber et al., 1975).

Munroe and Withbroe (1972) assume that the thermal conduction coefficient K|,
in the transition region is the same in quiet coronal regions and coronal holes.
Consequently they deduce from the different temperature gradients that the conduc-
tive flux in the transition region is 9 times lower in coronal holes than in quiet coronal
regions. This would imply that much less energy is deposited at the bottom of the
transition region of coronal holes, but the observed differences of the chromosphere
in coronal holes and quiet coronal regions are not very great and this seems incon-
sistent with such a large difference in the conductive flux.

The present paper suggests that the flux heating the corona in coronal holes and in
quiet coronal regions is about the same, but that the higher coronal temperature in a
quiet coronal region results from a reduction of the thermal conduction coefficient
in the transition region because the magnetic field lies at an angle to the radial direc-
tion. Such an explanation is consistent with investigations of the magnetic field which
show that in coronal holes the magnetic field is approximately radial and weak,-and
that over other large areas of the solar surface the magnetic field has a closed loop
configuration (Altschuler et al., 1972; Krieger et al., 1973; Timothy et al., 1975).

Calculations of minimum flux coronae from an earlier paper (Hearn, 1975) have
been modified to allow the effect of a reduction in the thermal conduction coefficient
in the transition region of a hydrostatic corona to be studied. These calculations in
the present paper show if the total flux of energy heating the corona remains the same,
a reduction in the thermal conduction coefficient in the transition region not only
increases the temperature of the corona, but also increases the pressure and the
temperature gradient in the transition region. At the same time the intensities of lines
emitted by the transition region are almost unchanged.

Thus the mechanism of changes in the thermal conduction coefficient in the transi-
tion region explains all the main differences between coronal holes and quiet coronal
regions deduced from observations of X-ray and ultraviolet line intensities.

Noci (1973) and Pneuman (1973) have suggested that the coronal temperature in a
coronal hole is lower because of the energy drained from the corona by the increased
solar wind, and coronal holes have been shown to be the source of high velocity
streams in the solar wind. However the calculations of minimum flux coronae show
that the energy lost in this way is not sufficient to explain the observed reduction of
the coronal temperature in coronal holes.

2. The Theory of Minimum Flux Coronae

In an earlier paper (Hearn, 1975), the energy losses from a corona by thermal conduc-
tion down the transition region, by radiation and by mass loss have been estimated for
a corona specified by its base pressure p, and its average temperature T, for a star of
given mass and radius. These calculations show that for a corona with a given base
pressure there is an average temperature of the corona for which the energy losses are
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a minimum. These minimum flux coronae give a monotonic relation between the
properties of the corona and the flux of energy needed to heat it. Only if the corona
lies on this locus of minimum flux coronae at such a pressure that the energy losses
balance the energy input is the corona stable against perturbations in the average
temperature.

These earlier calculations of minimum flux coronae show that for the Sun the energy
loss through mass loss is not important in the overall energy balance of the solar
corona and that the energy loss is dominated by thermal conduction towards the
photosphere and by radiation. For such a hydrostatic corona, the expression for the
minimum flux coronae is particularly simple.

The energy lost from the corona through thermal conduction towards the photo-
sphere is calculated assuming that all the energy conducted away from the corona
is radiated away by the material in the transition region. The derivation assumes also
that no mechanical energy is dissipated in the transition region and that conduction
of heat from the corona is the only source of energy in the transition region.

In the earlier paper it was assumed that the radiated energy coefficient J, was con-
stant in the transition region. A better estimate for Jg is 6 x 10717/T erg cm? s~ !
which was also used for estimating the energy loss directly from the corona by radia-
tion.

With this new value for J,, and with the thermal conduction coefficient K, retained
explicitly in the expression, the temperature gradient in the transition region is

dT  5.61x 107 p,

E=Wdeg cm™ !, (1)

where T is the temperature in the transition region at a distance r, p, is the pressure
in the transition region and K, the thermal conduction coefficient, is equal to K 7T>/2.
The flux of energy conducted away from the corona is then

F,=5.61 x10’K}/?p,T* ergcm ™2 s~ 1 2

b2

where T, is the average temperature of the corona. F, is expressed as a flux of energy
measured at the base of the corona.

The energy lost directly from the corona by radiation is also conveniently expressed
as a flux F of energy measured at the base of the corona. For an isothermal corona in
hydrostatic equilibrium, where the pressure scale height is small compared with the
radius of the Sun (Hearn, 1975),

6.50 x 10?2 p
o g To

erg cm~2s71, (3)
where the radiated energy coefficient J,, is again assumed to be 6 x 10717/T erg cm?
s~ and g is the acceleration due to gravity.
The minimum flux coronae are defined by the equation
OF _ OF, 6F _o. @)
0T GTO 0T,
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With Equations (2) and (3), Equation (4) gives the relationship between the coronal
temperature T and the base pressure py,

125 x 107 p§/®

0= 2/9 4/9
K, 9/

deg. (5)

The total flux F of energy heating the corona, equal to F.+ Fg, may then be expressed
in terms of the base pressure of the corona or of the coronal temperature :
4/9..10/9

K
F=3.75x 109%erg cm %s™1

or (6)
F=681x10"°KogT3?ergecm 2s™ L

For the minimum flux coronae derived in this section and defined by Equations
(6), it turns out that the conductive flux F, is always a fixed fraction 0.89 of the total
flux F heating the corona.

Equations (6) show how the base pressurc of the corona and the coronal tempera-
ture depend on the total flux F heating the corona and the thermal conduction coef-
ficient K. The corona is thus completely specified by any two of these four parameters.
The temperature gradient at a temperature T in the transition region is then deter-
mined from Equation (1) for a corona specified by the base pressure p, and the thermal
conduction coefficient K. In particular Equations (1) and (6) show how the proper-
ties of the corona depend on the thermal conduction coefficient K, in the transition
region.

Finally the effect of changing the thermal conduction coefficient on the intensity of
lines emitted from the transition region is required.

The intensity I of a line emitted by the transition region is proportional to the
square of the electron density and the volume emitting that line. Since a line is emitted
over the same temperature range, the volume emitting the line is inversely propor-
tional to the temperature gradient. With Equation (1) for the temperature gradient,
the line intensity

I~} T poK}? )
since T for a given line is constant.

With the first Equation (6) this may be written as

[~FO9KS 1, (8)

It is this small dependence of the transition region line intensities on the thermal
conduction coefficient K, that enables the pressure and temperature of the corona to
be increased by reducing K, without making at the same time significant changes to
the intensities of lines emitted by the transition region. Equation (8) also shows that
the intensities of the lines emitted by the transition region depend mainly on the total
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flux of energy heating the corona. This is a consequence of the assumption that the
energy conducted down from the corona is radiated away by the transition region.

Equations (6) show that if the total flux F of energy heating the corona is maintained
constant, both the pressure p, and the temperature T, are proportional to K, */°.
This means that as the thermal conduction coefficient K is reduced by the effect of an
inclined magnetic field, the pressure at the base of the corona and the coronal tempera-
ture increase linearly with each other. This result may be seen directly from the
definition of the coefficient of thermal conduction and Equation (3) for the energy lost
from the corona by radiation. If the conductive flux is maintained constant in the
transition region and the coefficient of thermal conduction is reduced, the tempera-
ture gradient will be increased and this will reduce the volume in the transition region
emitting radiation. Since the transition region cannot now radiate all the conductive
flux, the pressure in the transition region rises until it does so. The increase in the
pressure in the transition region and in the corona increases the energy radiated by the
corona. Equation (3) shows that to restore the energy radiated by the corona to its
original level the coronal temperature must then increase proportionally with the
pressure.

3. Comparison with the Observations

Figure 1 shows the results discussed by Withbroe and Gurman (1973). The coronal
temperature and transition region pressure obtained from the three parameter

IogTO ! ! ' ' K l
6-3+ 4
62 N
61 - :

0]
60 - a 1
1 l | | | |
14.5 14-6 14.7 14.8 14.9 15-0

log(pg /2k)

Fig. 1. The coronal temperature is plotted logarithmically against the pressure. The circles are the results

of Munro and Withbroe (1972) and the squares are the results of Withbroe and Wang (1972). The con-

tinuous line has a slope of unity which is predicted in Section 2 for coronae heated by the same flux of
energy but with different thermal conduction coefficients.
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fit to the observations are plotted logarithmically against each other. The circles are
the results of Munro and Withbroe (1972) obtained from observations across a cor-
onal hole. The right hand circle is from a typical quiet region outside the coronal hole
and the left hand circle is from the centre of the coronal hole. The other circles are
from either side of the coronal hole, near the boundary between the hole and the
surrounding area. The squares are the results of Withbroe and Wang (1972) for a
coronal hole observed near the solar pole and the surrounding area.

The continuous line has a slope of unity which is the relationship predicted in the
previous section for coronae heated by the same flux of energy having different thermal
conduction coefficients.

Clearly the two points at the lowest pressure which represent the centre of a coronal
hole do not fit the line. The most likely explanation is that the pressure has been under-
estimated in the interpretation of the two observations. If the energy conducted down
from the corona is radiated away by the transition region then the intensities of the
lines from the transition region give no direct information about the pressure. The
pressure must be determined from the intensities of coronal lines after the coronal
temperature has been determined from the ratios of coronal line intensities. The
intensities of the lines from the transition region then give the conductive flux. Since
the coronal lines are so weak in coronal holes the determination of the pressure is
difficult. It seems therefore that the discrepancy of the two points in Figure 1 can be
explained by a small positive error in the coronal temperature determination leading
to a much larger negative error in the pressure.

The Skylab observations (Huber et al., 1975) show that the intensity of the lines
from the transition region are 25 to 309, lower in the coronal holes than in the quiet
regions. Since these line intensities are proportional to the conductive flux, there must
be a small reduction in the total flux heating coronal holes. This is not sufficient though
to explain the discrepancy of the two points in Figure 1.

The conductive flux calculated by Munro and Withbroe (1972) and Withbroe and
Wang (1972) is really a measure of the temperature gradient in the transition region
since they assume a conduction coeflicient K equal to 1.1x107° T>?ergem™ 57"
deg™'. Their conductive flux is therefore 1.1x107°T*>*(dT/dr). This quantity
may be calculated from Equation (1) and Equation (6) for the minimum flux coronae
obtained by varying the thermal conduction coefficient K, when the total flux of energy
heating the corona is maintained constant, and it is proportional to pg'*.

Figure 2 shows 1.1 x 107°T**(dT/dr) derived from the observations plotted
logarithmically against the pressure. The continuous line has a slope of Z predicted
from the minimum flux coronae derived in Section 2. The agreement between the
theory and the observations is excellent, but this just represents the result that the
intensities of the lines from the transition region are determined by the conductive
flux, which is all radiated away by the gas in the transition region.

Equation (7) shows that the temperature gradient deduced from a given observed
line intensity from the transition region by Munro and Withbroe (1972) and Withbroe
and Wang (1972) is proportional to the square of the pressure p, deduced for the
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Fig.2. Thequantity1.1 x 10‘6T5/2(dT/dr)isplottedlogarithmicallyagainstthebasepressureofthecorona.
The circles are the results of Munro and Withbroe (1972) and the squares are the results of Withbroe and
Wang (1972). These authors denote this quantity as the conductive flux. The continuous line has a slope of
% which is predicted in Section 3 for coronae heated by the same flux of energy but with different
thermal conduction coefficients.

transition region. Thus if the pressure is wrong, the temperature gradient will be in
error proportional to p§/*. The error in the pressure therefore will move the point
in Figure 2 almost parallel to the theoretical curve with a slope of 3. This explains
how a point can lie away from the theoretical curve in Figure 1 and yet be ir good
agreement with the theory in Figure 2.

If one assumes from Figure 1 that the conditions in a coronal hole are defined by
log (po/2k) of 14.7 and that under these conditions the thermal conduction coefficient
K, is not modified by the magnetic field and equals 1.1 x 10 ¢ ergcm ™! s~ ! deg ~7/3,
then Equation (6) shows that the total flux heating the coronae represented by the

line drawn in Figure 1is 3.0x 10° ergcm ™2 s~ 1.
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This means also that the base coronal pressure in a coronal hole is barely a factor of
2 less than in a quiet coronal region. Since the temperature gradient in the transition
region is proportional to p3/#, the temperature gradient in a coronal hole is about 5
times less than in a quiet coronal region.

Measurements made with Skylab (Huber et al., 1975) suggest a factor 6 between
these gradients.

Equation (6) shows that the pressure in the corona depends on Kg %/3 if the flux F
1s constant. A factor 2 increase in the pressure requires then a reduction by a factor of
5.5 in the thermal conduction coefficient K. If the magnetic field lies at an angle ¢
to the radial direction and thermal conduction transverse to the magnetic field is
negligible, then the thermal conductivity is modified by a factor cos® ¢ (Hundhausen,
1972, p. 68). The difference between a coronal hole and a quiet coronal region can
therefore be explained by a magnetic field that is radial in coronal holes and at an
angle of 65° to the radial direction in quiet coronal regions. This seems quite consist-
ent with interpretations of the magnetic field (Altschuler et al., 1972; Krieger et al.,
1973; Timothy et al., 1975).

4. Coronal Holes and the Solar Wind

Krieger et al. (1973) and Neupert and Pizzo (1974) have compared X-ray observa-
tions of the Sun and satellite measurements of the solar wind at the Earth’s orbit and
concluded that coronal holes are the source of the high velocity streams in the solar
wind. Satellite observations of these high velocity streams have been reviewed by
Hundhausen (1972, p. 122). For example, measurements of Vela 3 show the wind
speed increasing from 335km s~ ! up to 500 km s~!, while the density increased
initially by a factor of 3, but then was followed by unusually low densities for the main
period of the observed high speed stream.

Noci (1973) and Pneuman (1973) have suggested that the coronal temperature in
coronal holes is lower because of the extra energy drained from the corona by the
solar wind. The mass loss from the Sun by an average solar wind of 1.4 x 10™** M
yr~ ! corresponds to an energy flux at the photosphere of only 10%, of the conductive
flux deduced from the interpretation of coronal holes in the present paper. The observ-
ations of high velocity streams suggest that the energy loss from coronal holes may
be from 2 to 5 times greater than from the average solar wind. The calculations
of minimum flux coronae show that the coronal temperature increases only as
F?/5 (Equation (6)). So that even if the energy loss by the solar wind from coronal
holes was 10 times greater than for the average corona and hence comparable with the
conductive flux the coronal temperature would only be reduced by a factor of 2%/°
or by only 30%. Consequently it appears that the observed energy losses in the high
speed streams of the solar wind are not sufficient to explain the low coronal tempera-
ture of coronal holes.

The calculations of minimum flux coronae in the earlier paper (Hearn, 1975)
show that the base pressure of the corona and the coronal temperature are not
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independent parameters. Each is completely specified by the flux of energy heating
the corona. Similarly in the minimum flux coronae discussed in the present paper,
each is completely specified by the flux of energy heating the corona and the thermal
conduction coefficient K. For these coronae Equations (6) show that if the flux heat-
ing the corona is changed, the change in the base pressure is much more rapid than
the change in the coronal temperature.

Thus calculations which treat the base pressure and coronal temperature as
independent variables can give results that are completely artificial. A calculation
which studies a change in the energy balance of the corona keeping the base pressure
of the corona constant will thus seriously overestimate the effect of the change on the
coronal temperature.

The most likely explanation of the high velocity streams seems to be that put for-
ward by Durney and Hundhausen (1974). They point out that a reduction in the
density at the bottom of a conductively maintained solar wind gives an increased
expansion speed throughout interplanetary space, although their calculations have
not removed the long standing discrepancy between the observed properties of the
solar wind at the Earth’s orbit and the theory.

5. Conclusions

Previously, the difference in the coronal temperature of coronal holes and quiet cor-
onal regions has been explained by processes which reduce the temperature of the
quiet coronal region to that observed in a coronal hole. In the present paper it is
suggested that the coronal temperature of quiet coronal regions is higher than in
coronal holes because the thermal conduction coefficient in the transition region of a
quiet coronal region is reduced by transverse components of the magnetic field.

Calculations of the minimum flux coronae show that if the total energy heating
the corona is kept constant and the thermal conductivity in the transition region is
reduced, then the temperature of the corona, the pressure of the transition region and
the corona and the temperature gradient in the transition region all increase. At the
same time the intensities of the lines emitted by the transition region are barely
altered. Thus all the main differences between coronal holes and quiet coronal regions
deduced from X-ray and ultraviolet measurements can be explained by this mech-
anism of changes in the thermal conductivity in the transition region.

The calculations of minimum flux coronae show also that the energy lost from
coronal holes through high speed streams in the solar wind is not sufficient to explain
the observed differences between the coronal temperatures in coronal holes and
quiet coronal regions. The most likely explanation of the high speed streams in the
solar wind is the suggestion by Durney and Hundhausen (1974) that a reduction in
the density at the bottom of a conductivity maintained solar wind will increase the
velocity of expansion in interplanetary space.

Coronal holes and qulet coronal regions can both be explained by a flux of energy
of 3.0x 10° erg cm™2 s~ ! heating the corona of which 2.7x10° erg cm™2 s~ ! is
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removed by thermal conduction down the transition region towards the photo-
sphere.

A reduction by a factor of 5.5 in the thermal conduction coefficient is required to
turn a coronal hole into a quiet coronal region.
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