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The energy budget in and out of coronal holes

By R. W. P. McWHIRTER
Astrophysics Research Division, Appleton Laboratory, Abingdon 0X14 3DB, U.K.

Energy is transmitted into, out of and across the solar atmosphere by such physical
processes as radiation, thermal conduction, waves and so forth. Estimates can be
made of the magnitudes of some of these and hence an energy budget drawn up for
different regions of the atmosphere. In particular it appears that the energy require-
ments of coronal hole regions of the solar surface are substantially greater than those
of other regions. The main factor determining this conclusion is an estimate of the
energy required to accelerate the solar wind in regions above coronal holes. Of two
possible mechanisms for the acceleration of the solar wind, namely thermal plasma
pressure and Alfvén waves, it may be shown that the former places even more severe
demands on the energy budget of these regions, whereas the latter is more easily
accommodated.

THE ROYAL
SOCIETY

1. INTRODUCTION

This paper is about the energy budget of the solar atmosphere in the region above the chromo-
sphere out to about 5 solar radii. A distinction is made between coronal hole regions where the
magnetic field lines are open and where the solar wind originates, and the remaining regions
where the field lines are generally closed. The latter will be referred to as coronal cloud regions
(or simply as cloud regions) after their appearance in X-ray photographs of the Sun. Although
the photographs show structure in these regions, there is need for a descriptive term such as
that suggested to distinguish these regions from coronal holes.

It is necessary to be more specific about the boundaries of the hole and cloud regions. These
are illustrated in figure 1. The surface corresponding to the isotherm at 104 K is taken to be a
convenient lower boundary for both regions. The lateral boundaries between the hole and
cloud regions are the magnetic field lines as illustrated in figure 1. For the purposes of this
paper the upper boundary of the hole region of interest will be taken to be at 5 solar radii.
Estimates will be presented for the total energy flux gained and lost across these boundaries.
Values of energy flux will be presented in ergs per square centimetre per second,} where all
fluxes have been projected back along the field lines to the visible solar surface at r = Rg.

In subsequent sections of this paper, account is taken of the following energy loss or gain
mechanisms: thermal conduction, radiation loss, waves, gravitational and kinetic energy and
enthalpy flux. The last three are related only to those cases where there is a flow of matter so
that although they may be important internally they do not constitute an overall energy gain
or loss for cloud regions. It is assumed, as usual, that the energy comes from the convective
zone below the solar surface and that it is transmitted as waves into the upper atmosphere
where it is deposited as heat or as the energy to accelerate the solar wind by their direct action.
Radiation loss is the only energy loss mechanism which can be measured directly. It is import-
ant from the transition zones of both hole and cloud regions. Thermal conduction follows the
field lines and is shown to be negligible across the lower boundaries of both regions. Each of
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these components contributes to the energy budget of hole and cloud regions but it will be
seen that there are significant differences between them. These differences must be accom-
modated within theoretical models for the outer atmosphere of the Sun. The individual energy
loss and gain mechanisms are now dealt with in turn.

coronal
hole

open magnetic
field

Ficure 1. Diagram showing the boundaries between coronal holes and
coronal cloud regions as discussed in the text.

2. THERMAL CONDUCTION

Spitzer (1962) has shown that the heat flux that flows along a temperature gradient d 7//dr
in a fully ionized hydrogen plasma at a temperature 7" is given by the expression

¢ = kTEdT/dr erg cm=2s-1,

This formula is adopted in the present paper, where sufficient accuracy will result if « is put
equal to 10~ in units appropriate to 7" being in kelvins and r in centimetres (see Spitzer 1962).
Spitzer also shows that in the presence of a magnetic field this expression adequately describes
heat conduction along the field lines where the electrons are most effective. The heat conducted
across the field is by the positive ions and is quite negligible by comparison.

In order that a significant heat flux be conducted across the lower boundary of the regions
of atmosphere that are being considered, it would be necessary for there to be an unrealistically
large temperature gradient at r & Rg. The application of Spitzer’s formula gives for example
a gradient of 10 K cm~! for a heat flux of 10° erg cm~2 s=1, which flux will be seen to be some-
what smaller than estimates of other energy fluxes. Realistic estimates of the temperature
gradient give heat conduction fluxes between one-tenth and one-hundredth of this amount.
To the accuracy of the present considerations this may be neglected.

The remaining boundary region, namely the upper boundary of hole regions presents some
difficulty when attempting to give an estimate of the energy conducted across it. This arises
for the following reasons:

(a) the high temperature of the corona allows large heat fluxes to flow for relatively small
gradients;

() relatively little is known about the structure of this part of the atmosphere;

(¢) the electron and ion temperatures are probably different.
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In summary it may be concluded that the conducted heat flux across all the boundaries of
cloud regions is negligible and the only possibly significant thermal conduction across the
hole boundaries is at the upper boundary where it cannot be estimated.

However, within these regions the large temperature difference between the corona and
chromosphere means that thermal conduction is an important mechanism for the internal
transfer of energy. By taking model atmospheres based on emission measure analysis of spectral
lines such as that due to Jordan (1965) or Dupree & Goldberg (1967) an estimate may be made
of the conducted heat flux at each level. Values are found to liein therange 105-10% erg cm~2s1,
Models based on theoretical considerations of the energy balance also lead to the conclusion
that fluxes within this range are necessary to sustain the temperature gradient that must exist
between the chromosphere and corona. There will be further consideration of the influence of
thermal conduction in later sections of this paper.

3. RADIATION

Of all the energy gain or loss mechanisms considered in this paper, radiation loss is the one
that can be measured directly. The most comprehensive full disk measurements are those due
to Heroux et al. (1974) for the range AA50-1220 A, Higgins (1976) for the range AA230-
1220 A and Heroux & Swirbalus (1976) for the range AA11230-1940 A. The difficulty in deriving
a value for the radiated power loss above the 10* K isotherm is in deciding which of the lines
of wavelength longer than about 1000 A to include. Lines arising from neutral atoms are
assumed to originate in the chromosphere, with the possible exception of hydrogen and helium.
Since hydrogen Lyman « is the strongest line in the spectrum, its inclusion makes a large
difference. When included, the total estimated radiated power loss is 7 x 10% erg cm~—25~1, and
when excluded is 3 x 105 erg cm~2 s~1, Since at least some Lyman « radiation is generally taken
to arise from the chromosphere (see, for example, Vernazza et al. 1976) (T < 10*K), the
value appropriate to the regions of atmosphere considered here must lie somewhere in the
range covered by the values given above. It will be noted later that the emission from hole
and cloud regions is the same within about +209%,.

The theoretical calculation of the radiated power loss involves the adding together of the
energy radiated by many individual spectral lines and continuum. A number of authors have
made such a calculation, including Summers & McWhirter (1979), whose results will be used
for the present estimate. The power radiated by unit volume (in cubic centimetres) of a fully
ionized solar plasma in steady-state ionization balance and of density n (= electron density =
proton density) is n2 Ppqerg cm—3s-1, where the quantity Ppq is a function only of the
electron temperature of the plasma. Summers & McWhirter give Pr,q to an estimated accuracy
of a factor of 2. However, it may be noted that to a factor of 2.5 it may be taken as constant
and equal to 2 x 10-22 erg cm~3 s~1 over the temperature range 10* to 2 x 10° K. This result
will be adequate for present purposes. It means that the radiation loss has only a small depen-
dence directly on the temperature. But notice that itis proportional to the square of the density
and that therefore, in conditions of uniform thermal pressure, it is the regions of low temperature
that radiate most efficiently. This has a number of important consequences, among which is
the prediction that it is the lower part of the transition zone that radiates most energy per unit
volume; another is that a radiating plasma has a tendency to be unstable. Thus if the energy

t+ 1A =101m = 10-1nm.


http://rsta.royalsocietypublishing.org/

Y | \

THE ROYAL A
SOCIETY \

PHILOSOPHICAL
TRANSACTIONS
OF

a
R

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

534 R.W.P. McWHIRTER

supply maintaining a body of radiating plasma at a high temperature decreases slightly for
some reason so that its temperature and hence thermal pressure falls, a catastrophic collapse is
likely to follow unless the heating mechanism preferentially selects high density (i.e. low
temperature) regions. Thermal conduction cannot maintain the temperature since the con-
ductivity falls strongly with falling temperature. Conversely, an increase in the amount of
energy deposited increases the temperature, reduces the density and reduces the radiation
loss so that a runaway temperature rise can result. This situation is quite contrary to that of
everyday experience where Stefan’s law ensures that radiation provides an effective stabilizing
thermostat.

However, it is more usual to assume a model having a stable atmosphere in hydrostatic
equilibrium where, as already remarked, it is the cooler, lower part of the transition zone that
is most effective in radiating energy. It is also generally assumed that some, if not all, of this
energy reaches the lower transition zone by thermal conduction, although Pneuman & Kopp
(1978) have recently shown that enthalpy flux associated with down-flow could be an effective
mechanism in circumstances where the down-flow is sufficiently small that it hardly disturbs
hydrostatic equilibrium. This is discussed later.

By writing the equation of energy balance between the thermally conducted flux and the
radiation loss, McWhirter et al. (1975) derived a model for an atmosphere in hydrostatic
equilibrium. They showed that the solution that they obtained could be adequately represented
by the equation T3 T3 = 9.5x 107 (n, T)h,
where T, is the base temperature, (ne7") is the average pressure in units of kelvins per cubic
centimetre in the transition zone and % is the height in centimetres above the surface (where
T =T,).

Since hardly any heat flux can be conducted out of the bottom of the transition zone and
since a static atmosphere is postulated, it is necessary that all of the energy conducted from the
top of this model atmosphere be radiated out. Since the density determines the ability of the
atmosphere to radiate, the average density and hence average pressure must be adequate to
ensure a proper balance.

McWhirter et al. (1975) show that the heat flux ¢ at a great height, %, that can just be
radiated by a transition zone having a pressure {ne7) is adequately represented by the
equation Gin = 3.2 x 1074 (neT)% hs erg cm—2 51
It will be shown later that a similar relation may be derived where enthalpy flux is the domi-
nant mechanism instead of thermal conduction. In each case it is important that there be a
sufficient amount of material in the transition zone to radiate all of the heat energy entering it.
It is possible in the real atmosphere that energy is deposited directly as heat in the transition
zone from waves. This would be an additional source of heat for the atmosphere to lose to
maintain a balance and requires therefore that there be additional material present. The
additional material may add to the thickness of the transition zone or its density or both.

By inserting appropriate values into the equation (it is insensitive to the value chosen for £)
it may be seen that a conducted flux of 3 x 10% erg cm~2 s—1 requires a pressure, {n.7"), of
about 5 x 101 cm—3 K.

Once the temperature and density structure of the atmosphere have been defined, it is
possible to calculate the intensity emitted by selected spectral lines on the basis of available
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atomic data. In this way, Bruner & McWhirter (1979) have calculated the intensity of the
C 1v 2s-2p line by using the same model atmosphere. They show that the observed intensity
of C 1v (about 5 x 1013 photons cm~2 s~!sr—1) corresponds to a total radiated power loss of
about 8 x 105 erg cm~2s~1, In all these calculations of radiated power loss the uncertainty is
about a factor of 2, so that the better agreements between the various values that have been
presented should be regarded as somewhat fortuitous. However, to the quoted accuracy, a
consistent picture emerges between the observations and theoretical predictions.

Spatially resolved observations show that hole and cloud regions cannot be distinguished in
the radiation emitted by their transition zones (to +209%,) (Withbroe 1977). Thus if the tran-
sition zone of a hole region is thicker than of a cloud region (Withbroe 1977), then (a) it must
be of lower mean pressure to give the same spectral output; () it must receive a smaller con-
ducted flux from the corona (since the thermal gradient is less); (¢) it must receive energy by
some other means in order to balance its radiation loss. Possible energy sources for (¢) are the
direct dissipation of wave energy in the transition zone and the enthalpy flux associated with
down-flow. The latter is discussed later in this paper.

4. ENERGY FLUXES ASSOCIATED WITH PLASMA FLOW

Three forms of energy flux associated with the flow of plasma are considered, namely ()
gravitational, (5) kinetic, (¢) enthalpy. Since the hole regions are those associated with the
out-flow of the solar wind, it is to these regions that the analysis will be applied in the first
instance. The model of the atmosphere taken for this analysis is that based on observations
of the white light corona by Munro & Jackson (1977), together with the observation of the
high speed solar wind flux at 1 AU reported by Hundhausen (1977). Munro & Jackson’s
observations gave fairly directly the electron density distribution and the geometrical form of
a polar coronal hole in the range between 2 and 5 solar radii. When taken with the measured
particle flux in the solar wind, and assuming conservation of particle flux, these data yielded
an estimate of the solar wind velocity between 2 and 5 solar radii. With this information, the
energy flux in the three components may be calculated. In the lower part of the atmosphere,
one of the models for the transition zone already discussed may be taken to be valid. Here, the
most important component is the enthalpy flux required to provide for the heating of the out-
flowing atmosphere. This is about one-tenth of the conducted and radiation fluxes. At 2 solar
radii, the energy flux required to overcome gravity becomes greatest and then as 5 solar radii is
approached the kinetic energy flux becomes the largest. The total energy requirement to
provide for the needs of the solar wind is about 7 x 10% erg cm~2 s—1. It should be noted, how-
ever, that the kinetic energy component, which is the largest, depends on the cube of the
measured particle flux at 1 AU, so that quite a small error in this measurement makes a large
difference to the energy needs. Another point to come out of this analysis is that the majority
of the source energy is required to be available to provide the wind with mechanical energy
(gravitational and kinetic) above 2 solar radii. Thus whatever the mechanism of accelerating
the solar wind it requires to be effective over a height range above 2 solar radii and to suffer
relatively little dissipation at lower heights (on the assumption that it originates in the convec-
tive zone below the solar surface).

Since most of the solar wind arises from hole regions and since cloud regions occupy a greater
fraction of the solar surface, the energy flux requirements of the solar wind from cloud regions

45 Vol. 297. A
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are negligible in comparison. Thus it is possible to draw up an energy flux budget comparing
the relative needs of the two regions. This is presented in table 1, and takes account only of
the energy fluxes crossing the boundaries of the regions. It is clear from this table that the
energy requirements of these two regions are quite different, with the hole regions requiring
about twice as much energy as cloud regions. Such a difference must have important impli-
cations for the energy source and its modes of transfer and interaction with the atmosphere.

TABLE 1. THE ENERGY REQUIREMENTS OF CORONAL HOLE AND CORONAL CLOUD REGIONS

energy, energy,
hole regions cloud regions

energy component erg cm—2 5! erg cm—2 st
thermal conduction at lower boundary <10 <103
thermal conduction at upper boundary unknown negligible
radiation loss 3x 105 to 7 x 103 3x 10° to 7 x 10°
enthalpy flux <108 negligible
gravitational and kinetic 7% 108 negligible

5. ACCELERATION OF THE SOLAR WIND

Two physical mechanisms have been suggested for the acceleration of the solar wind. These
are (a) the action of a thermal pressure gradient and (4) the deposition of momentum flux
carried by Alfvén waves. In reality, both probably contribute but one will dominate. In this
section the implications of each being the dominant mechanism will be investigated in turn
by adopting a somewhat simple-minded approach. It is hoped in this way to identify some of
the essential physics without the confusion of secondary considerations. However, there are
dangers in this approach and its value can only be judged by making comparison with the
results of more detailed calculations. For these, reference may be made to the work of Hollweg
(1978), Holzer (1977) and Jaques (1977).

If thermal pressure is the accelerating mechanism, then the pressure balance equation may
be written

GMgmyn/r?+mgmdv/dr+d(20kT) /dr = 0,
where the terms relate respectively to the gravitational force, the inertial reaction to acceler-
ation and the divergence of the thermal pressure; 7" is the average of the electron and positive
ion temperatures; my is the mass of a hydrogen atom and it is assumed that the electron and
proton densities are equal to z; v is the solar wind flow velocity. Both » and v are taken from
the model of the solar wind due to Munro & Jackson (1977) already discussed. Solutions,
which depend on the initial value chosen for 7, are shown in figure 2. If too small values are
chosen for T at r = 2R then negative values of 7 arise. By taking the minimum solution that
does not lead to negative values in the range covered, it is possible to calculate the conducted
thermal flux due to the temperature gradient at r = 2Rg. This turns out to be 2 x 108 erg
cm~2s5-! and is an additional energy requirement of a model that depends on a thermal
pressure gradient to accelerate the solar wind. This acceleration mechanism also appears to
imply a need for temperatures in the outer corona in excess of 3 MK.

The other possibility is that the solar wind is accelerated directly by the action of Alfvén
waves which, because of the decreasing density and magnetic field above 2R g, suffer a gradual
change in propagation velocity and hence deposit momentum in the atmosphere. In their
interaction with the medium through which they propagate it is assumed that the waves
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remain as pure Alfvén waves with equal average energy in their velocity and magnetic compo-
nents and that they are not accompanied by any plasma compression effects. A solution of the
three conservation equations of energy, momentum and mass in an isothermal atmosphere
and with the simplification described has been obtained by McWhirter & Kopp (1979). The
energy balance equation contains the divergences of the fluxes of gravitational energy, kinetic
energy and the work done by Alfvén waves. Radiation and enthalpy flux are shown to be
negligible and thermal conduction is zero since the temperature gradient is taken to be zero.

6

average temperature of
electrons and protons/MK

2 3 4 5
radius, r/Rg

Ficure 2. Coronal temperature profiles required to accelerate the solar wind, corresponding to about 104 protons
cm~2 s-1 at the solar surface (r/Rg = 1) at the base of a coronal hole.

The momentum balance equation contains terms for gravity, thermal pressure, solar wind
inertia and the Alfvén wave momentum flux. The parameters of the particular solution
presented were chosen to give a good fit to Munro & Jackson’s model for a hole region. The
particular values chosen, which are not necessarily unique, are as follows:

proton flux at r = Rg 0.78 x 104 cm~2% s~1;
temperature 0.94 MK ;

magnetic field at r = Rg 9G;+

Alfvén wave energy flux at 7 = Rg 108 erg cm—2 51,

Thus for this acceleration mechanism the only energy requirement is that required to provide
for the mechanical energy of the solar wind. It is also possible to achieve the required acceler-
ation with a relatively modest coronal temperature. As far as the present considerations are
concerned, it clearly presents fewer problems than the mechanism based on therma pressure.

6. ENTHALPY
Pneuman & Kopp (1978) have pointed out that, when associated with a down-flow of
material, enthalpy flux is an effective mechanism of transferring energy from the corona to the
lower transition zone where it can be radiated. They derive a model atmosphere by balancing
the divergence of the enthalpy flux and the radiation loss in an atmosphere in hydrostatic

$1G = 10T,
45-2
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equilibrium. This may also be done in a way analogous to the simpler approximation adopted
by McWhirter et al. (1975), thus:

© T d(mskT) Jdh = n2AR T,
where the radiation power loss function has been approximated by Pq = Az 7% erg cm3s-1,
Suppose constant pressure in the transition zone so that n7 = (#7T) cm~3 K and a particle
down-flow = ¢ = mv cm~2s~1 assumed constant over the full depth of the transition zone.

Then on integrating: TE— T} = Z(aT)? A h/kp.

This may be compared with the expression found by McWhirter et al. on balancing the diver-
gence of the conducted flux and radiation loss and quoted earlier. With appropriate choice of
values for the parameters, the equations become hardly distinguishable. This is the same result
as found by Pneuman & Kopp, who also took account of the varying area factor of the super-
granulation network. The similarity in these solutions means that in order that there should
be a total energy balance between radiation loss and enthalpy flux, the average density of
the transition zone must follow a law closely similar to that found for conduction-radiation
balance, i.e. the mean pressure, {(#7"), must lie in the range 4 x 104 to 1015 cm~3 K, so that
the radiation should correspond with the range of uncertainty of the observed value. The
particle flux that gives an enthalpy flux of 3 x 10% erg cm~25~1 is 4 x 1014 cm~2s~1, This is
similar to the value of 7 x 104 cm~2 s~ found by Pneuman & Kopp to give a model closely
similar to that of Gabriel (1976), which is also based on a balance of thermal conduction and
radiation loss.

A difficulty with Pneuman & Kopp’s model is that they assume that thermal conduction is
negligible. By extending the analysis given above, it may be shown that the condition for
enthalpy flux to exceed thermal conduction is that

6% > k(nTY? Ap/(5K)T,

where « is the coefficient of thermal conduction already defined. Thus if this condition is to
be met by a transition zone that (z) has sufficient density to radiate the observed flux and ()
extends down to 104 K, then the particle flux, ¢, must exceed 1.6 x 1015 cm~2s~1. However,
such a particle flux carries too much enthalpy flux for the atmosphere to radiate. Thus it is
possible to conclude that if enthalpy flux does contribute to the energy balance of the transition
zone, it cannot exceed the conducted flux in that part lying lower than about 10% K. This
requirement is relaxed if the particle flux, ¢, is not constant over the full depth of the transition
zone.

With a model of this kind, where enthalpy flux plays a significant role, the additional
constraint of conservation of matter is important. A down-flow must be balanced by a
corresponding up-flow which in hole regions must in addition provide for the needs of
the solar wind. Pneuman & Kopp suggest that the up-flow is provided by the spicules. Since
they are composed of cool material, there is no significant enthalpy flux associated with them.

7. CONCLUSION
From the considerations discussed in this paper, it is possible to draw the following con-
clusions.
(@) Since the spectral lines from the transition zones of hole and cloud regions have similar
intensities and since they account for most of the radiation, the radiated power losses from the
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two regions are about equal. The simple conclusion to draw is that the transition zones have
the same structure, but it should be noted that a combination of lower average density and
greater depth (smaller d7°/dr) gives the same power loss. However, a smaller thermal gradient
means a smaller conducted flux and hence for the same power loss more energy deposited by
some other mechanism such as direct deposition of wave energy.

(b) The analysis has shown that the energy required to accelerate the solar wind is compar-
able with or greater than the radiated energy. It is concluded from this that the nett primary
wave-energy flux through the top of the chromosphere into hole regions is at least twice that
into c.c. regions. The individual contributions making up the budget are given in table 1.

(¢) It is shown that the energy required to maintain the thermal structure of a model
atmosphere, that is necessary to accelerate the wind by thermal pressure, in the presence
thermal conduction is a large additional component that is not present if the acceleration
is by the divergence of the Alfvén wave momentum flux.

(d) Whatever mechanism of acceleration applies, it is necessary that the energy be trans-
ported to heights above 2 solar radii without significant dissipation in the intervening region.

(e) If a fraction of the heat flux from the corona is carried to the transition zone by enthalpy,
then unless the particle flux varies with height the majority of the heat flux in the region
below about 105 K must be carried by conduction for energy balance with radiation.
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Discussion

D. B. Bearp (Blackett Laboratory, Imperial College, London, U.K.). The best information on the
solar wind between 2 and 10 solar radii from the centre of the Sun comes from observations of
the Thomson scattering of sunlight by electrons comprising the K component of the solar
corona. Interpretations of the solar corona in the interval 2-10 solar radii distant from the
Sun lead directly to a first-hand knowledge of the accelerating force on the solar wind. The
dependence of the force on solar distance suggests that both thermal pressure and momentum
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transfer from Alfvén waves contribute to the acceleration, the relative importance of each being
dependent on solar distance.

The F component due to sunlight scattered by interplanetary dust is independent of solar
activity and constant in time. If due account is taken of the loss due to evaporation near the
Sun, the contribution to the total coronal intensity of the /' component is readily ascertained.
What is left is the X component. The function (K,/p3) exp (K;/p) fits the observations as a
function of elongation, p, precisely when K; and K, are fitted to the observations and/or the
measured electron density near the Earth. This amounts to a single parameter fit to a wide
range of observational data. This particular elongation dependence will be caused by an
electron density of (N,/r?) exp (W/r), where Ny and W are linearly related to K; and K,. This
leads to a velocity dependence of v, exp (—W/r) and an accelerating force per particle of
mv2W /r?. A reasonable temperature profile may be derived which will yield such an acceler-
ating force if, for example, only gravitational and pressure gradients are assumed to act.
Nevertheless a bump in the temperature profile appears at the distance where momentum
transfer from Alfvén waves might be expected.

The two points that seem to me worth emphasizing are that coronal holes are not the only
contribution to the acceleration of the solar wind and that further study and interpretation of
the K component of the solar corona will yield direct information about the accelerating
forces on the solar wind.
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