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The structure and energy balance of solar active regions

By CAROLE JORDAN
The Appleton Laboratory, Astrophysics Research Division, Culham Laboratory,
Abingdon, Oxfordshire

\

The interpretation of the emission measures calculated from e.u.v. and X-ray line
intensities is discussed. A general method for deriving the temperature and density
structure and energy balance in either the quiet Sun or active regions is given. In
particular simple relations are found between the coronal temperature, the pressure in
the chromosphere—corona transition region, F,, the conductive flux at F,;, the
mechanical energy dissipated above Fy and the radiation losses above F,. A range of
models for quiet and active regions is given. The rate of change of the mechanical energy
deposition as a function of height is used to find empirical damping lengths which are
compared with those expected from cither the conduction damping of sound waves or
the viscous damping of Alfvén waves. The wave frequencies and peak amplitude
velocities required to satisfy both the empirical and theoretical damping lengths and
energy deposition rates are discussed.
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1. INTRODUCTION

Over the past few years a wide variety of observations of solar active regions has been made in
the e.u.v. and X-ray regions of the spectrum. The spectra or spectroheliograms obtained and
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their interpretation have been the subject of several reviews (e.g. Noyes 1971; Walker 1975;
Culhane & Acton 1974; Vaiana, Krieger & Timothy 1973; Jordan 1975).
Most of the models made for the structure of the transition region and corona in quiet and

active regions have been derived from the distribution of the emission measure f NZdV which
14

can be calculated from the e.u.v. and X-ray line intensities. It has been usual to combine the
observed distribution of the emission measure with conditions imposed by an assumption of
constant conductive flux through the transition region, and/or an assumption of hydrostatic
equilibrium. In particular Withbroe (1970) found that it was possible to define a quiet Sun
model in terms of three parameters, 7¢, the coronal temperature, F,, the pressure at some 7 in

the transition region, and F; the conductive flux at 7j. Inlater papers Noyes, Withbroe & Kirshner

Y |

(1970), Dupree et al. (1973) found that the integrated emission from active regions could be
accounted for by models defined by the same parameters.

In an earlier paper (Jordan 1975) it was found that by using the observed emission measure,
the equation of hydrostatic equilibrium and thermal conduction equation, models could be
defined by only two of the above parameters and that the assumption of constant conductive
flux was not a priori essential. The analytic relations obtained can be applied to individual
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magnetic flux tubes such as are characteristically observed whenever observations are made with

sufficient spatial resolution, and hence the temperature and density structure can be calculated.

In the present paper the above analysis is applied to a range of models and is extended to

include the energy balance in the quiet Sun and the range of model flux tubes. The mechanical

energy required to be deposited to balance the conductive flux and radiation losses is calculated.

The decrease of this energy as a function of height is used to derive empirical damping lengths
36-2
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392 CAROLE JORDAN

which are compared with those expected from, for example, the conduction damping of sound
waves and the viscous damping of Alfvén waves. The wave frequencies and peak amplitude
velocities that would be implied if either of the above mechanisms was operating are discussed.

2. ANALYSIS OF EMISSION MEASURES

The quantity that can be derived from the absolute intensity of a collisionally excited emission

line is the emission measure f NZdV, where N, is the electron density and V is the volume of
v

atmosphere over which a given line is formed. The derivation of this quantity is now well known
and will not be repeated here. By converting observed fluxes to the equivalent from the whole

disk the emission measure can be expressed as J N2 dh. Assuming a spherically symmetric plane
R

parallel atmosphere the region R can be limited to the temperature range A7 over which a given
line is formed. Thus by observing a wide variety of emission lines formed atdifferent temperatures
the distribution of the emission measure as a function of temperature can be found.

T T T T T T 1T T T T T 1T 1T T T T 171
e 10% —
g
{ 27 .|
= 0
N%v
= 105 —
R
0 -
N Y O I
2 4 100 2 4 106
T,JK

FicURE 1. Average emission measure distribution obtained from Burton ef al. (1971) and
Malinovsky & Heroux (1973).

Athay (1966) noticed that in the quiet Sun data he analysed the gradient of the emission
measure as a function of temperature had, over the temperature range 10°K < 7 < 10K a
value close to that expected if there was constant conductive energy flux back from the corona.
Figure 1 shows a more recent mean emission measure distribution derived by combining observa-
tions by Burton, Jordan, Ridgeley & Wilson (1971) and those by Malinovsky & Heroux (1973).
(The intensity corrections recently suggested by these latter authors (private communication)
will not substantially change the mean curve.)

The following derivation has been previously discussed (Jordan 1975) but for clarity in later
sections it is necessary to repeat it in some detail. The observed distribution of the quiet Sun
emission measure shows that between Te ~ 105K and ~ 108K,

g UMt — ,7Tb
Vg dTe = aTh, (1)

where a and b are constants, and 7, is an average temperature in the range AT, N is the electron
density. The conductive flux equation is

e = kTEdTe/dh 10~7J cm—2s7Y, (2)

where the conductive flux is measured downwards.
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SOLAR ACTIVE REGIONS 393

Defining P = N, T¢, and assuming that Fs and d//d 7 are constant over AT, equations (1) and

(2) give

Fe = g%ﬁ T5ot8, (3)
where 1/d = Aln Te. The temperature interval can be chosen to be the interval over which a
certain fraction of each line is formed, e.g. 70 9, over 1g 7m + 0.15. Since this is the fraction usually
used in deriving the observed emission measures the numerical constants will correspond to
Ty = 1.41T and T, = 0.707y, and in the following formulation 7 = 7m. However, providing
the correct normalization is made to the emission measure distribution smaller intervals can be
used until the approximations P and d/d7e constant over AT become satisfactory. The crude
assumption for d#/d T becomes important only when variations as a function of 7e are related
to variations as a function of height.

From equation (3) it can be seen that conditions for F¢ to be constant are b = § and Feis a
constant. If a ‘constant conductive flux’ approximation is used in making models it should be
realized that the model may not be in hydrostatic equilibrium. Regarding the precise value of 4,
Jordan & Wilson (1971) pointed out that the observed emission measure distribution has a
gradient which is rather higher than 1.5, and in figure 1 the value is b = 2.7. However, the
gradient does depend on the relative element abundances used and also on the assumption of
a uniform plane parallel atmosphere. Observations of the spatial distribution of the e.u.v.
emission, in particular the recent observations from the A.t.m. (Tousey et al. 1973; Reeves et al.
1974) show that about 85 %, of the emission from transition region ions originates from the super-
granulation boundaries, which occupy up to about 37 9, of the total area. However, by coronal
temperatures the emission is essentially uniform. The effect of this variable emitting area on
models derived from the emission measure has been previously discussed by Kopp & Kuperus
(1968), Kopp (1972), and recently by Gabriel (1975, this volume). To allow for the change in
emitting area between 10°K and 108K the emission measure at 105K should be raised by the
appropriate factor, of about 2.3, which reduces 4 to 1.2, much closer to the value of 1.5 used by
Athay (1966) and assumed by later authors.

Avalue of b = 1.5 will be used throughout the following analysis but the principles are general
and other values could be substituted.

The equation of hydrostatic equilibrium can be introduced to give the relation between pres-
sure and temperature as a function of height in either the radial direction or in projection along
a given magnetic field line. For temperatures at which hydrogen is fully ionized and for the solar
gravity this is

dig P 0.86x 10~ (@
dA Te )

Combining equations (1), (2) and (4) gives

Py~ Pt TE- T, (5)

(b+
where F, is the pressure at 7, at the base of the region over which equation (1) holds. For the
quiet Sun Ty & 2x 105K. D = 2x 0.86 x 1074 x d/0.43. A typical value of ‘a’ for the quiet Sun
is 3.3 x 107 (Dupree 1972), and several authors find Py ~ 6 x 10 cm~3 K. From equation (5) it
can be seen that P ~ const. (i.e. within 10 %, of Fy) for Ty < T¢ < 7 x 105K, and over this region
constant conductive flux would be a good assumption.
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394 CAROLE JORDAN

Now the corona is the region of the solar atmosphere where the temperature is approximately
constant. The temperature of this isothermal component, 7¢, can be related to the pressure at 7
and the conductive flux at T, F¢( Fy), as follows. At T¢, eventually P — 0, hence for 7¢c > Ty, from
equation (5)

g _PiL5
T a D2 (6)
kP2
Fi(B) <508 7
and Fo(B) = K228, (8)

Withbroe (1970) found also that models of the quiet atmosphere could be described by the three
parameters 7¢, Py and Fe. However, from equations (6) and (7) it can be seen that this reduces
to a two-parameter description if one of the parameters is F; or a.

The above analysis has been derived from considerations of the quiet solar atmosphere. How-
ever, analyses of OSO-1v and OSO-v1 data by Noyes et al. (1970) and by Dupree ¢t al. (1973) have
shown that the emission measures found for active regions can be explained in terms of models
defined by the same three parameters, Py, Tc and Fe. This suggests that the above formulation —in
particular equation (1) —holds also for active regions. Table 1 shows the conditions derived for
the active regions analysed by Noyes ef al. and Dupree ¢t al. and the values expected treating
T: and a as known and using equations (6) and (7) to derive P and F¢(F,). The parameters a, F
and F, are expressed in terms of their values in the quiet Sun. It can be seen that the agreement
between the two methods is reasonable, considering that the spatial resolution of the observations
was not high and only average conditions are represented. Equations (2), (3) and (5) can now be
used to calculate the variation of F¢, d&/d 7 and P with T; for models specified by F, and a.

TABLE 1. CORONAL TEMPERATURES AND CONDUCTIVE FLUXES DERIVED FROM
BEST FIT TO OBSERVATIONS AND FROM ANALYTICAL EXPRESSIONS

2 Py(A) F(A) To(A) 7,(Q)
aq Py(Q) F(Q) K K
Noyes et al. (1970) 5 5 5 2.5 x 108 2.0 x 108
present paper 4+ 5t 5% 2.9 x 108} 1.5 x 108}
Dupree ¢t al. (1972) 8 7 12 3.2x 108 2.0 x 108
present paper 8t 7t 6% 3.1x108% 1.5 x 108%
1 Input parameters. 1 Derived parameters.

Although the variations as a function of height can be found by numerical procedures an
analytic form can be given for the height, 4, above that at T, A, for Tc < 0.97¢. This is, for

T, < T,
5d

Ry 0 0%
N dh = 5D TcLol—_a—gdﬁ. (9)
The general integral can be plotted and hence (% —#,) is simple to calculate as a function of
0 = To| T (where P2 ~ P2 equation (9) reduces simply to (h—hy)[Te = 5d0%[1D).

The active region emission can be considered as originating from a set of magnetically con-
trolled flux tubes, each with its own P, and 7, with equations (1), (2) and (4) holding for each
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SOLAR ACTIVE REGIONS 395

flux tube. The above formulation assumes that b = § takes into account any increase in the cross-
section area of the flux tube with height. The equation of conductive flux must be modified by
a cos i term, where ¢ is the angle between the vertical and the field direction. For flux tubes of
sufficient height to develop an ‘isothermal’ regime this correction is negligible. For flux tubes
where the maximum observed temperature is lower than 7 the correction is significant only at
Te 2 0.8T an-

3. ENERGY BALANCE

The general equation for the energy balance over each region R of the atmosphere can be
written as

AFm = J Rdiss d}l = Rrad dh_ AFC) (10)
R R

where AFy, = f Raiss dhis the mechanical energy deposited by some damping process, f Rraadh
R R

is the energy lost by radiation and AF. == F¢(T,) — F¢(T;) is the energy input from thermal con-
duction, with 7; > T;. Since the ‘solar wind’ loss is small for the quiet corona and is negligible
for closed flux tubes no term for such a loss will be included.

McWhirter, Thonemann & Wilson (1975) have recently recalculated the radiative power loss
Praq as a function of 7¢. Over the temperature range 105K < 7¢ € 2 x 107K their results can be
approximated by Praa = 6.0 x 1017 751107 J cm 3571, (11)
The radiation loss per unit volume is, for solar abundances and hydrogen fully ionized,

Rra,d = O.SONg Pra,d 10_‘7‘]' th‘s S~1. (12)
In order to calculate f Rraadh, AF; and AFy, the relation for di/d T found from equations (2)
R

and (3), i.e. db/dT = ad T¥| P2, is used. This was derived by using P and di/d T constant over R
but can be used to give mean values at any 7.. Hence through substitution in equation (10)

AFy, = f Raissdh = 4.8 x 10~17ad T“%dT—% 2[T3— T$]10-7Jcm=2s-1, (13)
R AT
Substituting d = 1.4 (for an interval corresponding tolg 7m + 0.15),D = 5.6 x 104,k = 1.0 x 106,
and T, = 1.4T4,, T, = 0.707Ty, as before, gives

AFy, = f Raissdh = 5.1 x 10~17¢ T + 3.1 x 10-107%10-7 J cm—2s1. (14)
R

Note that if b = § then over the temperature range considered the conductive term always
represents a loss, i.e. more energy is conducted out of the layer than is conducted in and hence
dissipation must occur to balance this and the radiation losses. This is not necessarily the situation
for b # § (Kopp 1972, reached a similar conclusion.) Equation (14) can now be used to evaluate
the relative importance of the radiation losses and conduction losses. It can be seen that whereas
the conduction loss depends only on 7 the radiation loss also depends on @, and hence equation
(1) does not imply that the energy balance is the same for all flux tubes but allows a full range of
conditions from the conduction dominated situation to the radiation dominated situation. For the
quiet Sun @ = 3.3 x 10'7 and in equation (14) the conduction term dominates for 7z > 6 x 105K
Thus dissipation occurs not only in the corona to balance conduction but also to a smaller extent
in the transition region to balance radiation and conduction.
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396 CAROLE JORDAN

Now the total energy deposited above Ty, i.e. Fu(F,), can be related to the total radiation loss
above Tj and the conductive flux at 7. Summation over the whole atmosphere above T; gives

Fun(Py) = 1.46 x 10-18( T — T}) +1.6 x 10-10(T% — T'}) (15)
or Fun(Py) = 1.46 x 10-1¢( T2 — T$) + Fo(P,).

Thus not only can F¢(F) be simply related to Fy, a and T¢, but also Fin(F,) can be related to the
same parameters. Thus if two of the three parameters P, a, T¢, including either P, or g, are
known then Fc(Fy), Fin(F,) and the total radiation loss from the plasma at Tz > 7 can be calcu-
lated. The above analysis differs from earlier ones by Shmeleva & Syrovatskii (1973) and Moore
& Fung (1972) in that the dissipated energy is deduced from the observed emission measure
rather than it being assumed that the energy is deposited only at a great height in the atmosphere.

4. MODELS BASED ON OBSERVED CONDITIONS

The expressions for the physical conditions in the quiet corona or in flux tubes have been
derived using the equations of hydrostatic equilibrium, conductive flux, energy balance and the
observed emission measure distribution. In the present section the models calculated from the
analytical relationships will be compared with other observed properties of active regions.

The general picture of an active region that has been developed from a wide variety of observa-
tions can be summarized as follows. At photospheric levels active regions are characterized by
the concentration of magnetic flux, and usually by the presence of sunspots. In the chromosphere,
lines such as those of Ca 11 are enhanced over the whole active region or plage area. This enhance-
ment continues for lines formed at higher temperatures in the transition region and corona
(Noyes 1971), and spatially resolved observations (Krieger, Vaiana & Van Speybroeck 1971),
and the recent A.t.m. observations have shown that extensive systems of loop-shaped structures,
presumably magnetically controlled flux tubes, are associated with the active regions.

Analyses of absolute intensities, particularly in active regions on the limb, have shown that in
general the central parts of active regions, at low heights, are hotter and denser than the more
extensive surrounding material. Observations with sufficient spatial resolution show that the hot
denser central regions are associated with low lying loop structures and the cooler less dense
regions with more extensive loops (see, for example, Boardman & Billings 1969; Mason 1975;
Gabriel & Jordan 1975; Vaiana et al. 1973). One of the characteristic aspects of the loops is that
they appear to be isothermal over a large range of their height - observations in emission lines
formed at different temperatures reveal distinctly different features. Pneuman (1972) has pointed
out that many loop structures will be essentially isothermal due to the high thermal conductivity
and has discussed the energy balance in large loops which have a regime where the temperature
has passed beyond a maximum value.

By using the analytical relations in the preceding sections, it can be seen that the development
of an extensive isothermal component depends on the values of F, and « for a given flux tube.
P, and a determine 7; the maximum temperature which can be reached. However, to reach 7¢
the height of the flux tube must be greater than the height to 6 = 0.90 as given by equation (9).
An extensive isothermal regime will only develop when the height of the loop becomes larger
than the minimum needed for 7 to be reached. Conversely if the maximum temperature in a
loop of known height can be determined then 7¢ can also be calculated. If F, is known then the
remaining parameters, a, Fo(Fy) and Fn(F,) can also be found.
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TABLE 2. EXAMPLE MODEL PARAMETERS

h observed
a P, T, T, F,(Py) F,(Py) JR,..dh  (for loops)
model cm-5 K- cn3 K 108K K Jem=2s7!  Jem%s! Jcm—2s7? 10* km
(1) quiet Sun 3.3 x 1017 5.6 x 1014 2 1.78x 10¢ 6.8 x 102 7.2 % 102 4.3x 1073 —
(2) active region 2.2 x 1019 2.0 x 1016 2 9.3 x 108 1.3x 102 1.8x10 1.7%x 1071 15
(1970 eclipse data)
(3) active region 1.5 x 1020 7.3 x 101 2 1.2x 108 2.5 x 102 1.5 1.4 8.0
(1970 eclipse data)
, (4) active region 1.0 x 102t 2.9x 108 2 1.7 x 108 6.0 x 10-2 1.2x10 1.2x 10 5.0
< ;f]; 1 (1970 eclipse data)
= (b) active region 1.1x 1020 1.6 x 108 2 2.5 x 108 1.6x 101 1.8 1.6 3.0
— (1970 eclipse data) 2.0 x 1087
< (6) active region 2.6x1021  6.0x107 2  1.3x107 9.7 9.6 x 10 8.6x 10 1.5
> s (assumed parameters) 6.0 x 108}
O = (7) active region 4.0 x 1020 2.0 x 1018 2 7.1x%107 6.8 x 102 7.0 x 102 2.5x 10 1.5
e E (assumed parameters) 2:0x 107}
E @) 1 Tpax Observed.
o
=uw
29 TABLE 3. MODELS OF QUIET AND ACTIVE REGIONS
E% model 1. Quiet Sun T, = 1.78 x 108 K
gs 3 g T, P, dT/dn 102F, 10*[R,,dh  —AF, AF, 102F,, ~ (h—hy)
& 5) 0 K 10¥ cm—2 K Kcem—? Jem—2s1 km
2 )
| 5.3 5.60 3.8 x 102 6.8 7.2 1.4%x 10
=3 5.4 5.59 2.2 x 10-2 6.8 3(7) i; % 13‘1 ‘;"g x ig: 7.2 3.1x 10
e 5.5 5.57 1.2x 102 6.7 a3 6.0 % 10-1 0% 108 7.1 7.7x 10
5.6 5.54 6.6 x 103 6.6 3'8 1.2>< 10-3 1'6 % 10-3 7.0 1.7 x 102
5.7 5.49 3.7%x 1073 6.5 4'2 2'2 % 10-3 2.6 % 103 6.8 4.0 x 102
5.8 5.40 2.0 x 10-3 6.3 p 1% 103 6 x 105 6.6 8.9 x 102
5.9 5.23 1.0x 103 5.9 5'3 6.8 % 10-3 7'4 % 10-3 6.1 2.3x 103
6.0 4.91 5.2x 10~ 5.2 e 9 x 103 3% 102 5.5 4.8 10°
6.1 4.28 2.2x 10 4.0 6.7 2'2 % 10-2 2'2 % 10-2 4.0 1.3x 104
6.2 2.85 5.6x 105 1.8 3.6 1.8 % 10-2 1'8 % 10-2 1.8 4.2x 104
6.25 -0 -0 -0 ) ’ ' -0
model 5. Active region, T,,, = 2x 108 K
Ig T, P, dT/dA 10F, 10 (R, dh —AF, 10AF,, F, ~ h—hy
K 10%cm3K Kocm™? Jem—%s71 km
o 5.3 1.58 9.0 102 1.6 N 1.8 6.3
L < 5.4 1.58 5.2 10~ 1.6 oo NP PSR 1.4% 10
— - 5.5 1.57 2.8x 102 1.6 1'1 6.9>< 104 1'1 1.6 3.2x10
< 5.6 1.57 1.6x 1072 1.6 1'2 1‘2>< 10-3 1'3 1.5 7.1%x10
— 5.7 1.56 9.0x 10-3 1.6 i 9.9 % 10-0 i 1.4 1.6 x 102
O = 5.8 1.55 5.0x10-3 1.6 1.6 4'1 % 10-3 1.6 1.2 3.6 x 102
m = 5.9 1.53 2.7%x 1073 1.5 1‘8 6‘8>< 10-3 1.8 1.1 8.8 x 10?
— 6.0 1.50 1.4x 1072 1.5 2'0 1'4 10-2 2'1 0.91 1.9x 103
=, 6.1 1.43 7.5% 10 1.3 >3 o X 10-2 Py 0.70 4.5 10°
O 6.2+ 1.31 3.6x 10 1.0 3 Lo : {01 " 0.44 1.1x 10t
=w 6.3% 1.05 1.3x 10~ -0 ' ' : -0 3.0x10*

t Corrected for curvature.

PHILOSOPHICAL
TRANSACTIONS
OF



http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

398 CAROLE JORDAN

Table 2 gives the values of Fin( Fy), Fo( Fy) and f Rrzq df which result from a range of density and
temperature values. The energies required range from ca. 0.07 J cm—2s~! for the quiet Sun to
ca. 2 J cm=2s~1 for the hottest ‘observed’ loop. The models based on assumed parameters require
energies comparable with those normally associated with solar flares. Five models have been made
to illustrate the range of conditions which result as a function of P, and 7. One is for quiet Sun
conditions, three are for values of £ and 7¢ derived from the analysis by Gabriel & Jordan (1975)
of the 1970 total eclipse data, the fifth is based on assumed values of P, and T to illustrate an
even higher temperature situation. Table 3 gives the parameters which specify models 1 and 5.

6
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Fioure 2. The variation of temperature and pressure with height for five models given in table 2; 1 is for the
quiet Sun; 2, 3 and 5 are for active region loops; 6 is for a hypothetical hot loop. The temperature curves
are given as full lines, the pressure curves as dashed lines.
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Ficure 3. The variation of AF, and J'R,addh as a function of temperature for five of the models given in table 2.
The curves for AF, are given as full lines and the radiative loss curves as dashed lines.
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Figures 2, 3 and 4 show the distributions which result for the variation of density, temperature,
conductive flux, radiative loss and mechanical energy deposition, including the further models,
2, 3 and 6. It can be seen that in the active region loops the deposition of energy is more uniform
as a function of temperature, and that the overall energy balance is primarily between the
radiative losses and the energy deposited. In the hypothetical loops the relative importance of
radiation and conduction depends, of course, on the assumed value of F,.

1P — e e o 1

107 3 ~ ~ i

10° N NG ]

F,and F,[(107J cm~2s71)

:

T
-

10°

no

55 6.0 6.5 70
Ig (T./K)

Ficurg 4. The variation of F,, and F, as a function of temperature for five of the models given in table 2.
F, is plotted as a full line and F,, as a dashed line.

5. THE MECHANICAL ENERGY DEPOSITION

In §3 an analytical relation was given for the dependence of AFy, on a and 7¢. This is the
dependence derived from the observed emission measures and it is of interest to see how well it
can be matched by the dissipation by, for example, damping of () sound waves, and (b) Alfvén
waves. The energy carried by a wave is

E=1pl? (16)
where Vis the peak wave amplitude velocity and p is the density. The energy flux propagated
is then ¢ = EV), (17)
where ¥} is the wave propagation velocity.

If ¢ is related to observed mechanical motions for which I is the r.m.s. velocity then, because
of equipartition between the kinetic and potential components,

VE ~ 172
For sound waves Vo =V = (vPlp)t.
For adiabatic sound waves y = § and for the solar atmosphere

Vi = 1.5 x 104T¢ cms1, (18)
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For Alfvén waves Vo =V, = By[(4mp)3,
where B, is the magnetic field strength in gauss (10=¢T). Hence
V, = 2.0x 10148, Pyt TEcms1, (19)

McWhirter ef al. (1975) give a convenient form for the conduction damping of sound waves,
which they show is more important for the solar transition region and corona than is viscous
damping. The damping length is
Ls = 96.3F T5%(2nw)?, (20)
where o is the frequency of the wave. (o = 27/t where 7 is the wave period.)
Adam (1974) gives a convenient form (derived from Kahalas 1960) for the damping length

for the viscous damping of Alfvén waves which reduces to
L, = 2.9x10%(B}|w?) Pt T;2. (21)

For the range of conditions in the transition region and inner corona L, and L are greater than
the thickness of the layers considered and the energy dissipated can be given as

Raiss ~ ¢/L (22)

As Te— T, L &~ Ak and equation (22) becomes only approximate. Thus the energy deposited
by either sound or Alfvén waves is

AFm(sound) = f Ry qiss A = 4.0 10-2 f V22 TEdh (23)
R R
AF(Alfvén) = f Ryares A = 7.0 10-39 f V2(w?|B3) P, TEdh. (24)
R R

These expressions can now be compared with equations (13) and (14) for the ‘observed’
distribution of AFy.

McWhirter ef al. (1975) have made a model of the quiet solar atmosphere by deriving a density
and temperature distribution as a function of height which is consistent with the energy balance
between the conduction damping of sound waves, radiative losses and thermal conduction.
However, this model gives an emission measure distribution which is significantly different from
that observed. If the values of V' and w by McWhirter et al. are substituted in equation (23) then
the difference between this expression and that required to fit the ‘observed’ AFy, becomes clear.

These values are
V2=2(V2)=2V2 and o = 0.02 = const.

Hence from equation (23),
AFy(sound) = 7.2 x 10-19 f T2 dh, (25)
R

which can be compared with
AFy = 4.8% 10—17f P2(1/T3)dh+3.1 x 10-10T%, (26)
R
where the expression for d7/d4 which fits the observed emission measure has been used in

deriving the second (conduction) term. If this expression, i.e. d2/d T = ad T} P52, is used in both
equations (25) and (26), to give

AFp(sound) = 9.45 x 10~19%dP;2 T
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and AFy = 5.1x10"Vq T} + 3.1 x 10-107%

it can be seen that with F ~ constant the temperature dependence for the conduction damping
of sound waves with V' = 4/2Vsand w a constant cannot fit the form of AFy, required by the observed
emission measure. Moreover the absolute value of AFpy as calculated from equation (23) for the
quiet Sun parameters given in § 4 is at least an order of magnitude too small.

Table 4 gives the values of the wave period (7 = 2n/w) that are obtained using the ‘observed’
damping lengths and assuming that the dissipation is (¢) conduction damping of sound waves
(Ly = Ls) and (b) viscous damping of Alfvén waves (L, = L,). For the quiet Sun it can be seen
that the wave periods are much shorter than 3005 in the transition region, and that for B, = 1 G
(10-4¢T) there is little difference between the two sets of results. The peak amplitude velocity is
almost constant at ca. 30-50kms—1, i.e. (V%) ~ 20-35kms~1, close to the observed values of
ca. 26-40kms—! (see later in this section). If L, is used directly without assuming a damping
mechanism, but with (@) V;, = Vs, and then (b) I}, = V,, it can be seen that the resulting peak ampli-
tude velocities are very similar to those obtained using L, or Ls. For the quiet Sun it can be
concluded that V' ~ 30-50km s, that either conduction damping of sound waves and/or viscous

TABLE 4. EMPIRICAL DAMPING LENGTHS, WAVE FREQUENCY AND PEAK AMPLITUDE
VELOCITIES FOR MODELS 1 AND 5

model 1. Quiet Sun, 7" = 1.78 x 1068 K

if Ly = L, and using L, using L,
ifL, = L, B =1G (10 T) directly and directly and
—r — V="V V,=V,B=1G observed
Ig T L, T 14 T |4 14 |4 (V2 (~0.717))
X 10% km S km s—! s kms? km s—1 km s km s—1
g'z 0.26 16 28 19 38 33 40 26
: 0.45 2 33 34 43 38 45
5.6 0.63 39 33 48 43 38 45
5.7 1.0 62 36 80 48 42 50
g'g 1.3 88 36 15 48 42 50 mean 25-40
o 2.0 141 43 181 56 49 58
o 2.0 183 38 215 48 43 50
o 3.2 302 43 320 50 46 53 o
6 a5 5.4 556 44 449 40 44 47 >
model 5. T,,,, = 2x 108 K
using L,
ifLy, =L, and using L, directly and
L, = L, B,=1G directly and Vv, =V,
—— A V;, = Vs Bo =1G
g T L, T v T v v v
K km s  kms! s km s—1 km s-1 km st
g'z 1.6x10° 077 24 12 75 32 98
: 3.0x10° 1.3 25 20 75 34 105
5.5 57x100 2.2 25 35 75 34 105
5.6 1.0x 105 3.6 25 59 75 34 105
g'g 2.4x10° 6.7 27 107 83 37 122
' 3.8 x 107 11 28 181 86 36 111
5.9 6.0 x 103 18 26 283 179 35 107
g'(l’ 1.1% 10 32 27 486 81 36 109
o3 1.7 % 10 50 25 732 74 34 101
o 1.9 % 101 73 23 954 67 31 89
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damping of Alfvén waves could be operating, but that the period of the waves damped in the
transition region needs to be 18s rather than 300s as observed from chromospheric intensity
variations. For the damping and propagation of Alfvén waves the velocities are proportional to
By, and for By > 10~ T the resulting velocities are smaller than the observed values of (V2)*.

For active regions the results for the sound velocity case can be regarded as limiting values
since in the flux tubes the waves will amost certainly have a magnetic component. For conduction
damping of acoustic waves the periods would have to be extremely short —for model 5, less than
1s at 7Tz = 2 x 10°K. For viscous damping of Alfvén waves and B, ~ 10~4'T, the periods are
similar to those in the quiet Sun case at 7Te ~ 2 x 105K but become very long, ca. 1000s, at
2 x 108K. For B, = 10~*T, the velocities just become supersonic at the low end of the temperature
range. Further work is needed to establish the likelihood of waves with 7 S 1 existing at
Te ~ 2x 105K, but it should be noted that these short periods are close to the relaxation times
for various plasma processes. The very short periods obtained may independently rule out the
process of conduction damping of acoustic waves. The periods and velocities for models 2 and 4
are similar or intermediate to those given in table 4.

Similar results are obtained for the velocities if the ‘observed’ damping lengths are used
directly without involving a damping mechanism. For the quiet Sun the values of V'x 0.71 are
close to the observed values of (VZ)#, whether the propagation velocity is taken as the sound
velocity or the Alfvén velocity (and By = 10~4T). For higher fields the velocities become lower
than those observed. For a wave travelling at V, a field of By = 10~*T gives supersonic velocities
for Vat 2 x 105K, but only small fields are required to reduce these to below the sound velocity.
Other types of waves will have velocities given by I, = (V3 + V)3, so the cases discussed can be
used to give limiting values of V.

It is difficult to deduce other than limits to the magnetic field in the transition region at
T. ~ 105K. For the quiet corona the average field is usually considered to be about 10-4T. If
the field is scaled by the area factor corresponding to the supergranulation boundaries a field of
about 3 x 104T at 7c = 2 x 105K would be expected. If the field originates from small areas
within the boundaries then this is only a lower limit. For the active region loop systems analysed
by Gabriel & Jordan (1975) the minimum fields required to at least balance the gas pressure are
about 2-5 x 10~¢T (for models 2-5 respectively at £ = 3 x 10*km). The change in cross-section
area of the loops at lower heights is not yet determined and hence the scaling factor for the field
at Te = 2 x 10°K is not known.

The observed values for the non-thermal velocities in the temperature region ~ 105to 2 x 106K,
given in table 4, have been taken from the following sources. Boland ef al. (1975) find
(V2 t = 26km/s at Tp = 105K (=~ 0.56V;). Similar values for ions formed around 7; = 105 —
2 x 105K have been observed by Brueckner & Moe (1973). These authors also measured the
width of the Fe x11 forbidden line formed at 7 = 1.7 x 108 K, and found the line width fitted the
normal thermal velocity without any additional non-thermal component. Billings (1966) has
also shown in the inner corona where visible region observations are made any non-thermal
component to the line width has to be very much less than the thermal component. Feldman
& Behring (1974) have obtained widths for e.u.v. lines from ions of O, Mg, Si and S formed in
the transition region and inner corona and find velocities in the range 24-40km/s. Their most
reliable measurements for lines of Fe x and Fe x1 give (V2)} = 34km/s. The lines of Her, for
which 7;, 2 105K, give rather higher values of (V2 )} ~ 50km/s. Overall the observations suggest
that (V2 )% continues at about 30km/s before finally decreasing in the corona.
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6. CONGCLUSIONS

The observed emission measure distribution in quiet and active regions suggests that a general
relationship between the emission measure and temperature may be applicable to regions where
solar wind losses can be neglected. This general relation can be used together with the equation
of hydrostatic equilibrium and the equation of conductive flux to derive simple relations between
the following quantities: F, the electron pressure in the transition region at 7y; 7, the tempera-
ture of the corona or isothermal component of a flux tube; Fin( F,), the energy conducted back
at Tj, and the total radiation loss above 7. These relations simplify the calculation of models
of both quiet and active regions as a function of chosen parameters. Such models show that the
observed properties of flux tubes can be fitted with a range of relative values of the radiative loss
term and the conductive flux term.

For the quiet Sun the energy conducted back at 7o ~ 2 x 105K is balanced by the energy dissi-
pation at close to coronal temperatures as assumed by many authors. However, in the present
analysis, which uses a 3/2 power law for the emission measure distribution, some dissipation is
needed in the transition region to balance the radiative losses and conductive flux losses which are
comparable in magnitude.

In the active region loops the dissipation becomes relatively more important in the transition
region and has to balance radiative losses which are substantially larger than the conductive
flux losses.

The rate of decrease of the energy Fi, with height can be used to derive empirical damping
lengths. These can be combined with, for example, the theoretical damping lengths for conduc-
tion damping of acoustic waves or for the viscous damping of Alfvén waves, to derive the wave
frequency. The energy equation then allows V to be calculated also. For the quiet Sun it is not
possible to rule out either damping mechanism on the basis of the velocities derived since they
are close to observed values. However, the period of the wave damped would have to vary
between 16s at Te = 2x 10°K and 5505 in the corona. In the active region loops, however,
conduction damping of acoustic waves seems unlikely in view of the extremely short periods < 1
required. Alternatively the empirical damping lengths can be combined with the energy equation
to deduce the peak amplitude velocity, V, for acoustic type waves, or the product V,/B for
Alfvén type waves, without involving a particular damping mechanism.

For the quiet Sun this approach makes very little difference to the resulting velocities. For the
active region loops, however, the velocities become supersonic at 7o = 2x 108K if I = V.
However, only small fields (ca. 2 x 10-¢T) are required to give subsonic values of V.

The analysis discussed above should at least provide simple methods by which the overall
energy balance in an active region at 7c > 2 x 105K can be studied. Clearly observations with
sufficient spatial resolution to resolve sets of loop systems will continue to be required. Further
work on the structure of the regions between T, &~ 10*and 2 x 105K is required to link the energy
balance to the chromospheric levels. It would, however, be interesting to correlate photospheric
field measurements as a function of position in an active region with deduced values of Fy(F,).

It is a pleasure to acknowledge useful discussions with J. Adam and R. G. Evans.
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