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Abstract. A theoretical model of flare which explains observed quantities in Ho, EUV, soft X-ray and
flare-associated solar wind is presented. It is assumed that large mass observed in the soft X-ray flare
and the solar wind comes from the chromosphere by the process like evaporation while flare is in
progress. From mass and pressure balance in the chromosphere and the corona, the high temperature
in the soft X-ray flare is shown to be attained by the larger mass loss to the solar wind compared with
the mass remained in the corona, in accord with observations. The total energy of 1032 erg, the electron
density of 10135 cm~3 in Ha flare, the temperature of the X-ray flare of 107-3K and the time to attain
maximum Ha brightness (600 s) are derived consistent with observations. It is shown that the top
height of the Ha flare is located about 1000 km lower than that of the active chromosphere because
of evaporation. So-called limb flares are assigned to either post-flare loops, surges or rising prominences.

The observed small thickness of the Ha flare is interpreted by free streaming and/or heat conduction.
Applications are suggested to explain the maximum temperature of a coronal condensation and the
formation of quiescent prominences.

1. Introduction

The purpose of this paper is to present a theoretical model of the solar flare based on
particle evaporation from the chromosphere and to predict various observed quantities
obtained in He flare, EUV emissions, soft X-ray and the flare associated solar wind.
No theory seems to have been presented to explain the mutual relationships among
these observations. Theories thus far have concerned mostly with time scale, total
energy and accelerations of high energy particles and yet basic difficulties exist.
For example Alfvén and Carlqvist (1967) and Takakura (1971) assumed closed
magnetic tubes connecting between the opposite polarities. These cannot explain
how 10°2 ergs, mainly in the form of 10*® protons to the solar wind, can escape from
the corona. Nor how rising prominences, often observed before the flare starts, can
pass through the closed tubes. It is essential to have an open field when the flare is
occurring. Though the Petschek model (1964) could explain the time scale, the total
energy seems not to have been successfully explained. Nor the relationships among
various observed parameters have been investigated.

Here we assume the magnetic configuration of a neutral sheet type, as advocated by
Petschek (1964), Sturrock (1968), Syrovatsky (1966), and Bruzek (1969). Our model is
phenomenological in the sense that we are mainly concerned with relationships among
various observed quantities (Section 4).

2. Working Hypotheses

Our theory is based on the following working hypotheses:
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(1) Limb flares do not exist if surges, rising prominences and post-flare loops are
excluded. We examined published papers as listed by Tandberg-Hanssen (1967) and
found that many ‘limb flares’ can in fact be identified as either one of the above-
mentioned phenomena if enough data such as Ha pictures and/or time history are
given. Statistical studies on disk flares have shown that the top height of Hu flare is
about 5000 to 10000 km higher than that of the chromosphere (Smith and Smith,
1963). But there is good reason to believe that brighter parts of post-flare loop
prominence systems (hereafter called LPS) and/or surges erroneously raised the
average height of flare. It is concluded from case studies and statistical studies that
there is at present no reason to believe that disk flares are elevated beyond the normal
Ho chromosphere. On the contrary we suppose that the top height of Ha flares is
lowered compared with that of the normal chromosphere and that there is no limb
flare if surges, rising prominences and LPS are excluded. Hereafter the chromospheric
flare on the disk is called He flare.

(2) Basic form of Ho flare is a two ribbon flare which runs on both sides of and parallel
to the magnetic neutral line. Ho pictures taken at Mitaka (Moriyama, 1971) were used
to check this hypothesis. Out of fourteen flares ten are identified as two ribbon flares,
the remaining four are not clearly identified because of bad seeing or small area.
Since a magnetic map was not available, neutral line could be identified with Ha
fibrils, threads, filamants and/or remnants of filaments. We also studied 43 flares of
importance 2 or more using Ho movies obtained at the Sacramento Peak Observatory
(33 flares from July 1961 to October 1965) and the Lockheed Solar Observatory
(10 flares from September 1959 to June 1962). 30 flares show clear two-ribbon type,
5 are possible two ribbons and 8 are indeterminate because movies do not include
later phase or flares are too complicated. There are flares with several two ribbons or
knots. Most of the Ha pictures taken under good seeing show that these two ribbons
are situated in the active bright region where Ha dark horizontal structures such as
fibrils and threads are absent. This would mean that the magnetic field is not horizon-
tal but may extend directly to the corona.

(3) Particles observed in the corona and the solar wind are evaporated from the
chromosphere during the flare. The content of the often quoted total energy of 10°Z ergs
in big flares is that protons of 107-*K are ejected as the flare-associated solar wind
disturbance. Total numbers of protons are estimated to be ~10*°-* (Hundhausen et
al., 1970). Since these are not obtained for the largest flares, they may be even higher.
Total numbers of protons in a permanent coronal condensation may be around 1038
when the number density of 10° cm™3 and the total volume of 10%° cm? are used
(Newkirk, 1967). Surrounding normal corona has much lower density so that both of
them can not be responsible for the total number of 10%°-3, It is also well known that
sporadic coronal condensations (hereafter called soft X-ray flare) show larger mass
by about one order of magnitude (Newkirk, 1967). Recent soft X-ray observations
confirmed this (Milkey et al., 1971, and Horan, 1971). But these are based on the
emission measure (n>V). If there are density fluctuations, the total number is over-
estimated. Direct information can be obtained from the continuous spectra in the



THEORETICAL MODEL OF FLARES AND PROMINENCES, 1 325

corona in the visible wavelength region, which is due to the electron scattering.
The flare of November 20, 1960 (Zirin, 1964) shows that 10%° electrons and protons
are present at the temperature higher than 4 x 10°K. A flare of December 18, 1956
(Zirin, 1959) shows also 7 x 10>? electrons. Ho loops (LPS) often seen beyond the disk
show mass flow from the corona (Bruzek, 1964). Rough estimate of mass gives
10%° ~10*° particles (Kleczek, 1964), but this may be an overestimate because he
assumed that the electron number density is 1012 cm ™3 throughout. Our spectroscopic
observations of LPS (Hirayama, 1972) showed that this density was the highest.
Summarizing, a large amount of particles seems to come from the chromosphere
when a flare is in progress and total numbers of particles ejected to the solar wind is
approximately by one order of magnitude larger than those to the corona.

(4) Rising prominences and|or fast expanding coronal arches are possible candidates
of the trigger of flares. About half of the major flares are known to be associated with
pre-existing dark filaments on the neutral line and preceded by their sudden dis-
appearances (Smith and Ramsey, 1964). Ascending motion detected by Doppler shift
is found to occur some 20 min prior to the start of the flare. A similar conclusion was
obtained by inspecting Ho movies obtained at the Sacramento Peak Observatory.
Out of 16 flares with pre-existing dark filaments on the neutral line as judged from
Ho pictures, 10 erupted, 5 remained and 1 was indeterminate. When prominences
do not rise or do not exist, fast expanding coronal arches observed in the green coronal
line (Bruzek and Demastus, 1970) could be the substitute. Future studies of spectro-
heliograms of, say, Mg x obtained in space observations would be very interesting if
prominence-like features seen in Mg x in the magnetic neutral line are found and rise
prior to flares.

3. Overall Picture of the Model

Figure 1 shows the time history of the present model. Differences from the Bruzek’s
model (1969) are mass flow from the chromosphere to the solar wind and lowered top
height of the Ho flare. Figure 1a shows the pre-flare stage where a prominence of 10*K
or a fast expanding coronal arch of 106K lies on the neutral line. When for example
the gradient of magnetic field increases, the field encircling the prominence is increased
and this means that electric currents running parallel to the long axis of prominence
increase. Due to the kink instability the currents start to bend and the prominence
begins to rise (Hirayama, 1974). This occurs 20~ 30 min prior to the start of the flare
(Smith and Ramsey, 1964), the initial rising velocity being small, <10 kms™' A
magnetic cavity will appear just after the prominence. And collapse will take place
from both sides. After the collapse the heat flow which is generated at and near the
reconnecting point X, presumably by Joule dissipation, goes down to the chromosphere
and it makes the top of the chromosphere brighten and evaporate (Figure 1b).
Figure 1b" shows a side view of 1b.

The larger numbers of particles thus evaporated would escape passing through
X point where the heat flow is still being generated. After a pair of magnetic lines of
force reconnects, particles can no longer escape from a magnetic loop which bridges
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the He two ribbons. This is observed as the soft X-ray flare with a temperature of
107-3K. The observed temperature of the Hu flare are found to be 8000K £ T, <
<10000K (Svestka, 1972). The pressure balance is held between the soft X-ray flare
(nT=10°2 x 107-*) and the Ha flare (1,7, = 103> x 10*). The top height of chromo-
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Fig. 1. Time history of the flare. Thin lines denote magnetic lines of force. Note that Ha flare is
lowered by 1000 km compared with the top height of the initial active chromosphere because of
evaporation to the corona and the solar wind (mass flow).
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sphere is now by 1000 km lower than pre-flare active region because of evaporation
and just above this comes the corona with very thin transition regions in between.

When the prominence rises further, X point goes higher and heat flows further apart
from the neutral line. Hence expansions fo Ha two ribbons are observed. In the lower
central region cooling from 107K to 10*K proceeds earlier, presumably because
density is higher (radiation cooling), length of loop is shorter (conductive cooling),
or cooling of any process has begun earlier. LPS is then seen first in soft X-rays,
next Fe xtv 5303 A and Ha. Because of small scale height for Tx~10*K, particles
cannot float and flow down through both legs of loops. Later LPS are seen higher up
to 10'° cm (Bruzek, 1964) and widths of both of the two ribbons become narrower
(Figure lc).

Most of the recovering mass would come slowly from the lower chromosphere
because only the small portion of mass remained in the soft X-ray flare region. It is
to be noted that the evaporating process would not be seen in Ha since evaporating
gas will be already too hot.

Jefferies and Orrall (1965) interpreted the extended wing of Ho observed at the LPS
of February 19, 1962 as caused by super-thermal particles which they considered
responsible for the formation of LPS. It is also possible to interpret their observed
profile of Ha by the Stark effect only if n,<5x 10>, They neglected the sign of
inequality. Other observations of typical LPS (Hirayama, 1972) show clear-cut Stark
broadenings for all the Balmer lines. Hence LPS can be considered as a manifestation
of simple cooling process without compression.

In front of the prominence a shock wave may be generated and this might be the
cause either of type-II or moving type-IV burst.

4. Evaporating Flare Model

We now consider a column of unit area with length H anchored at the base of the
chromosphere. This length H is not pressure scale height but is determined by magnetic
configuration. Magnetic line of force is assumed to be parallel to this column. The top
of this column is at the X point in Figure 1b. Pressure balance between the top of
chromosphere (Ha flare) and the base of the corona (soft X-ray flare) can be written as

nl =n,T,, N
and
Ho = oo exp {(2000 km — z)/H,}. )

Subscript 0 denotes the value at the top of the flaring chromosphere. z is the height
from the photosphere, where z=0 is taken at optical depth of unity at 5000 A.
Hgo 1s the number density of hydrogen at the height of z=2000 km from the photo-
sphere. H,, is the scale height of total density of the chromosphere, taken to be 200 km
(Noyes and Kalkofen, 1970, and Figure 2). The temperature of the He flare is taken
to be T, = 10*K throughout this paper. Since there must be a region of 10*K between
the lower chromosphere and the transition region, this value is not considered to be
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Fig. 2. A schematic model of flare (F), active region (A4) and normal region (N) against the height

from the photosphere. Top height of Ha flare (filled circles) is lowered compared with that of active

chromosphere (open circles) by the amount required from the pressure difference, which in turn is due
to heating and to evaporation by heating.
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a variable parameter. At the very top of the chromosphere the contribution of neutral
hydrogen to the pressure is neglected.
Mass balance between the chromosphere and the corona can be described as
d (nH) dz

= — —_ 3
dz V”Odt 3

y is the ratio of numbers of protons remained in the soft X-ray flare to those of all
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the evaporated protons from the chromosphere. This equation states that particle loss
or evaporation of chromospheric protons increases the total numbers of protons, nH,
in the corona by an amount of —ynydz/ds. The portion, —(1—y) n,dz/d¢, goes to
solar wind through the top of the column where, at the same time, energy is being
released presumably by Joule dissipation. When the energy release is in progress,
the top height of the chromosphere in the flaring region, z, decreases. Since the
maximum depression is below 1000 km, H (>10* km) is assumed not to be in-
fluenced by the change of z, but it can vary through the change of the top height X
presumably due to magnetic compression. Upon integrating (3) by using (1), (2) and
P=2nkT, we get
ToH({)  P@)

yHo P (1) +aP(0)

T (1) = (C)]

where o= {T H (0)/yH,T (0)} —1. Here we assumed constant y. 7'(0) and H (0)
denote initial values in the corona. If «>0, T (¢) increases when P (¢) is increased and
vice versa. Taking T (0)=2x 105K for the active region from line widths (Billings,
1966), we can expect temperature increase if 5x 10°y < H (0). Since observed value
of y is ~0.1 or so, we can expect temperature increase with increasing gas pressure
when H (0)>4000 km. If the transition region is included in (1) and (3), main feature
will not be changed since pressure balance still holds and since the mass in the
transition region is considered to be small (see Section 5).

We consider hereafter bigger flares of importance 3 or 4. H=H (¢) is assumed to be
constant and is taken to be 5x 10° cm from the height of sporadic coronal condensa-
tions and LPS (Newkirk, 1967, and Bruzek, 1964). In bigger flares pressure in the soft
X-ray flare region becomes so large that we can approximate

T = .
yH,

)

The meaning of Equation (5) is as follows: when y=1, namely in case of no escape
of particles to the solar wind, maximum temperature is given by ToH/H,. This holds
irrespective of the form and the amount of input energy to the corona. When the
energy is deposited in the corona and the corona becomes hotter, particles in the top
of the chromosphere become hot due to increased heat conduction and/or direct
bombardment of coronal particles and evaporate to the corona to the point where
pressure balance is held at the corona-chromosphere boundary. Therefore temperature
of the corona cannot rise indefinitely because of pressure balance and n~n, in the
limiting case as in (5). After maximum temperature is attained, the input energy is
used only to increase the number of particles in the corona. In the present case the
maximum temperature is 7=2.5x 10°K. We propose that the temperature of a
permanent coronal condensation within a closed magnetic field (y=1) is controlled
by the above limiting value. This is in good agreement with observations (Newkirk,
1967, and Noyes, 1971). This conclusion will be valid only when stationary state is
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established. It may be valid even if magnetic pressure is much higher than gas pressure
because pressure balance was considered parallel to the magnetic lines of force.

One might argue that evaporation would not occur and the chromosphere would be
compressed in order to maintain pressure balance due to high temperature in the
corona. But this may not be the case: First if the appreciable amount of mass would
not evaporate, high density in the soft X-ray flare and large mass to the solar wind
would not be observed. Another argument can be given in favour of evaporation
hypothesis. If the chromosphere (<10*K) is compressed without evaporation, the
scale height of density of the compressed portion of the chromosphere becomes much
larger than H . In order to maintain large density scale height it is necessary to assume
large turbulent velocity. This is against observations which indicate 6 km s ™! or less
(Dinh and Hirayama, 1974). If y<1, namely an open magnetic field, the maximum
temperature can be larger than 2.5 x 10°K by a factor of 1/y.

What can we expect for flares, using only mass balance and pressure balance, (1) and
(5)? We assume T=2x 10" K (for example see Milkey et al., 1971) and n,=3 x 10'3,
which is the observed electron (=proton) number density in larger Ha flares (Svestka,
1972). Then we obtain y=0.125 and n=1.5x10'° cm~3. These values are in good
agreement with observations; observed value of averaged n is given by Newkirk
(1967) and Zirin (1959 and 1964). In this example an He flare is located at the top of
the chromosphere which is now by 1000 km lower than the initial height of the top of
the active chromosphere: (nT),1ive = 5 (HT )guicee = 10'°-* (Noyes, 1971). Figure 2 shows
a schematic model. The chromospheric model is due to Noyes and Kalkofen (1970).
We note here that the use of the approximate formula (5) is justified since P~nT >
> a(1o0T o )actives Where o is 11.5.

If we take the total area of Ho flare to be S=3 x 10!° cm? we obtain following
quantities :

The total energy to solar wind:

3nkTHS (1 —
v, = PRTHSC=9) 45 10%2 erg,

w

Y
total number of protons to solar wind:
HS (1 —
N, = S (L=9) 46y
Y

total energy in the corona: U=23nkTHS=1.9x10* erg,

total number of protons in the corona: N=nHS=2.3x10%%,

emission measure in the soft X-rays: EMX =#2HS=3.4 x 10*?,

These values are again in very good agreement with observations: solar wind
(Hundhausen et al., 1970) and corona (Newkirk, 1967; Milkey et al., 1971; Hudson
and Ohki, 1972; and Horan, 1971). It may first seem curious that we have successfully
predicted even the total energy only from 7, n,, H and S. But it will become apparent
in the following discussion that electron density in the Ho flare (n,), is closely related
to the magnetic field strength. There are indications that the maximum of total
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emission measure in soft X-rays, EMX, is preceded by the peak coronal temperature
(Horan, 1971, and Milkey et al., 1971). In our model, total number of particles nHS
and accordingly EMX would increase until He flare area becomes maximum. But at
the outer edges of two ribbons pressure ih the corona would not become so large that
it would be necessary to use Equation (4) instead of (5). Therefore average temperature
would start decreasing while emission measure is still increasing.

Exact formula for y would be complicated but if we denote the duration of energy
release as 7, y is given as a ratio of time required for particles to escape from the
column of height H to 7. After 7 is elapse:td, we assume that the magnetic line of force
will be reconnected with another one on the other side of neutral sheet and particle
escape becomes impossible |

_Hpv

T

2, | (6)

where v,= \/ (3kT/mm,) is the mean velocity of protons. Using above values we obtain
7=615s. This is in turn considered to be the rise time of Hu intensity in a fixed position
of a flare. According to Smith and Smith (1963) the observed rise time of Ha intensity
is approximately the same as the time from the onset to the Hx area maximum and it is
from 300 to 600s and in some cases up to 1000s in larger flares.

Now we add two equations: energy equation and definition of 7. We assume that
available total magnetic energy HSB?/87 is mostly converted into the energy in the
solar wind and the soft X-ray flare, 3nkaS/ y, with an efficiency factor n(<1).

32 3nkT
87t Y

™)

For simplicity we neglect here the radlated energy from the Hu flare, which is presum-
ably the second largest outgoing energy (<10*! erg). v might be taken as Joule
dissipation time. But since the mechamsm of the energy conversion is not known,
we adopt that 7 is the same as the durauon from the onset of a flare to the time of
the area maximum in accordance with the observation as stated above. As shown in
Section 2, at least half of major flares are preceded by the rising prominence which is
situated along the neutral line at the onset. Then the duration of energy release in
a flare as a whole would approximately béT given by the height of the soft X-ray flare,
H, devided by the mean rising velocity of | brominence The mean rising velocity is, in
turn, given by the Alfvén velocity (=100 km s 1) of inside the prominence if the theory
due to the kink instability is adopted (leayama 1974). Even apart from this specific
theory, this value is not only consistent w;th observed velocities but also Waldmeier
(1939) reported that rising prominence 1'n3l the active region (larger magnetic field) is
faster than in the quiet region. Now Alfvén velocity inside the rising prominence
in the neutral sheet, v,, would be related to that outside the sheet, Mv,. Hence

H
My,

(®)

T =
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Here M is another parameter and v, is the Alfvén velocity in the soft X-ray flare region.
This expression is formally identical to that given in the Petschek model (1964) where
M <0.1. Using previous values and adopting B=500 G, we get #=0.1 and M=0.01
from Equations (7) and (8). Since v, becomes 8.9 x 108 cm s~ !, Mv,~100 km s~ 1.
This value is exactly the one we would like to have for the velocity of rising prominence.
If one adopts the Petschek theory, this value of M is also consistent with this theory.
We solve Equations (1) and (5)-(8) in terms of B, H, # and M.
y=1¢¢ 3
L gl
c1H,
2
L
24nkT,

¢y

— 1/3B2 9
Akt ™ ®)

2 1/2
7= ¢iH, 6—1/6]_]1/2

g

2= 2000 km — H, In -%°
Ry

where E=M?/n and ¢, =(3/4n)"/3, R being gas constant. Apparently if we assume
H=5%10° cm, B=500 G, n=0.1 and M =0.01, we get the values of y, T, etc. exactly
the same as those already obtained and these were all in good accordance with
observations. These equations are only pertinent to a flare as a whole, but if P and H
are considered to be time-dependent, time history of T, # and n,, for each column can
be guessed when proper modifications due to Equation (4) are made. Here we assumed
that M and n are universal constants for all the flare. Even if they are not constant,
EL/3 or £Y6 term shows that we could safely neglect dependence of these upon B, H or
other unknown parameters. # cannot be smaller than 0.001 because this requires
original magnetic energy of more than 103 erg. n may be between 0.1 and0.01.
Also M cannot be changed by more than one order of magnitude. Therefore predicted
values of vy, T, etc. do not change much for allowed # and M. Observations show that
T ranges only from 0.8 to 4x 107K. This seems reasonable because H could not
possibly be changed beyond a factor of ten (1-10 x 10° cm) and T is not related to B
which would vary much among various flares. Smith and Smith (1963) report that
rising time to the maximum area of Ha flare does not change very much from flare to
flare (5-10 min). This is again consistent with \/H dependency.

Very long rise time of 30~100 min in flare-like plages (Bruzek, 1957) can be predicted
from our theory: t= H/(v,y)~ H/\JT~{H (P (z) + P (0) a)/P (v)}'/*> gives right
order of magnitude if P (7) is not very much higher than P (0) « in Equation (4).

Interesting point is n,~B?* Larger n, produces larger central intensity in Ha
(Jefferies, 1957) and wider wing of Hu due to the Stark broadening. Since bigger flares
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may generally be related to stronger magnetic fields, our theory predicts that bigger
flares or flare knots in a strong magnetic field show larger intensity and/or wider wing
in Ha or Ca* K. Bumba and Howard (1965) in fact reported that the Ca* K bright-
enings in smaller flares occur only in the K network (strong B), while they occur even
inside the network in larger flares.

We can also test our theory with the EUV observations of flares obtained with the
0OSO0 6 satellite (Wood and Noyes, 1972). Since they treated only smaller flares,
Equation (4) may be utilized instead of Equation (5), but some qualitative argument
can be made by using Equations (9). Heat flux to the chromosphere is given by

2

B
F=y¢—Hjt.
8n

Fis found to be 10'° ergs cm™2 s~ 1, which is 2000 times larger than the conduction
flux in the active region (Dupree, 1972). Gas pressure i8 150 times larger. Observation
shows that active regions and flares near and after maximum phase are supposed
to be governed by conduction in 10°-10°K temperature region (Wood and Noyes,
1972). In this case the intensity of EUV lines (/YY) is proportional to (n7T")*/F, which
can be converted into
2
"V ~ B— (10)
T
This is, qualitatively, exactly what Wood et al. (1972) gave in their Figure 2 for IFVY — ¢
relations though rise time was for EUV. We can also predict that I*"Y is stronger
when He intensity, reported in terms of b, n and £, is stronger (large B). This is again
the observed fact (their Table IV).
We calculate the apparent expansion velocity of separating two Ha ribbons, as-
suming that width of one of two ribbons is given by Dz\/ S/4 in accordance with ob-
servations

V., =S4t =22kms 1. (1)
P

Direct observations give 10-60 km s~ (Ogir, 1967).

If we adopt B=1500 G, with the same values of #, M and H as before, we get
n=14x10", n,=3x10'* and 4z=1400 km and others are not changed. The total
energy to the solar wind becomes 1.2 x 10°? erg. In this case n, would not be the
proton density but the total hydrogen density and a fraction of n, would be observed
as the electron density through the Stark broadening,

Finally we predict some qualitative relations like Equation (10) derived from Equa-
tions (9). These should be tested by already existing data and/or future observations.

ny ~ B2,
n o ~nylt,
EMX ~ n3S/t?, (12)
U, ~ Uy ~nyt*Ss,
v, ~ velocity of solar wind near the Sun ~ .
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All the values are observable. For example n, can either be obtianed directly from
spectral observations of Ha flares or qualitative estimations of n, could be given from
central intensity and/or width of Hu line. Larger U, is believed to be related with
longer 7 as in the case of driven wave and smaller U,, with shorter 7 as in the blast
wave (Hundhausen and Gentry, 1969, and Hundhausen et al., 1970). Larger Ho
brightness and hence larger n,, and larger importance, S, are reported to be connected
with larger EMX (Drake, 1971).

In concluding this section it is to be emphasized that the essential point in our whole
argument stems from Equations (1), (2) and (3).

5. Small Geometrical Thickness of Ha Flares

Spectroscopic analyses of flares show that the geometrical thickness of emitting
Balmer lines is quite small, 10-100 km, (Suemoto and Hiei, 1959, and Svestka, 1972).
In accordance with the previous section we assume that the region emitting Balmer
lines is a single thin sheet covering on the top of the lowered evaporating chromo-
sphere. This sheet may not necessarily be even as shown in Figure 1, but must be
very much ragged because of inhomogeneous strength of magnetic field, (n,~ B).

There are two possible ways of transporting energy from the X-point to the chromo-
sphere: heat conduction and direct bombardment.

(a) Direct bombardment hypothesis: We apply direct bombardment of particles
at the initial phase of a flare column. Since the temperature of the corona will finally
become 107K, the bombarding particles would have higher equivalent temperature
than this, for example T, = 107-3 K. Mean free path of the bombarding particle is given
by A,=10*T; /n (Spitzer, 1962). For the density of n,~10'3 at the Ha flare, 1, becomes
10 km. At the onset of the flare the corona in 10°-10°K region is governed by heat
conduction and the temperature scale height, H, is given by

dz  107°777
H;= = 13
"7 dlnT F, (13)
Taking the conductive flux F, in the active corona as 5x 10° ergscm™2s™! and

T=10°3, we have H,=10°*cm. Here the density is around n=10°-2. 1 becomes
10°'® cm, which is larger than Hy. Since 4,/H is proportional to T~ %2 (because
F_=const and nT=const), A,/ H; becomes even larger in the lower temperature region,
hence free bombardment. In the temperature region of 10*-10°K, constancy of
conducting flux does not hold. But H; can be estimated from the Dupree model (1972)
for the normal region to give 45 km at 7=10*"K. It would be smaller in the active
region. 4, for nT=10'%"% at this temperature is 1000 km. Since 107-*K particles seem
to penetrate down to 10* K region, the thickness of the Hx flare would be determined
by 1,=10 km at the earlier phase of the Hu flare element.

(b) Conduction hypothesis: When the density of the corona increases due to
evaporation from bombardment, the bombarding particles would not penetrate down
to the chromosphere. In the lower temperature region <10°K, heat conduction will
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be balanced with radiation if steady state is assumed near and after the end of energy
release

z dz

L

d ,dT
AnPT" = — (KT“- _), (14)

where K, 4 and r are constant. If 7= G (z—z,)"™ is assumed with pressure constancy,
we get r=5.5—2m and A=K (3.5—m) G*™/(nT)*m*. Since A is a constant deter-
mined by radiating processes of various ions, G™ should be proportional to nT.
As the temperature scale height turns out to be mT™/G™ at a given temperature it is
proportional to (#7)™*. Since the Vernazza and Noyes model (1972) predicts Hp~
~470 km at 8000~ 9000K, we assume H,~200 km at 10*K for the normal chromo-
sphere (n.c.). We then obtain
(T),e.

(nT)flare .

For (nT), .. =10'*® and (nT)g,.e = 10'7->, Hy becomes 0.4 km. For smaller flares Hy
would be ten to hundred times larger. Therefore we can conclude that heat conduction
hypothesis also reads to the small geometrical thickness of Ho flares.

We finally check whether the neglect of transition region for the mass loss in
Equation (3) can be justified. In a region where the heat conduction is constant along
the height, the number of particles in this region is estimated to be

Hy (flare) = 200 km x

(15)

T3
2K
ndz = (nT) [T - T3'*],
5F,
T

where n7T'=const is assumed.

In the region of 10° < T<10°K, [2ndz is found to be & 10'° which is much smaller
than nH=10*°-® in the 10”-3K region. In the lower temperature region Equation (14)
should be utilized.

T,

1

f”dz = I—H{K (35 —m)/ A} ATy~ — T 1],
—m

Ty .

In this Equation 7', ~10**K and T, ~#10° K. If m does not change very much, {?ndz
does not vary among normal chromosphere, plage and flare. Since the model for the
normal region (Dupree, 1972) predicts that the total numbers are small in this tem-
perature range, we can safely neglect the contribution of particles contained in this
region also for flares.

6. Applications
(1) One application was already mentioned: The maximum temperature of a coronal

condensation in a closed magnetic configuration would be given by Equation (5)
with y=1. The maximum temperature in the normal corona in an open magnetic field
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would be inferred from the condition that thermal energy does not exceed gravita-
tional potential energy. This condition and Equation (5) both lead to the same depen-
dence of T,,,, on the surface gravity, g, and scale length H: T, ~gH.

(2) Moustaches: Moustaches with rather symmetrical profile would be small
flare-like phenomena discussed in Section 4. If extended wings are caused by macro-
scopic motion of ~100 km s~! (Severny, 1964), it is very difficult to understand the
long lifetime of some 30 min and very small scale observed near the limb and on
the disk (Bruzek, 1972). Geometrical extension of moustaches would become
100 km s~ ! x 30 min=2 x 10° km or so, while Bruzek’s picture near the limb indicates
500-1000 km. If wings are interpreted in terms of the Stark broadening and/or
collision broadening, only requirement is large number density. This is easily ac-
complished by the same argument given in Section 4: A moustache is a tiny but deep
‘well’ whose surface has large electron density of, say, 10*® cm™3 because overlying
portions of low density have evaporated. When the amount of evaporation is large,
it would be seen in white light as a facular granule beautifully shown by Bruzek (1972).
Although flare and moustache may be independent as Bruzek suggests, there is a good
deal of similarity, which deserves further study.

(3) Formation of quiescent prominences: To make prominences an essential point
is to get large mass in the corona. It is usuvally assumed that mass comes from the
corona (Kuperus and Tandberg-Hanssen, 1967). We propose here that the mass would
come directly from the chromosphere due to a slow flare-like process discussed in
Sections 3 and 4. Case A: If we take y~ 1 in Equation (4), namely not much escape of
particles, we get the temperature of the corona not very much higher than in the
normal corona but the pressure and hence the density can become larger. Radiation
loss (~n?) would be larger, but the normal heating of the corona would decrease
because shock strength would not grow due to high densities. Cooling and condensa-
tion would then take place in the small dip of the reconnected magnetic field and
a prominence is formed. If dips cannot be formed, it would appear as a coronal rain.
Case B: Also the case where temperature decreases with increasing pressure, o <0 in
(4), is very interesting. This would happen even in a big flare, since the region close
to the neutral line cannot have large H (0). Then a new prominence parallel to the
neutral line could be formed under the tunnel of LPS. This is often observed. In the
quiet region one rising prominence (either of 10* or 10°K) could produce a very faint
flare as reported by Bruzek (1957). After the flare-like brightening, another promi-
nence could be formed. In short, it is suggested that a prominence could trigger a flare
due to eruption and a flare could produce a prominence due to evaporation. The very
first prominence must be either a 106K prominence which does not require much
mass inside, or a very low fibril in the active region whose formation would be entirely
different.

7. Conclusions

A theoretical model of the flare is presented to explain mutual relationships observed
at Ho, EUYV, soft X-ray and flare-associated solar wind. Four working hypotheses are
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made with some supporting evidences (Section 2): (1) so-called limb flares are nothing
but either rising prominences, surges or post flare loops and the top height of He flares
is lower than that of pre-flare active regions. (2) Basic form of the Ho and soft X-ray
flares is a two ribbon flare. (3) Large amount of gas evaporates from the top of the Ha
flare while the flare is in progress. (4) The trigger of the flare would be pre-flare rising
prominences or coronal fast expanding arches. Time history of our flare model was
briefly discussed (Section 3 and Figure 1).

When mass, pressure and energy balance among the evaporating chromosphere,

the corona and the solar wind are assumed, following quantities are deduced all in
conformity with observations (Section 4, particularly Equations (9)): The electron
number density of the Ha flare (10*3-?) and the soft X-ray flare (10'°-?), the tempera-
ture of the soft X-ray flare (107 -°K), the duration to maximum He area (600 s), mass
ratio of X-ray flare to the solar wind (0.1). Assumed critical parameters are the magnetic
field strength (500 G) and the height of soft X-ray flare (10°-7 cm). If the area of the
Ho flare is assumed (10'°° cm?), the total energy released (10°2-!erg), the total
number of particles ejected to the solar wind (10*°-?) and the emission measure in
the soft X-ray flare (10*°-5 cm™?) are also predicted.
It is found that high temperature in the soft X-ray flare can only be attained by the
larger mass loss to the solar wind compared with the mass remained in the corona,
irrespective of the form or the amount of the energy released in the corona (Equa-
tion (4) or (5)). It is shown that the top height of the Ha flare is lowered about
1000 km compared to the original height in the active region chromosphere because
of evaporation (Figure 2). Some of the qualitative theoretical relationships among
Ha flare, soft X-ray flare, EUV and solar wind are found to be consistent with ob-
servations: Equations (10), (11) and (12).

Very small effective thickness of Ha flare was interpreted either by mean free path
of hot (T >107-*K) particles in the evaporating chromosphere or by small thickness
of heat conducting region (Section 5).

An application to explain the maximum temperature of the permanent coronal
condensation in a closed magnetic field is suggested. Further an application to the
formation of prominence is indicated (Section 6). It is suggested that large mass in
the quiescent prominence can be expected by the evaporation from the chromosphere
as a slow flare-like process. In this picture, a rising prominence produces a flare and
a flare produces a prominence.

The second paper of this series will treat a theory of the rising prominence. Subjects
of later papers will be acceleration of particles, mechanism of energy release, refine-
ments of the present paper and prominence formation.
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