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Abstract. The dynamic flare of 6 November, 1980 (max ~ 15:26 UT) developed a rich system of growing
loops which could be followed in Ha for 1.5 hr. Throughout the flare, these loops, near the limb, were seen
in emission against the disk. Theoretical computations of deviations from LTE populations for a hydrogen
atom reveal that this requires electron densities in the loops close to, or in excess of 10'% ¢m ~ 3. From
measured widths of higher Balmer lines the density at the tops of the loops was found to be 4 x 10’2 ¢m 3
if no non-thermal motions were present, or 5 X 10'! cm ™3 for a turbulent velocity of ~12km s~

It is now general knowledge that flare loops are initially observed in X-rays and become visible in Ha
only after cooling. For such a high density, a loop would cool through radiation from 107 to 10* K within
a few minutes so that the dense Ha loops should have heights very close to the heights of the X-ray loops.
This, however, contradicts the observations obtained by the HXIS and FCS instruments on board SMM
which show the X-ray loops at much higher altitudes than the loops in He. Therefore, we suggest that the
density must have been significantly lower when the loops were formed and that the flare loops were
apparently both shrinking and increasing in density while cooling.

1. Introduction

For quite some time, the dynamic flare of 6 November, 1980 (max ~ 15:26 UT) was
a puzzle for us. Close to the eastern solar limb, it developed a rich system of Ha loops,
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Fig. 1. High-resolution Ha photographs of the growing loop system on 6 November, 1980. (Big Bear
Observatory, Caltech.) UT is given on the frames.

the tops of which were conspicuously rising from a projected altitude of 25000 to
55000 km for 90 min, and all the time the loops, projected on the solar disk, were in
emission. Figure 1 shows examples of the growing loop system at four different times,
selected from a high-resolution Ho movie made at Big Bear Solar Observatory. These
are pictures in the Ha line center, but even at 1 A off-band, filtergrams obtained at the
US Air Force Solar Optical Observing Network Ramey station show that the tops of
the loops were in emission since their first appearance at 15:28 UT through at least
16:28 UT (the last available off-band photograph). In the line centre, the emission loops
could be seen until 17: 05 in the Big Bear movie (becoming too weak to be seen after
that). There are other dynamic flares in which loops appear in emission for a short period
of time, usually close to the beginning of their growth, but loops persisting in emission
for more than 90 min seem to be an extraordinary event.

According to Zirin (1987, and private communication) the loop appearance in
emission requires electron density in excess of 10'? cm~?2 in the emitting loops — very
high in comparison to other observations of loops in dynamic flares (which are usually
called, rather incorrectly, post-flare loops). Moore et al. (1980), for example, give den-
sities of 4 X 10'°to 10'! cm 3 in the early phase of the development of a loop system,
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Fig. 2. HXIS image of the tentative tops of the X-ray (post-)flare loops at 16:28 UT (in 8.0-11.5 keV
X-rays). Below them (note the proximity to the limb) the Hea loops are indicated as they looked at the same
time in the Big Bear movie (cf. Figure 1). The Ha loops started to grow one hour earlier, at 15: 28 UT. The

X-ray feature ‘A’ was another element of the flare, stationary and long-lived, and had no apparent relation
to the growing loop system of the dynamic flare.

decreasing to 10'° cm 2 one and a half hours later. Similar densities were found for
another dynamic flare by Svestka et al. (1982); note that according to Svestka and
Poletto (1985) the real loop density was probably still smaller than given there, by a
factor of 2 to 4).

It is generally assumed (e.g., Moore et al., 1980) that a newly excited (or rather newly
formed) very hot loop, initially visible in X-rays, stays at the same altitude and cools
there until we begin to see it in Ha. If Zirin were correct that loops in Ha emission
require density > 10'? cm ~3, then, assuming a similar density for the loops in the
6 November flare, radiation would cool the hot plasma from 107 K to the chromospheric
temperature of 10* K in less than two minutes (cf. Section 3). Thus, considering the slow
growth rate of the loops (cf., e.g., Figure 7), we should see hot loops in X-rays at about
the same altitude as the Ha loops. Instead, as Figure 2 demonstrates, the X-ray emission
was seen much higher than the tops of the Hu loops. In fact, the observed growth rate
of the loop system and the observed separation between the hot and cool components
indicate that more than one hour is required for the loops to become visible in He at
the same place where they were seen as X-ray loops. Thus we encountered clear
discrepancy which required a more detailed analysis of the event.

2. Density of the Loops
2.1. COMPUTATIONS

The density given by Zirin was based on a comparison of estimated collisional and
radiative excitation rates, without any detailed computations. So we first tried to verify
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Zirin’s statement by computing the expected deviations from the LTE populations of
the second and third quantum levels in a hydrogen atom (the b-factors) for various
temperatures and densities.

We have assumed a plane parallel infinite slab with thickness z along the line-of-sight.
We then solve the equations for a 3-level plus continuum hydrogen atom, with detailed
solution of all transitions, considering the statistical equilibrium and radiative transfer
equations for a set of constant pressures and temperatures representative of the expected
range of values of these quantities in flares. The method we have used was described
earlier by Fontenla and Rovira (1985a, b).

For any pressure p, assumed to vary within the range of 0.2 < p < 10 dyn cm ~2, and
defined as

p=(n,+n+n +n,+ny) kT, €]

where n,, n; are electron and ion density, and »,, n,, n; are the populations of the lowest
three levels of the hydrogen atom, we considered three different values of 7, namely
T = 8000, 10000, and 15000 K.

For the incident radiation in the 3-2 transition (i.e., Ha) we use a dilution factor
W = 0.45, which takes into account the center-to-limb variation of the incident Ho
intensity ‘seen’ by a prominence or (post-)flare loop (Fontenla, 1979). Similarly, we
adopt W = 0.40 for La and L, with corresponding radiation temperatures 7, = 7400
and 6800 K, as suggested by the OSO-8 observations (Gouttebroze et al., 1978;
Lemaire et al., 1981). In the Lyman continuum we have used the Skylab data, and
approximated the incident intensity by

2hy? r!
¢ exp(hv/kT,) -1

with T, = 8000 K, W = 0.4, and r = 180. The factor r is needed to fit the brightness
temperature in the Lyman continuum as observed by Vernazza and Reeves (1978):
I, = B (T,)/r, where T, is the colour temperature. The background intensity at 4, + 1 A
in Ha, at g = 0.3, is taken as I,; = 1.81 x 10 >ergem~2s~'sr~ ! Hz~! (White,
1964).

The results, for z = 1000 km and zero turbulent velocity are shown in Table I. One
can see there that, generally, the loops change from absorption to emission as soon as
the plasma pressure exceeds ~ 3 dyn cm ™2, For an average Ha flare-loop temperature
of 10# K this pressure value implies an approximate electron density of 10'? cm =3, in
full agreement with Zirin’s estimate.

Quite recently, after the preliminary results of our analysis had been presented at the
SMA Symposium in Toulouse (§Vestka et al., 1986), Heinzel and Karlicky (1986, and
private communication) showed us results of their independent computations of the Hu
radiation coming from tops of loops extending 50 000 km high in the corona. Though
their approach differed from ours in several points, they got very much the same results
as we did: the electron density must exceed a limit of ~ 10'2 cm ~2 to make the loops
change from absorption to emission when projected on the solar disk.
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TABLE 1

The occurrence of flare loops in absorption or emission in dependence on temperature and density

T P b, b, by/by? n, Appearance®
(X) (dyn em™?) (em™?3)
8000 0.2 55.0 33.0 3.02E -2 6.5E + 10 abs.
1.0 7.07 7.17 6.64E - 2 3.6E + 11 abs.
2.0 391 3.98 1.86E — 1 7.0E + 11 abs.
3.0 251 2.55 340E - 1 i.1E + 12 em.
5.0 1.55 1.56 6.10E - 1 1.8E + 12 em.
7.0 1.25 1.26 775E ~ 1 24E + 12 em.
10.0 1.11 1.11 892E - 1 33E+ 12 em.
10000 0.2 1140 308 2.00E -2 6.5E + 10 abs.
1.0 49.8 30.1 6.15E - 2 35E + 11 abs.
20 14.6 9.90 1.39E - 1 7.1E + 11 barely em.
3.0 737 5.29 227E -1 1.1IE + 12 em.
5.0 332 2.61 4.10E - 1 1.8E + 12 em.
7.0 2.09 1.78 5.73E - 1 25E + 12 em.
10.0 1.41 1.32 7.58E -1 36E + 12 em.
15000 0.2 140E + 5 5140 1.O1IE -2 47E + 10 abs.
1.0 5850 818 5.24E -2 24E + 11 abs.
2.0 1550 267 1.22E - 1 48E + 11 em.
3.0 748 128 1.84E - 1 72E + 11 em.
5.0 316 486 2.80E - 1 1.2E + 12 em.
7.0 182 25.7 350E -1 1.7E + 12 em.
10.0 107 13.5 432E -1 24E + 12 em.

2 200E-2=200x 1072

® Here we simply compare the resulting source function with the background intensity. As we point out
in Section 2.2, one actually cannot see the loops either in emission or absorption at 42 = 1.0 A uniess their
optical thickness at this 44 is enhanced by turbulence.

We also repeated our computations for other values of z (100 and 10000 km) and for
turbulent velocities up to 12 km s~ !, with essentially the same results as concerns the
conditions for the Ha loop emission. (That means, e.g., that there may be a significant
change in the absolute values of the b-factors, but not in their ratios.) As can be noted
from the parameters chosen for Equation (2} and Hu intensity, the calculations were
made for quiet Sun background radiation field. This seems to be justified in the present
case considering the absence of strong He emission from flare ribbons in this particular
event (cf. Figure 1). Yet, we still performed additional test runs increasing the Ho
background field by up to a factor 2, and the Lyman continuum and Lyman lines
intensity up to a factor 10, with the result that the maximum increases in the b /b, ratios
of Table I stayed below 49 .

More significant perhaps may be the effect of ionizing radiation from the overlying,
newly formed, soft X-ray loops. It is difficult to take this effect into account, due to the
lack of appropriate data and, therefore, it was not included in our calculations (nor in
the computations made by Heinzel and Karlicky). However, recent computations of
flare model atmospheres mcluding strong soft X-ray fluxes {Avrett and Machado, paper
in preparation) have shown only minor changes in the hydrogen-ionization balance.
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The Doppler brightening effect cannot be important here, because the loops moved
almost entirely in a lateral direction and no observable differences could be detected in
the off-band data. Besides, this effect should be predominantly in the loop legs, where
Ha material often is seen falling down, not at the loop tops. But just the loop tops were

-the parts seen in emission all the time.

2.2. OBSERVATIONS

The calculated density can be checked by tracing the Balmer line spectrum of the top
part of the loops obtained at Sacramento Peak at 15:46 UT (18 min after the first
visibility of the Ho loops). The observed H, and Hg Balmer lines had total halfwidths
of 0.40 and 0.36 A, respectively, while the H, line was already too weak to produce any
detectable emission. Therefore, we are allowed to assume that the Hg line was optically
thin, and determine the electron density at the tops of the loops from its halfwidth.

The broadening mechanisms to be considered are Doppler broadening and Stark
effect. By using de Feiter’s (1966) computations and assuming T = 10* K, one finds
n, =4 x 10'? ¢cm ~ 3 if no non-thermal motions were present. From Kurochka’s (1969)
tables one gets n, = 5 x 10'2cm ™3 for T = 8 x 10° K.

However, the assumption of zero non-thermal motions is not realistic because in such
a case the Hu line could not be broad enough to produce observable emission at
AA=1.0A as it was observed at the SOON Ramey Station. With purely thermal
Doppler broadening at 7 = 10* K, without any non-thermal motions, the optical
thickness at 44 = 1.0 A is only 7(1.0) = 3 x 10~ 7(0). It is true that the filter passband
used at Ramey Station was 0.5 A, so that emission at ~ 0.8 A from the line center could
be responsible for the emission observed at 1.0 A, but even then, without any non-
thermal contribution and with temperature 7' = 10* K the optical thickness is too small:
7(0.8) = 3 x 10~# 7(0).

Thus it is necessary to assume some turbulence at the top of the loops. From
Kurochka’s (1969) tables, the halfwidth of the Hg line should be 0.12 A for
n,=5x10"cm~? if no non-thermal motions were present. Thus, with
n, =5 % 10 cm 3 and the observed halfwidth of 0.18 A we can make allowance for
a turbulent velocity ¥,=13.1kms~! for T=8 x 10°K and 11.7kms~' for
T = 10% K. In that case, the Doppler width in the Ha line increases from 0.25-0.28 A
to 0.38 A which yields 7(1.0) = 10~ 2 £(0) and (0.8) = 0.012 7(0).

The fact that H, was the highest discernible line leads, using de Feiter’s (1966, p. 46)
results, to 7,z = 4 x 1013 cm~2, a value that is entirely consistent with our present
calculations; for example, for the p = 3.0dyncm ™2, 7, = 10* K model we obtain
n,z = 6 x 10'* cm~2. We recall that this value applies to the tops of the flare loops; in
chromospheric flare ribbons, at the footpoints of flare loops, the electron density is
always found to be in excess of 10'* cm ~ ? and the highest discernible line is usually H, ,
(Svestka, 1976), leading to n,z > 8 x 10 ¢cm ~ 2. Thus the n,z value along the line-of-
sight through the top of the flare loops is more than 20 times smaller than in the flare
parts deep in the chromosphere as it is to be expected.

With the value of 7,z = 4 x 10'®* ¢cm~? one finds in the Hu line center 7(0) = 29.
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Thus, 7(1.0) = 0.03 and 7(0.8) = 0.35, which can explain the observed emission seen
at 1.0 + 0.25 A.

Finally, let us check how this 7(0) in the Ha line agrees with our original assumptions
on the 7 values in the higher Balmer lines: we get 7(0) = 0.50 in the H, line (so that
some self-absorption and, in consequence of it, a larger halfwidth of 0.40 A is to be
expected), t(0) = 0.27 in the H line (which makes our assumption of an optically thin
line acceptable) and 7(0) = 0.16 in the H, line (which can explain its invisibility). A
slightly smaller value of n,z (by about a factor 2) might fit better, but the agreement is
pretty good when all the uncertainties involved are taken into account.

Thus, strictly speaking, the observed higher Balmer lines do not prove that the
electron density at the tops of the loops was of the order of 10’ cm ~3, because we do
not know the real contribution of turbulent motions to the line broadening; the spectrum
shows, however, that the observations are consistent with such a high electron density,
provided that non-thermal motions at the loop tops were relatively small. One would
certainly expect turbulence at the tops of the loops, especially if the loops are newly
formed through a reconnection process, like in the Kopp and Pneuman (1976) model.
However, one can also suppose that any such turbulence might significantly decay
before the loops become visible in the Ho line, long after their formation. Turbulence
may be easily damped in the high-density plasma of the low-temperature loops.

3. Cooling of the Loops

A loop which has been newly formed high in the corona will cool through conduction
and radiation. Assuming classical conduction, temperature gradient VT = T/L (where
L is the half-length of the loop), and radiative cooling from Raymond et al. (1976), one
finds that a loop at an altitude of ~ 50000 km and T = 107 K needs about 1 hr to cool
to the Ha temperature if its electron density is 10'® cm ™3, For an electron density
n, = 10 ¢m =3 the cooling time is about 10 min, and for n, = 10'? cm ~ 3 it decreases
to only slightly more than 1min (Svestka, 1987). In this latter case conduction is
negligible and the loops cool only through radiation which cannot be inhibited. Thus
we see that the high X-ray loops in Figure 2 either must have had a density much lower
than 10! cm ~ 3, or they must bear no relation to the loops seen in Hg, i.¢., the Ha loops
are not the cool remnants of loops previously seen in X-rays (as assumed, e.g., by Moore
et al. (1980) and elsewhere).

4. Observations in X-ray Lines

In order to check whether the Ho loops and the X-ray enhancement in Figure 2 were
related phenomena, we have used images of the flare in various X-ray lines provided
by the Flat Crystal Spectrometer (FCS) of the XRP experiment aboard the SMM.
Table II summarizes the lines we have used: T(o) is the optimum temperature for the
line formation, T(#) is the minimum temperature which yields 109, of the maximum
flux.
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Images of the tops of the loops in different X-ray lines of the FCS (O vii1, Mgx1, Sixiir) compared

with the Ho loops and the median of HXIS contours from Figure 2 (same time). Medians for the X-ray lines
were constructed in the same way as for HXIS, i.e., we found the centroids of all contours in the east—west

direction and drew an envelope of all the points thus obtained.

In every FCS image we determined, for the area overlying the He: loops, the median
of each intensity isocontour along the east-west direction (which was the direction of
the growing Ho loops) and drew the envelope of these medians. We obtained thus the
median contours shown in Figure 3, for the time of Figure 2. The highest (farthest
eastwards) contour is the median of the HXIS contours shown in Figure 2.

TABLE 1I

List of used FCS X-ray lines
Ion T(m) T(0)
ovin 1.7 x 10K 29 x 105K
Mgx1 2.8 6.2
Sixm 4.4 9.5
Fexxv 20 60
Ha <20 x 10*°K
HXIS

>10 x 10K
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The sequential positions of these median contours give clear evidence that what we
see as the HXIS image in Figure 2 really are the flare loops. The altitude of the loops
is successively higher with increasing temperature, from the ‘cool’ O viil loops which
practically coincide with the Ha loops, through the hotter lines of Mgx1 and Sixur up
to the ‘very hot” HXIS contours which are practically identical with the Fe xxv median.
Thus the loops must cool quite slowly from the high temperatures (7' > 107 K) of the
Fexxv and HXIS emission to the T~ 2 x 10° K of Ovii, but quite rapidly from
T =~ 2 x 10°K to the chromospheric temperature.

S. Shrinking of the Loops

The procedure described in the previous paragraph and applied at different times
allowed us to determine the temporal variation of the projected altitudes of the loops
in the various lines above the footpoints of the Hx loops. The result is shown in Figure 4.
For more than 2 hours the hot X-ray loops extend continuously much higher than the
Ha loops. (After 17: 00 UT we assume that the cool loops can be traced from the O vii
images, as Figure 4 indicates can be done prior to that time.)
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Fig. 4. Time-variation of the measured altitude of the flare loops in Ha, X-ray lines corresponding to

different temperatures (cf. Table IT), and HXIS (or Fexxv which yields very similar images). Two dashed

curves follow the growth of the loop system at low temperatures (Ha and O vinr) and at ~ 107 K (Sixin),
respectively. Arrows and times show cooling of stationary loops (cf. text).
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If we were to follow the procedure in Moore et al. (1980) we would assume that a
new loop is formed at a given altitude and stays there, gradually cooling. Then the
corresponding cooling times (arrows in Figure 4) would be 27 and 67 min at 15: 58 and
16: 28 UT, respectively, but would apparently grow to infinity after 17: 20 UT, because
the cool loops seem to be unable to reach the altitude of the hot loops after this time.
A look at Figure 8.5 in Moore et al. shows that the situation in the dynamic flare of
28 July, 1973 was very similar: the cool loops could never reach the altitudes on which
the late hot X-ray loops were seen.

From this behaviour one can conclude that those newly formed hot loops which later
become visible in Ho cannot cool at their original altitudes, but have to shrink to lower
heights before they are seen in the Ha line. Figure 5 shows the alternatives, for
a sample loop seen at 16:28 UT in the Six1 (T~ 107 K) line in Figures 3 and 4.
Assuming no shrinking, and cooling at constant density, a cooling time of 1h07m would
imply a low density of 4 x 10° cm ~ 3 (horizontal track in Figure 5). At the other extreme,
if the density of this loop were 10'?> cm =3, as the Ha loops indicate, it would cool in
less than two minutes (nearly vertical track) and become visible at 16 :30 UT as an Ha
loop. This seems unlikely, because with such a cooling rate the lifetime of the hot loops

BOF -\
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60\ SIOX[IT_ Axﬂ)g cm'3
He + O YT
e
-t
m
=
=
=
a
Sl
N S 1 1 1 L | L N I EUU It L ‘ !
16 17 18h U

Fig. 5. Various possible cooling paths of a 107 K loop seen at 16: 28 UT in Figures 3 and 4. Numbers on
the linear cooling paths give the constant densities appropriate to each path. See text for an explanation
of the dashed arrow.
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would be extremely short and we could see them only in case that new loops were being
continuously formed throughout the whole duration of the flare.

Alternately, the real path of the loop top from the Sixi1i1 position to the He position
in Figure 5 must be somewhere in between, as the dashed arrow indicates: the altitude
of the loop decreases gradually, while simultaneously the plasma density in the loop
increases and the cooling time becomes progressively shorter. Computations of various
expected paths, with variable starting densities and density-increase functions, are
presently being made by Kopp and Poletto.

6. Discussion

The referee of this paper has pointed out that the shrinking of the hot loops requires
that the plasma f (ratio of gas pressure to magnetic pressure) is greater than unity.
Without any additional plasma inflow this would imply that more than half of the
magnetic energy is converted into plasma energy as field lines reconnect and new loops
are formed. This, however, apparently does not happen, since it is more likely that the
density begins to increase only later on, in consequence of the evaporation of chromo-
spheric gas. Thus the shrinking is not directly related to the reconnection process itself.
Under this assumption Figure 6 shows the scenario of the loop formation we propose.

As a starting point we adopt the Kopp and Pneuman (1976) model of the field opening
and subsequent field-line reconnections. Immediately after reconnection we envisage
that a cusp-shaped non-potential loop is formed (Figure 6(a)) which subsequently
shrinks to a quasi-potential configuration without a cusp. The prevailing opinion among
theorists is that this transition to the quasi-potential configuration will be fast. Eventually
one gets a potential loop below, and another component resembling an inverted coronal
arch above (Figure 6(b)). Through a reconnection-associated shock, particle streams,
and/or heat conduction, chromospheric material will evaporate into the hot X-ray loop.

HXIS
tusp Si XIT
Mg XL

L ENERGY z
INPUT

(a) (b) (c)

EVAPORATION

Fig. 6a—c. A tentative scenario of the loop formation. See discussion in the text.

OVIT, ¢
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This will lead to an enhancement of the loop density and the loop is first expected to
expand (Kopp and An, private communications), because of momentum flux of the
plasma injected from below. However, if the loop becomes very dense, and thus very
heavy, the gravitational forces will cause the loop to collapse and seek a different
equilibrium configuration at a lower altitude (An, private communication; partly An
et al., 1986). This will occur after a time which depends on the injection velocity, plasma
density, and magnetic strength of the loop formation, i.e., quantities we do not know.

15:39 UT

Mg XT
XY > 21 x 108k
W Vi 17-21
C -1

16:28 UT

Fig. 7. A comparison of the growth of the loop system (in Ha, O viir, Mgxi, Sixii, and Fe xxv or HXIS

data) with the upward motion of the maximum of temperature in the corona (7 determined from the ratio

of counts in the 3.5-5.5 keV and 5.5-8.0 keV energy bands of HXIS). The eastern solar limb is marked by

a dashed curve. The upper image corresponds to 15:39 UT for the loops and 15:46 UT (+ 9 min of

integration) for the thermal map. The Jower image corresponds to 16 : 28 UT for the loops (same as Figure 3)
and 16:30 UT (+ 8 min of integration) for the thermal map.
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The collapse will be accompanied by compression and, thus, by further density increase.
As the density increases, the loop would then pass through the different temperature
regimes characterizing HXIS, FCS, and, eventually, Ha observations (Figure 6(c)).
Finally, to verify that the Kopp and Pneuman model, which we have adopted, can
be applied to this particular flare, we have compared the apparent rise of the loop system
in the various X-ray lines with the speed of the rising thermal disturbance (‘thermal
wave’) detected by Svestka (1985; also see Hick and Svestka, 1987) in the same flare
event. This moving temperature maximum in the corona (Figure 7) is supposed to
correspond to an upward motion of the ‘arch’ in Figure 6. The speed of this motion,
between 15:43 and 16:36 UT, was 7.4 km s ~!. The average speed of the loop system
between 15:39 and 16: 28 UT, for comparison, was 7.7 km s ~ ! in the SixiI line and
8.3km s~ ! in Ha. Both speeds thus seem to correspond to the speed of the rising
reconnection point common to both the arch and the loops, and strongly support our
initial assumption that the loops form through a series of magnetic field reconnections.
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