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Summary. A total of 37 quasiperiodic solar microwave bursts
have been reported so far. Some of these bursts exhibit quasi-
periodic modulations during the rise time only. In the present
work this special class of bursts is investigated. A first example
is the burst of 1970 March 01, 11:27 UT, which was explained
by adiabatic compression. For this event both the microwave and
hard X-ray fluxes show the same quasiperiodic oscillations during
the rise only and a smooth decay. The quasiperiod t is propor-
tional to the plasma temperature T raised to the power of —0.83.

We assume that the oscillations are caused by a disturbance
travelling through the thermal plasma at the Alfvén speed during
the compression. We then calculate the quasiperiod 7 in terms of
observables such as temperature, emission measure and number
of particles. The quasiperiod 7 is proportional to the temperature
raised to the power of 1/(2 —2x), where % is the adiabatic index.
For »=5/3 this power index is —0.75 and agrees within about
109, with the observed value of —0.83.

For the other bursts studied no hard X-ray coverage was
available but we assumed that these events originated in thermal
sources too. For a thermal burst the microwave flux / is propor-
tional to T%, where e=7y;+1. The quantity y; can be calculated
by knowing the plasma temperature 7, the plasma f, the adia-
batic index » and the microwave spectral index. The quasiperiod
is TocI~%75/, This relationship can be tested with the data of the
flare of 1970 March 01, 11:27 UT: The calculated flux power
index is —0.47, thus agrees with the observed index of —0.57.

Similar results are found for all other events, suggesting that
this class of impulsive flares is produced by adiabatic heating of
the common microwave and hard X-ray source.

Key words: solar flares — quasiperiodicities — adiabatic heating —
microwaves — hard X-rays

1. Introduction

A total of 37 quasiperiodic solar microwave bursts have been
reported in the last ten years (Parks and Winkler, 1969; Cribbens
and Matthews, 1969; Janssens and White, 1969; Frost, 1969;
Janssens et al., 1973; Maxwell and Fitzwilliam, 1973; Cliver et
al., 1976).

Most of the quasiperiodic burst profiles consist of a number
of quasiperiodically separated maxima at random intensities (e. g.
burst of 1970 April 12, 17:15 UT reported by Cliver et al., 1976).
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In a second class the entire burst profile can be decomposed into
several (=~ 5) sharply defined individual pulses which occur peri-
odically (e.g. burst of 1970 June 29, 19:36 UT reported by
Janssens et al., 1973). However, there exists a third class of bursts
which exhibits quasiperiodic modulations during the rise phase
only and none during the fall (i.e. Parks and Winkler, 1969;
Frost, 1969).

So far most papers have either concentrated on individual
events or examined a number of bursts of all classes as “periodic
bursts”. In this paper we will focus attention on the quasiperiodic
bursts with modulations during the rise time only. We have be-
gun to examine some 800 microwave bursts (8—10 GHz) recorded
since 1968 in Bern with a high time resolution of 0.01 s (Flueckiger
et al., 1970) for quasiperiodic structures. About 6% of the re-
corded bursts (Wiehl, 1976) exhibit time structures during the
rise times only while their decays are smooth and featureless.
The time structures in about 109, or more of these bursts are
quasiperiodic. The two bursts of the third class reported so far
showed quasiperiods of 16 s and 35 s, respectively, in both the
microwave and hard X-ray time profiles. A number of models
have been proposed to explain the quasiperiodicities of solar -
flares (Rosenberg, 1970; McLean et al., 1973; Chiu, 1970); they
all assumed nonthermal sources for the microwave and hard X-ray
bursts.

The first event which we studied (1970 March 01, 11:27 UT)
has been explained by gyrosynchrotron radiation for the micro-
wave- and free-free radiation for the hard X-ray emission of a
thermal source (Crannell et al., 1978) suffering adiabatic com-
pression and expansion (Mitzler et al., 1978) along the magnetic
field lines of force (Mitzler, 1978b).

The quasiperiodic modulations seen in the 10.5 GHz signal
are also clearly visible in Channel 2 (38 keV) and Channel 3
(65 keV) of the OSO-5 hard X-ray spectrometre. For the other
bursts which we will discuss no hard X-ray observations are
available but we also assumed that they originated in thermal
sources.

2. The Quasiperiodic Structure
of the Burst of 1970 March 01 at 11:27 UT

This burst was studied in detail by Matzler et al. (1978), and was
explained by an adiabatic compression of the flare plasma fol-
lowed by expansion. The H,-flare starts at about 11:26 UT in
the brightest region of McMath plage # 10595 in a system of
loops with nearly circular area with a diameter of about 50,000
km. A gradual increase of both hard X-ray and microwave emis-
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Table 1 X-ray spectrum begins to deviate from that of a single temper-
ature plasma (Fig. 2).
Pt P2 P3 P4 PS5 P6 P7 It is also shown in Fig. 2 that the time profiles of the plasma
temperature and the microwave flux at 10.5 GHz track each other
7 (sec) 346 119 66 58 51 53 rather well. During the rise of the microwave burst 7 distinct
TpkeV) — 19 29 48 52 55 50 peaks can be identified (P1-P7) and their peak to peak time
T,.(keV) — 22 35 44 54 54 separations are called quasiperiods and are given in Table 1.

sions starts shortly after 11:26 UT together with a series of type
U radio bursts of frequencies between 180 and 400 MHz. It is
reasonable to assume that the X-ray and microwave emission
source is a plasma strongly confined by magnetic fields, because
U-burst exciters are believed to travel through closed coronal
loops. Although the flare position is favorable for direct particle
observations, no particle event has been reported.

The 10.5 GHz signal and the relative X-ray fluxes of 28-82
keV photons agree very well in their time profiles (Fig. 1). The
only deviation takes place after 11:28 UT when a microwave
post-burst increase starts to dominate; at the same time the hard

During the peaks P2-P7 we can infer the temperature at these
particular times (7}, in Table 1). The temperature time profile may
be decomposed into a gradual component with superimposed
small structures. In such a way we can fairly well estimate the
mean temperature between the different peaks (7,, in Table 1).

The quasiperiods © decrease as the temperature T and the
microwave flux increase. The quasiperiod 7z and the mean tem-
perature between peaks T, are indeed very well correlated (Fig. 3)
with a correlation coefficient of —0.988 and the two variables
are related by

,E(xT”-l—O.830. (1)

We assume that the adiabatic compression of the flare plasma
causes the confined thermal source region to ring. The oscillation
of the flare region is responsible for the observed quasiperiodic
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Fig. 3. Correlation diagram between quasiperiod t and temper-
ature T for the burst of 1970 March 01 at 11:27 UT. The dotted
line represents toc 7-%7°

modulation during the rise phase of the burst. As the compression
ends, so does the driving mechanism for the quasiperiodic peaks
and the damped modulations disappear, thus yielding a smooth
burst decay. Simple physical considerations lead us to predict the
relationship between the quasiperiod 7 and the temperature T by
assuming that the oscillation is caused by a disturbance travelling
through the plasma at the Alfvén speed. A wave package bounces
back and forth in the flare loop under compression. The quasi-
period t is then given by:
L B

Ve Va= (4nmn))'
where L is the length of the loop, V, is the Alfvén speed, B the

magnetic field, m; and n; the ion mass and density, respectively.
The volume V of the loop with cross section D? is then

T=

@

V=LD? ©)
and the magnetic flux @ is given by
®=BD> @

where @ is a constant. The adiabatic compression of the flare
plasma is governed. by

pV*=C ®)

where ¢, and ¢, are the specific heats at constant pressure and
constant volume, respectively. d is the number of degrees of
freedom. Again C is a constant. The equation of state for an
ideal gas is '

pV=NkT, (6)

where N is the total number of electrons and ions in ¥ and &
Boltzmann’s constant. We assume equal densities and temper-
atures for electrons and ions.

Dividing Eq. (5) by Eq. (6) we obtain the volume as a function
of temperature V'=V(T). Substituting L=V/D? and V=V (T)
into Eq. (1), we express the quasiperiod 7 in terms of the plasma
temperature T, if both the emission measure EM and temper-
ature T at the burst maximum are denoted by the subscript max

1

21tm,- 1/2 N3/2 Tmax 2x—2
“T)'(EM,...,) %(7) o

For 3 degrees of freedom (d=3) we obtain a value for x=5/3.
This value was found for this burst from the emission measure-
temperature correlation diagram (Mitzler et al., 1978; Fig. 7).
By setting x=5/3 the quasiperiod and the temperature T are
related as follows:

Toc T=9750 ®)

The value of the temperature exponent for the burst of 1970
March 01 [Eq. (1)] is within about 109 of the predicted value
of Eq. (8).

From the paper by Mitzler et al. (1978) the following values
for the burst of 1970 March 01 at 11:27 UT were calculated:
N=610%¢, EM,,,, =8 10** cm 3 while the magnetic flux is of the
order of #~10?° G cm?. At the time of burstmaximum 7T,,./T
=1.0 and using the above mentioned values in Eq. (7), the quasi-
period 7 equals to 8.5 s, which agrees very well with the observed
value of 5.3 s.

3. The Quasiperiodic Structures
During the Increase of Microwave Bursts

The microwave bursts were recorded at Bern observatory at 10.5
GHz with a receiver time constant of 0.01 s. No bard X-ray
observations were made during the occurrences of these flares.
The burst of 1970 March 01 at 11:27 UT showed however that
the temperature time profile is very similar to the microwave
flux I(¢). The measured microwave flux at 10.5 GHz is related to
the temperature T by I=0.88 7% with a correlation coefficient
of 0.942. Therefore it is reasonable to assume that the microwave
flux I(¢) for the bursts, which have no hard X-ray coverage, is
also proportional to T raised to some power

ITocT®. &)

For an optically thick thermal source on the Sun we express the
microwave flux on Earth in the Rayleigh-Jeans approximation
(Mitzler, 1978a) as:

I1=0.16 f2TA4,0(flf), (10)

where the frequency f is in units of GHz, the temperature T in
keV, the area 4, in 10'® cm? and the microwave flux density I in
10722 Wm™2 Hz ! =1 SFU. The steep spectral slope of the gyro-
synchrotron absorption coefficient produces a very sharp turn-
over from optically thick to optically thin radiation, so that the
contribution from the latter can be neglected (Matzler, 1978a).
Up to the lowest turnover frequency, f;, the entire region A4, is
optically thick. The natural inhomogeneity of the source makes
the high frequency radiation (> f;) still come from smaller and
smaller regions with optically thick radiation. Q(f/fy) is that
fraction of A, which is optically thick at frequency f. Since f,
depends on temperature, so does Q(f/fy). By representing this
dependence in power law form

Q=Qo(—T7—;)",

the exponent y; can be expressed as
_dlnQ T dQ

dinT Q dT’,
where

9_do & dfp. | _f
dT_ dv dfy dT’ 1o

(11

Yr (12)

(13)
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Fig. 4. The time profile a 10.5 GHz for the burst of 1969 October
30 exhibits the quasiperiodic modulations during the rise time
and a smoothy decay
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Fig. 5. Correlation diagram between quasiperiod t and micro-
wave flux at midpoint between successive peaks. The dotted line
represents toc %73
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Fig. 6. Correlation diagram between t and I for the burst of 1970
March 01 at 09:37 UT. Again the dotted line represents the
—0.75 power law

The minimum turnover frequency f; is well related to the minimum
gyrofrequency f, and the temperature T by a linear relationship:

Jo=(a+bT) feo, (14)

with constants a=5.2, 5.8, 6.2; b=0.30, 0.42, 0.59 for temper-
atures between 7 and 120 keV and n,L/B=10'* 10>, 10'¢ cm™2
G ™!, respectively (Mitzler, 1978b).

The sought exponent yr can therefore be expressed by:

__dan( BT dlnf,
T dinv \a+bT dInT)

The second term in Eq. (15) follows from the diamagnetic
reaction of a heated plasma. If the flux tube is heated by com-
pression along the magnetic field lines, the plasma bottles up in
the perpendicular direction to ensure pressure equilibrium:

By _B*

(15)

(16)

Band B, are the field strengths during and before compression,
p is the kinetic pressure and f=8np/B2. With Eq. (16) we find:

dinf, —058 x
dinT ™~ 1—-8 x—1

The similarity of the microwave flux for the burst of 1970
March 01 at 11:27 UT observed at f=10.5 GHz (/=710 SFU)
and at 19 GHz (Slouh, 7=396 SFU) indicates that the slope of
the high frequency spectrum was constant, so that Q(v) can be
described by a power law with exponent equal to —2.95. The B
of this burst was estimated to be about 1/3 (Métzler et al., 1978).
For an average temperature of40keV, =0.3, —dln Q/dInv=2.95
we obtain y;=0.60. The uncertainty of this quantity is rather
large due to the uncertainty of 8. For $=0.37 the two terms in
Eq. (15) cancel out each other, so that y,=0, and if §=0 we have
yr=2.2. For a constant total area 4, the relationship between
microwave intensity and temperature can now be written as:
Ioc T with e=yr+1. For y;=0.6 we find e=1.60 which is very
close to the observed value of 1.65 for the event of 1970 March 01
at 11:27 UT.

The relationship between the quasiperiod 7 and the microwave
flux is therefore given by:

—0.750
toc] 7T+

a7

(18)

For the burst of 1970 March 01 at 11:27 UT the calculated
exponent of Iis — 0.47 and agrees well with the observed exponent
of —0.57 with a correlation coefficient of —0.965. Due to the
sensitivity of Eq. (15) to the value of f§, this quantity could be
determined quite accurately from the measurement of ¢ and 7.

For the following analysis we used the microwave flux at the
midpoint between successive peaks. The microwave time profile
of the burst of 1969 October 30 exhibits 8 clearly visible peaks
(Fig. 4) during its rise and none during its fall. The exponent of
the microwave flux is —0.689 for this event with a correlation
coefficient of —0.926 (Fig. 5).

On 1970 March 01 we observed a second microwave burst
in the same activity region as the event at 11:27 UT but about
two hours earlier. This event at 09:37 UT shows also a similar
time profile as the later event. The quasiperiod 7 and the micro-
wave flux I are correlated with a coefficient of —0.890 and an
exponent of —0.661 (Fig. 6). For the burst of 1973, April 29,
we determined the correlation coefficient between 7 and I to
—0.873 and the exponent to —0.712 (Fig. 7). On 1978 May 08
a strong (662 SFU) and long lasting (121 min) microwave burst
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Fig. 7. Correlation diagram between quasiperiod = and midpoint
flux I for the burst of 1973 April 29. The dotted line represents
ToC 1-0‘75
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Fig. 8. Microwave flux at 10.4 GHz for the burst of 1978 May 08
showing strong modulations between 12:10 and 12:30 UT, fol-
lowed by a smooth decay

was recorded at 10.4 GHz which again showed quasiperiodic
modulations during the rise time only. The quasiperiod t and the
microwave flux I are very well correlated (r= —0.992) and the
exponent is seen to be —0.736 (Fig. 9).

The results of the 5 solar bursts studied are summarized in
Table 2.

4. Conclusions

There exists a certain class of microwave bursts which exhibit
quasiperiodic time structures during the rise but have a smooth
decay. We find that the data of these bursts are consistent with
a thermal plasma suffering an adiabatic compression along the
magnetic field lines. During the compression a disturbance travel-
ling at the Alfvén speed modulates the common microwave and
hard X-ray source. The period of modulation is well anticorre-
lated with both the plasma temperature and the microwave flux
density:

FLUX DENSITY(SFU)

Fig. 9. Correlation diagram between 7 and I for the burst of
1978 May 08. The dotted line again represents the —0.75 power
law

Table 2

Date Time (UT) E R

69 OCT 30 09:25 —0.686 —0.926
70 MAR 01 09:37 —0.661 —0.890
70 MAR 01 11:27 —0.570 —0.965
73 APR 29 06:30 —0.712 —-0.873
78 MAY 08 12:10 —0.736 —0.992

The quantity E represents the observed exponent in the relation
tocIF

while R is the correlation coefficient for the number of data
points in the correlation diagrams

The relationship between quasiperiod t and temperature T is
1

ani 1/2 N3/2 Tmax 2x—2
=) 55 ()

with % =15/3 the exponent equals 0.750.

The relationship between microwave flux I and temperature T
can be expressed in power law form as

Joc T7™+1
with

_ dlnQ( bT 058 =x
T Ty \a+bT 1-8 x—1)

This equation can be used in determining f by measuring y;and T.
From Table 2 it is evident that the observed exponent —0.75/
(yr+1) is not too far from —0.75, so that y; is for most bursts
close to zero. It must be emphasized that only the special class of
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bursts discussed in the present work shows the described behaviour.
There are other classes of flares which do not show any adiabatic
phase.
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