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of Chromospheric Evaporation

F. C. R. Fernandes, J. R. Cecatto, M. C. Andrade, F. R. H. Madsen, L. C. P. Moraes, and H. S. ¢
Instituto Nacional de Pesquisas Espaciais, C.P. 515 12201-%&®,)& dos Campos, Brazil

Received on 6 February, 2004; revised version received on 26 April, 2004

In this work, we concentrate in the analysis of radio slowly drifting fine structures associated with solar flares
recorded in the frequency range of (1000 - 2500) MHz by the Brazilian Solar Spectroscope (BSS), in regular
operation at National Institute of Space Research (INPE) - Brazil. The main morphological aspects of each
fine structure are narrow-band of about 5 - 10 MHz and small duration of the order of 50 milliseconds. The
majority of these fine structures are observed over a time interval of a couple of minutes before the maximum
of the associated flare, in the impulsive phase. However, some observations during the gradual decay phase are
also reported. They drift towards lower frequencies, with slow rates typically of about of 10 - 100 MHz s
Estimated velocities of the exciter from the negatively drifting structures suggest that the shock-like exciter

is propagating in the higher chromosphere. Than, those fine structures are interpreted as a possible signature
in decimetric emissions from the chromospheric evaporation phenomenon. Details of these observations and
their interpretation in terms of the plasma emission produced by accelerated particles and the chromospheric
evaporation front is presented.

1 Introduction ture, and then it flows upward with velocities of abou
few hundreds of kms!. The up-flow of the hot plasma |
Decimetric band is known to exhibit various types of known as chromospheric evaporation [14]. The up-flow
fine structures [1-4]. However, observations in the decime- hot plasma can be inferred by broadening and blue shi
tric band became stagnant till 80’s. Around that time the of the lines as observed in soft X-ray [12, 13, 15-18].
Skylab satellite observations showed that energy to the flare  Based especially on X-ray lines observations, many
is released where the electron density range is aroufid 10 timations of the velocity of chromospheric evaporation h
-10' cm3, i.e., in the decimetric range of the solar radio been done. The determined evaporation front velocity
spectrum [5 and references within]. Since then, various highges from aproximately 100 knt$, for the transition regior
frequency-time resolution spectroscopes were put into ope-[19] or of about 150 kms! [19, 20] for coronal lines up t¢
ration [6]. The Brazilian Solar Spectroscope (BSS) [7, 8] 950 km s! for decimetric layer [10]. Also, Mariska et
belongs to this new generation of solar radio spectroscopes[21] estimated the velocity of 650 knT$ and Silva et al
BSS is in regular operation since 1998 and it has recorded[13] inferred the interval of 350-450 kn's$ for the velocity
many different types of fine structures. Here, we analyze of the evaporation front.
some particular groups of decimentric fine structures with ~ While the hot and dense plasma rises up it creates &
slowly drifting high frequency edge. Karliglet al. [9] also continuity in temperature and density, in the loop. Be
reported the observations of slowly drifting structures in de- of energetic electrons moving towards the foot-points of
cimetric range. loop interacts with this slowly upward moving “shock fror
Recently, the chromospheric evaporation has been in-where a optical thickness’ is reduced due to its temper
voked to explain the occurrence of the slowly drifting fine ture dependencer (o n x T~%/?) allowing to escape o
structures in radio wavelengths [10]. In fact, the first sugges- high frequency radio emission. As the beam travels fur
tion the chromospheric evaporation could be investigated byit encounters high densities and lower temperature whici
radio observations in decimetric wavelengths generated bycreases opacity and radio emission is absorbed. Thu
electron beam going down in magnetic loop and crossing the shock front moves up, the cut off in high frequency \
up-going evaporation front was given by [1]. be slowly decreased allowing to infer the velocity of sh
The basic scenario of chromospheric evaporation is thefront. Eventually, the shock front will come in equilibriu
following [12, 13]. During the very beginning of the flare, Withloop plasma and enabling escape of radio emission.
the turbulence in plasma of the active region begins and theSed on this scenario, Aschwanden and Benz [11] have
flare energy is released up in the corona. This energy ther@ested that the decimetric fine structures with slow drif
accelerates particles and heats the plasma. The acceleraté®riation can be observed as result of the chomospheric
particles then move down toward the upper chromospherePoration process. However, there is a lack of observatiol
along the magnetic lines, where they lose their energy byadio wavelengths as an evidence of emission caused k
collisions with denser plasma. The heated plasma expand§romospheric evaporation.
rapidly. However, it is confined by the magnetic loop struc-
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TABLE 1. Solar flares showing decimetric slowly drifting fine structures.
Associated activity

Event Day Time Band Start  Max End Goes Active

No. um (MHz) um T (mn Class Region #
1 28/JUN/99  12:21 1615-1260 12:13 12:17 12:25 Cl.6 8611
2 27/NOV/99 12:08 1460-1015 12:05 12:12 12:16 X1.4 8771
3 06/JUN/O0  15:05 1660-1265 14:48 15:25 15:40 X2.3 9026
4 06/JUN/O0  16:26 1460-1210 14:48 15:25 15:40 X2.3 9026
5 06/JUN/O0  16:32 1350-1235 14:48 15:25 15:40 X2.3 9026
6 16/SEP/O0  14:21 1675-1535 14:16 14:28 14:32 M3.3 9165
7 21/SEP/00  18:22 1130-1010 - - - 245-606 MHz
8 24/NOV/00 15:07 1970-1880 14:51 15:13 15:21 X2.3 9236
9 05/SEP/01  14:32 2170-2125 14:25 14:32 14:34 M6.0 9601
10 04/APR/02  15:28 1240-1000 15:24 15:32 15:38 M6.1 -
11 11/JUL/02  14:48 1190-1150 14:44 1451 14:57 M5.8 10030

Here, we present the decimetric fine structures associaphase. In 3 cases, they are associated with the gradual dec
ted with the solar flares recorded by BSS as a possible signaphase of the X-ray emission, and for 1 case they are obse
ture in decimetric waves of the chromospheric evaporation ved during the peak time of the soft X-ray emission. Except
process. In section 2 we briefly describe the BSS instrumentfor 1 flare (classified as C1.6), the soft X-ray flares reportec
and its main characteristics. In section 3 the observationsby GOES satellite associated with the fine structures wer
and the main properties of the fine structures recorded arevery intense: 3 flares reached X class and others 4 the |
presented. The shock velocity determinations and resultsclass.
are presented in section 4 and 5, respectively. The summary,

and conclusions are presented in section 6. Data anaIySIS

4.1 Frequency Drift Rate

: The high frequency and time measurements for each indivi

2 Instrumentation dual fine structure have been done using the BSSView an
) ] BSSData software. Then, the drift rate of the high frequency

The BSS was put into regular operation at INPE for sys- eqge of each group of fine structures was determined from
tematic solar observations in 1998 [8, 22]. It operates in |inear regression in the frequency-time plane as shown in th

conjunction with @ 9 meter diameter polar mounted parabo-rigyre 2. The drift rates determined are given in the Table
lic antenna, over the frequency range of (1000 - 2500) MHz, o

with high time (10 - 50 ms) and frequency (3 MHz) resoluti-

ons. The data are recorded in up to 100 digital channels [23], . .

with absolute timing accuracy of 3 milliseconds. Thus, the 4.2 (_:hromOSphe“C Evaporation Shock Velo-
BSS system has the capability to detect fine structures with city

narrow bandwidth and short durations [24]. The frequency drift ratedf /dt) of the bursts group can be

given by
3 Decimetric observations
df df dNe dh df dNe
Since the BSS has been put into regular operation, in dt ~ dNe dh dt _ dNe dn ‘e cost , (1)

1998, it recorded more than 350 groups of solar decime- . .
; o T ..~ where f is the plasma frequencyy. is the electron den-
tric emissions, most of them showing fine structures in time

anlor euency (2520, Out of them, e nave slcta 2, 5 06 10 oue e prososhctos e sige
the emissions associated with 8 solar flares recorded by BS§) . S ' propag . .
. ) o T vertical direction and.. is the chromospheric evaporation

showing decimetric fine structures with high frequency edge front velocit
slowly drifting from high to low frequencies observed in the - -
period of March, 1999 to July, 2002. The Figure 1 shows Forthe pllasma emission the plagmafrequency can be g
the dynamic spectra of the recorded fine structures selecte%zn as function of electron density in the solar atmosphers
for analysis. ’

In the Table 1 we present a list of these emissions. The _ —3a71/2 i
associated soft X-ray flares (GOES satellite) were also in- ) f=sx 89? % 19 _NE (in MHZ). 2)
cluded. For 6 flares the fine structures occur prior the maxi- Wheres is the harmonic radiation numberx 1 ands = 2 for
mum of the soft X-ray associated emission, in the impulsive fundamental and second harmonic emission, respectively).
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Figure 1. Examples of dynamic spectrum of decimetric fine structures showing slow drifting frequency variation: (a) June 2812.29¢
UT); (b) November 27, 1999+12:08 UT); (c) June 6, 2000+15:05 UT); (d) June 6, 200016:26 UT); (e) June 6, 2000-16:32 UT);
(f) September 16, 2000414:21 UT); (g) September 21, 200818:22 UT); (h) November 24, 2000415:07 UT); (i) September 5, 200
(~14:32 UT); (j) April 4, 2002 ¢£15:28 UT); (k) July 11, 2002~14:48 UT). For all dynamic spectra, the background level of the emis
was subtracted.
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TABLE 2. Measurements of the fine structures parameters.

Event At df /dt AN, Ah Vce
No. (s) (MHzs') (x10°cm™3) (x10®km) (kms!)
1 4.5 80 3.1 7.7 1700
2 30.0 15 2.3 9.0 300
3 15.7 25 3.5 8.1 515
4 25 100 1.0 3.2 1280
5 6.0 19 1.0 3.1 520
6 5.8 24 1.4 2.6 450
7 15.3 8 0.8 3.9 250
8 1.7 53 15 2.3 1350
9 3.8 12 0.6 0.1 30
10 7.2 38 1.7 7.4 1025
11 23.0 2 0.3 1.7 75
#2 271111999 As shown by Aschwanden and Benz [11], the constant:
1800 p andN, can be expressed as:
% 14010 - o:’ " 9
&' 1200 - 3 %
g .t 3, : +
$ om0 : o and
[T
ev\P
e 20 a0 & a0 100 Ny = (ﬂ) (5 x 8980)% , (®)
Time (s)

wherew is the beam velocity expressed in units of the speec
of light, A and« are constants in the empirical type Il drift
Figure 2. Example of frequency drift rate determination by linear rate [29]. C0n3|d.er|ng the second harmonic radiatiens (
fit of the high frequency edge points of the emission structures. ~ 2) and the following values for the constarfis= 7 x 10*
km, hy = 3.5 x 10° km, N, = 4.6 x 10° cm~ andp = 5,
We have used a density model for the solar chro- we determined the density and height intervals covered b
mosphere derived from the statistical relation between drift the fine structure groups.
rate and frequency of decimetric type Il bursts [29]:
df

L =ar, ®

whereA = 0.09 andx = 1.35. The density model used [29], 3) Results
adapted from Aschwanden and Benz [11], assumes a power-

law dependence for the low corona and an exponential shapé&onsidering the frequency drift rates for the high frequency
for the upper corona as: edge of the decimetric emissions, the shock-front velocity of

the source was estimated assuming a displacement in a ve
tical direction. The measurements of total duration of the

N.(h) = {
where h is the height in the solar atmosphere, is the

global structure At), frequency drift ratedf /dt), density
height of the transition in the density variation regime,

interval (AN.), height interval Ah) and shock-front velo-
city of the fine structure source ) are shown in Table 2.
where the power-law model is changed into exponential one,§ Summary and discussions
N is the density transition, an/, is the electron density
at the bottom of quiet solar corona obtained by barometric \yg have presented some radio fine structures showing sl
model,p is the power-law index andl'is the density height )y, rifting frequency associated with solar flares recorded
scale. From the continuity conditions at the heightwe Brazilian Solar Spectroscope (BSS), in the frequency rang
have: of (1000-2500) MHz. The common characteristics of those
fine structures are the narrow-band and short duration. Th
high frequency edge of the fine structure groups slowly drifts
towards lower frequency, with rates less than 100 MA%Z s
Those fine structures were interpreted as a possible si
nature of chromospheric evaporation process in decimetri

M (,jj—’l)*p if h < hy

o @
Ny exp (_ﬁ) if h > hy

(5)

and

(6)
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wavelengths. In this case, the evaporation shock front cau- [8] H. S. Sawant, K. R. Subramanian, C. Faria, F. C. R. Fer

ses the frequency drift of layer with reduced optical thick-
ness, from where the decimetric radiation can escape. This
drift depends upon the evaporation front velocity. Thus,
there is a drifting “window” in which the electromagnetic
radiation of plasma emission can escape and can be obser-
ved. The scenario of the visibility “window” for decimetric
emission (1000-2500 MHz) drifting towards lower frequen-
cies is valid at the very beginning of the flare, during the [11]
pre-impulsive phase in which the accelerated electron beam
is heating the dense plasma. However, we have observed12]
slowly drifting fine structures during the pre-flare phase but
also associated with the gradual phase. These results also rg; 3
ported previously by [30] is an evidence that, even in the late
phases of some patrticular flares, the dynamic of the heate
plasma into the magnetic configuration permits the escap
of the electromagnetic radiation in the decimetric range.
We considered the plasma emission at second harmonic[l5]
which has higher possibility to escape from dense layer of
the solar atmosphere (1@m~3) and we have used a den-
sity model for the solar chromosphere based on frequency[l7]
drift rates of type Ill bursts observations [29]. From the
frequency drift rate of the high frequency edge of the fine [18]
structures we are able to estimate the front velocity of the
evaporation shock in the range of 30-1700 km .sThese
velocities are comparable with those computed by Mariska
etal. [21] and Karlick [10] and other authors as mentioned [20]
in the Introduction, and they agreed with the upper limit of
the chromospheric evaporation velocities reported by Fisher

etal. [31].

These results permit to interpret those fine structures as a
possible signature of the chromospheric evaporation phenolzz]
menon in decimetric wavelengths. Complementary investi-
gations of those emissions in other wavelengths are ongoing
to confirm the results and will be reported elsewhere.
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