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ABSTRACT

We present meter-wavelength observations of the solar corona close to the onset of the “halo” coronal mass
ejection (CME) of 1998 January 21 and estimate the change in electron density with time through a reproduction
of the observed two-dimensional radio brightness distribution using a ray-tracing technique. Our calculations
show that the average density above the background in the southeast quadrant of the corona overlying the visible
solar disk had increased significantly (from 0 to 18), in the aftermath of the CME liftoff. This indicates that the
source region of the event must have been located at a lower level of the solar atmosphere in that area. The rate
of mass injection corresponding to the above change in density was found®.®e 10 g hr ™.

Subject headings. solar-terrestrial relations — Sun: activity — Sun: corona— Sun: radio radiation

1. INTRODUCTION angular resolutior=7’ x 11 (R.A. x decl), and the field of
view=3® x 5° (R.A. x decl). The calibration scheme used for

graphs are the historical and empirical foundations of our pre- Pr0¢essing of the GRH data makes use of the redundancy in
the length and orientation of the various baseline vectors and

sent knowledge of coronal mass ejections (CMESs). But by their enables us to image the solar corona with a dynamic range of

very nature, the coronagraphs have an occulting disk to block ) S .
the direct photospheric light, and hence the source region of aﬁgt% gta(Rt?lr:remsgl 1:r?18és%?1mf?§21 et :gklgg?]gt-rh:asnIhsal#]iifrfrj]lelgt
CME cannot be observed using them. The situation is severe, il tgdwith ) nII Itr mer WCME t Iyin better man-
particularly for CMEs directed along the Sun-Earth axis, termed assoclate corond_ streamers, S, €1C., 1N & betler ma

“ ,, : - . According to the CME catalddor the year 1998, a full
halo” CMEs by Howard et al. (1982), since they originate ner
close to the center of the visible hemisphere of the solar disk.halo event was observed on 1998 January 21 by the Large

Attempts have been made to identify the location of eruption Angle and Spectroscopic Coronagraph (LASCO; Brueckner et

; . al. 1995) on board thé&olar and Heliospheric Observatory
using soft X-ray (Hudson & Webb 1997; Plunkett et al. 1997), s .
EUV (Thompson et al. 1998; Plunkett et al. 1998; Zhukov & (SOHO; Fleck et al. 1995). The event was first observed above

N - o i the southern quadrant of the occulting disk of the LASCO C2
Auchae 2004), and microwave (Filippov 1998; Dougherty et - .
al. 2002; Gop?:tlswamy et al. 200(3) d%ﬁa. Radio obse?vatigns incoronag.raph.around 06:37:25 UT. Its leading edge was located
the meter-wavelength range also play a useful role in this con-gtg""6 Ladl|gsl dk|r?1tan::?hoi SraOUtTZH%xtsé =| foéarr:ad;l{[is; f
nection, since they do not have the limitation of an occulting tHe event is 0)5_%9_03 uT efhe i Zedag?oieth% Is're1e of i'oht
disk and a CME can be directly imaged in thermal bremms- nd ir\1/th ' | n. fth k n&%lg nd 4859km§ Ir '9
trahlung emission from the excess electrons in its frontal loop a € plane ot 'the sky a a » respec-
(Gopalswamy & Kundu 1992; Bastian & Gary 1997; Kathi- tively (Kathiravan & Ramesh 2004). The CME was assoglated
ravan et al. 2002). The sky-plane speed and acceleration of th ith a Ha filament eruption from the location (S57E19)

: : . the solar disk between 04:00 and 06:03 UT on that day
latter, particularly in the region of the solar atmosphere beneath®" i .
the occulting disk of a coronagraph, can be estimated in a(GopaIswamy et al. 2000; Zhou et al. 2003). Figures 1 and 2

straightforward manner (Ramesh et al. 2003). Again, one canShOW the radphehogram obtained with the GRH on 1998 Jan-
observe activity at any longitude, similar to X-ray and EUy &y 21 at 05:01 and 6:01 UT, before and after the onset of
wavelengths (Ramesh & Sastry 2000; Ramesh 2000). The_the CME,_resp_ectlver. The_re is notlcgable en_hanced emission
“true” speed of a CME in three-dimensional space can also ben the radioheliogram obtained at 06:01 UT in the aftermath

determined through ray-tracing analysis of the observed radioOf the CME liftoff.

brightness distribution (Kathiravan & Ramesh 2004). In this

Letter, we report on our attempt to obtain quantitative infor- 3. ANALYSIS AND RESULTS

mation on the source region of a halo CME in an independent  The ray-tracing technique described in our earlier papers (Ra-
manner through ray-tracing analysis of the meter-wavelengthmesh & Sastry 2000; Kathiravan et al. 2002; Kathiravan & Ra-

The observations with conventional “white-light” corona-

radioheliogram close to its onset. mesh 2004) is used to reproduce the observed radioheliogram.
Figures 3 and 4 show the brightness distribution obtained through
2. OBSERVATIONS ray-tracing calculations for the radioheliogram observed before

The radio data reported were obtained on 1998 January 21(Fig. 1) and after (Fig. 2) the eruption of the CME, respectively.
at 109 MHz with the Gauribidanur radioheliograph (GRH; Ra- There is a good similarity between the corresponding images.
mesh et al. 1998), operating near Bangalore in India. The char-The assumed values for the electron temperature and density of
acteristics of the array at the above frequency are the minimumthe “background” solar corona arel.0 x 10° K and 0.45 x
detectable flux limit~0.02 sfu (1 sfu= 102 Wm™=2 Hz™), Newkirk density (Newkirk 1961), respectively, for both the

events. Note that according to thexl Newkirk density model,
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Fic. 1.—Radioheliogram obtained with the GRH at 109 MHz on 1998 Fic. 3.—Reproduction of radioheliogram in Fig. 1 through ray-tracing tech-
January 21 at 05:01 UT. The peak brightness temperatur@.lk0 x 10 K, nigue. The numbers S1-S15 indicate the location of the centroid of the discrete
and the contour interval 8.1 x 10° K. The open circle at the center represents sources used in our calculations. Their parameters are listed in Table 1.
the solar limb. The filled contour near the bottom right corner represents the
instrument beam at the observing frequency. CMEs are located withint60° longitude and latitude on the
. , Sun (Lara et al. 2000), we adopted the following criteria to
the 109 MHz plasma level in the background corona will be jqenity the relevant sources from the above list: (1) the mag-
Ié)ca;eg ata raéjlal dlsLan_ce §3'22R® (fr(()jm the cefn';‘er Otf) the gnitude of thez-coordinaté of the source should be less than

un). But Iin order to obtain a better reproduction of the observe . f _ 52\1/2
radioheliogram in Figures 1 and 2, we used the Ox4Blewkirk 1.OR, and (2) the-coordinate shoulo! be; less them z ) !

’ § The sources that meet the above criteria are listed in Table 3.

density model. The 109 MHz plasma level in the latter is located rpgjr |ongitude and latitude were obtained using the following
at a radial distance 6f1.11R_ . The parameters of the different expressionsiong = tan* (y/x) and lat= 9C° — cos* @Ir) .
n

discrete sources used to obtain Figures 3 and 4 are listed i
Tables 1 and 2, respectively. Note that about .15 dlscret? Squrc.es ® The x-, y-, andz-coordinates in our calculations represent the Earthward,
have been used to reproduce the observed brightness distributiofngitudinal, and latitudinal directions on the Sun; they are in units of solar
in Figures 1 and 2. Since the source region of 90% of the haloradius.
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Fic. 2—Same as Fig. 1, but obtained at 06:01 UT. The peak brightness

temperature i$-2.20 x 1(f K, and the contour interval i2.2x 10° K.

Fic. 4.—Same as Fig. 3, but for the radioheliogram in Fig. 2. The parameters

of the sources S1-S16 are listed in Table 2.
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TABLE 1
PARAMETERS OF THE DISCRETE SOURCES IN FIGURE 3

SOURCE REGION OF “HALO” CME
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TABLE 3

THE LONGITUDE AND LATITUDE OF THE CORONAL RADIO
SOURCES ABOVE THE VISIBLE SOLAR DIsk

Positior? Sizé Density Factot

Source %oy Yo Z2) [(@Jn (0)n (0] (C) Event Time Longitude Latitude Density Factor
S1...... 150, 0.06, 0.04  0.22, 0.29, 0.50 16.0 S Source  (deg) (deg) €
S2 ... 2.30-0.96, 0.40  0.22, 0.16, 0.55 23.0 0501 ...... s1 2W 2N 16.0
S3 ....... 1.30~1.10,-0.80  0.22, 0.32, 0.19 3.0 sS4 20W 5S 30.0
S4 ... 1.85,0.7370.20  0.22, 0.26, 0.55 30.0 06:01 ...... s1 18W 6S 34.0
S5 ....... 1.50, 1.46:-0.69  0.22, 0.32, 0.47 10.6 S3 24E 12S 18.0
S6 ....... 1.30-1.30,-1.20  0.22, 0.28, 0.35 4.0 S4 29W 34N 18.0
YA 1.60-0.40,-1.40 0.22, 0.22, 0.22 5.0 S16 13E 21N -0.3
S8 ....... 1.30, 0.55-1.70  0.22, 0.22, 0.22 5.0
S9 ... 1.50, 1.29, 0.40 0.22, 0.33, 0.39 5.0 ) )
sio ... 1.60 0.75 0.70 022 026, 0.22 10.0 Table 2), and the value 8.8 x 10 g. Note that no density
S11...... 1.30, 0.63, 1.70 0.22, 0.40, 0.33 6.5 enhancement was observed above the visible solar disk in the
S12 ... 1.30-0.21, 1.92 0.22,0.17,0.33 5.4 southeast quadrant prior to the CME liftoff (see Table 3). There-
2}2 ------ iggj-ég' é-gg 8-32' 8'33' g-g% ;2 fore, the above mass must have been injected into the upper
sis 1.26-0.83 1.00 0.22. 0.45 0.35 04 layers of the solar atmosphere in a period<df hr, during the

2 The coordinates of the source centroid in units of solar radius.

® Size of the source along, y-, andz-axes, in units of solar radius.

¢ The negative value of S15 indicates a reduction in density with respect
to the background.

Herer = (x*>+ y*+ z?)"? is the radial distance of the source
from the center of the Sun. The error involved in the longitude
and latitude estimation s+ 15°. We calculated the change in
density enhancemerit (= AC,/At , wheBe s the density fac-
tor) of the radio sources in the corona overlying the visible solar

disk between 05:01 and 06:01 UT, and the average values in the

different quadrants ardy. =0 [s=18 TI'sy=4 , and
ILw = 2 hr* (Fig. 5). There is a significant increase in density

in the southeast quadrant. This indicates that the source region

of the CME must have been located in that area, below the
altitude from where the observed 109 MHz radiation has orig-
inated. The enhanced emission is due to thermal bremmstrahlung
from the excess electrons associated with the CME. It is inter-
esting to note that the ddfilament eruption that was temporally
associated with the CME in the present case was also from the
same quadrant, i.e., S57 E19. An inspection of Table 3 indicates
that the change in density in the southeast quadrant is mainly
due to the discrete source S4 used in the ray-tracing calculations
to reproduce the observed radioheliogram at 06:01 UT. We cal-
culated its mass using the relativh= NV , whéte  ahd
are the density and volume,(x o, x g, ) of the structure (see

TABLE 2
PARAMETERS OF THE DISCRETE SOURCES IN FIGURE 4

propagation of the CME. Our estimate is in good agreement with
the mass loss reported in association with the launch of a CME
(Hudson et al. 1996; Sterling & Hudson 1997; Gopalswamy &
Hanaoka 1998; Ramesh & Sastry 2000).

In conclusion, our results indicate that ground-based low-
frequency (30-110 MHz) radio observations can be a useful

N

o

L]
30.0

(a) 05:01 UT

Positior? Sizé Density Factot
Source (%o Yoo Z) [(0dn (o) (o) (C)

S1....... 1.72, 0.56;-0.20 0.32, 0.74, 0.59 34.0
S2 ... 1.60, 0.80;-1.60 0.32, 0.47, 0.52 16.0
S3 ... 1.70,-0.77,-0.40 0.22, 0.55, 0.71 18.0
S4 ... 1.10, 0.60, 0.85 0.22, 0.63, 0.77 18.0
S5 ... 1.00-1.00, 1.50 0.22, 0.22, 0.50 8.0
S6 ....... 0.60,-1.84, 1.55 0.22, 0.32, 0.77 7.0
S7 ....... 1.10-1.75, 0.00 0.22, 0.32, 0.32 7.5
S8 ... 0.80,-1.85,—1.00 0.22, 0.32, 0.45 9.0
S9 ... 1.20,-1.55,-1.85 0.22, 0.45, 0.45 17.3
S10...... 1.30,-0.45,-1.85 0.22, 0.39, 0.52 12.4
S11...... 1.00, 0.75,-2.00 0.22, 0.45, 0.55 10.0
S12 ....... 1.00, 1.70:-1.75 0.22, 0.45, 0.50 22.0
S13...... 1.40, 2.10;-0.90 0.22, 0.45, 0.67 22.0
S14 ...... 1.10, 1.50, 0.45 0.22, 0.45, 0.32 10.0
S15...... 0.40, 1.50, 1.90 0.22, 0.39, 0.45 7.0
S16 ...... 1.70-0.40, 0.68 0.22, 0.19, 0.39 -0.3

#The coordinates of the source centroid in units of solar radius.

® Size of the sources along, y-, andz-axes, in units of solar radius.

° The negative value of S16 indicates a reduction in density with respect
to the background.

O
18.0
0
34.0

(b) 06:01 UT

Fic. 5.—Graphical illustration of the quadrant-wise average density en-
hancement/depletion in our ray-tracing calculations. The open circles) in (
and p) represent the solar disk. A comparison of the two panels indicates a
significant increase in density in the southeast quadrant.
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and independent tool to identify the source region of a CME
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and receiver systems. We also thank the referee for comments

on the solar disk, since the corona overlying the visible solar that helped us to present the results more clearly. JDidO

disk can be imaged without any limitation. Again, the optical

data are produced by a consortium of the Naval research lab-

depth of the emission from the background corona in the aboveoratory (US), Max-Planck-Institut fuAeronomie (Germany),
frequency range is not very large. Thus, the radio counterpartLaboratoire d’Astronomie (France), and the University of Bir-
of a CME can be observed close to its onset with a better mingham (UK).SOHO is a project of international cooperation

contrast (Ramesh 2005).
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Weather at the Catholic University of America in cooperation

their help in data collection and maintenance of the antennawith the Naval Research Laboratory and NASA.
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