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ABSTRACT

Sensitive radio observations of the 1997 September 24 EVE whow its velocity
to be 830 km s1. The wave first appears a short distance from the flare sitejtan
trajectory projects back to the flare site at the peak of thulsive phase. The radio
spectrum appears to be consistent with optically thin calr@mission rather than
chromospheric emission. The observed radio brightnespamtures are consistent
with the EIT fluxes if the temperature of the emitting gas isaidhe peak formation
temperature of the Fe Xl 194 line, or if abundances are closer to photospheric than
coronal. An important result is that no deceleration is oleg during the 4 minutes
that the wave is visible in the radio images: the discrepaetyween EIT wave anddd
Moreton wave speeds requires that EIT waves slow substgragthey propagate, if
they are the same disturbance.

Subject headings: Sun: flares — Sun: corona — Sun: radio radiation

1. INTRODUCTION

The so-called “EIT waves”, also known as “coronal Moretovest, are disturbances seen to
propagate outwards from flare locations in EUV images of $laféney acquired their colloquial
name when detected in coronal lines at EUV wavelengths byEiteeme-ultraviolet Imaging
Telescope (EIT) on the SOHO satellite (Thompson et al. 12989), although the first detection
of this class of events may have been obtained by Neuper®j19Bnhe current name remains
popular at present while the relationship of these phenanerthe other types of propagating
disturbances associated with these events (eaqMdreton waves in the chromosphere, coronal
mass ejections, “coronal dimmings” and the shock wavegtioaluce Type Il radio bursts; Klassen
et al. 2000; Biesecker et al. 2002) is clarified. We use tha t&IT wave” here for brevity.
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The disturbances were first recognized in sequences of EIXIFE95 A images obtained
with a cadence of 7 to 23 minutes. The ]f@&nages represent emission by plasma at around 1.5
x 10° K, i.e., a typical quiet-coronal temperature. Thompsor.€2800) discuss one of the most
striking examples of this phenomenon, from 1997 SeptemBeir2which a particularly sharp
front propagates away from a flare site. This event alsotiitiss the incompleteness of the EIT
coverage of a typical event: the wave front is clearly seemstsarp feature in only one image (it is
much more diffuse and amorphous in two subsequent framegharpropagation speed therefore
cannot easily be measured from the EIT data. In other eveméserthe speeds can be measured
(i.e., when a common wave feature can be clearly identifietdvonor more images), values of
typically 200 - 400 km st are found, but this range is subject to a strong selecti@teffast EIT
waves cannot have their speeds measured because theyaisofmgfar between EIT images to
be detected at two locations. The early development of themats cannot be studied from images
with a low cadence because they cannot easily be identifiedaiticular, an important question
is whether the wave is launched by the impulsive phase of &éne, for does it arise in association
with, e.g., a coronal mass ejection (CME) following the ffare

The relationships between propagating phenomena assbeigh flares remain poorly un-
derstood. Warmuth et al. (2004a) have presented a compebise that Moreton waves and EIT
waves represent the edge in the chromosphere and low coespactively, of a freely propagating
fast-mode shock as it expands outwards, and that the shuatksroduce Type Il radio bursts are
driven at the upper coronal edge of this wave. Whether thewsglf is driven by a CME remains
an open question. Propagating fronts similar to EIT wavesatso be seen in soft X-ray images
(Khan & Aurass 2002; Narukage et al. 2002a; Hudson et al. 20BBbert et al. (2004) observe
waves as dark features in He | 10880mages that appear cospatial with the corresponding EIT
waves: they argue that the chromospheric response is tharigitrack” of the coronal disturbance
as originally proposed by Uchida (1968). In several casesrgvhbi observations of a Moreton
wave and EIT detections of a wave are both available, theastateonsistent with them being coin-
cident (Thompson et al. 2000; Pohjolainen et al. 2001; Wénretial. 2001). A clear requirement
for the identification of EIT waves with Moreton waves woukkem to be that they should have
the same velocity. There are a number of events where thsmeseem to be the case (Eto et al.
2002; Narukage et al. 2002b), but Warmuth et al. (2001) anchen et al. (2004a) argue that this
is due to deceleration of the wave front over time.

EIT waves are particularly difficult to observe, which is wimey were not recognized until
more than 25 years after the other forms of disturbance. ttershow that radio techniques can
also produce images of EIT waves, and that the high cadertbe cddio data provides information
difficult to obtain with limited cadence or limited field ofew EUV observations. Radio emission
from these waves is weak and difficult to detect. Apart frora #vent (White & Thompson 2002),
only two other studies have reported radio detections af phienomenon: Aurass et al. (2002)
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report a radio feature moving in the same direction as an E\evbut not coincident with it, and
Warmuth et al. (2004a) detect emission from a feature mowiitly an Ho Moreton wave that
unfortunately occurred while EIT was unavailable.

2. Radio Observations of the 1997 September 24 Event

We report Nobeyama Radioheliograph (NoRH) observatiori¥ &and 34 GHz of the 1997
September 24 EIT wave event studied in detail by Thompsoh é2@00) and Warmuth et al.
(2004a). This was associated with a GOES class M5.9 flarejtamdecognized as one of the
few EIT wave events in which the data show a sharp front (Bieseet al. 2002). The event
was accompanied by anoHVioreton wave with a speed of order 500 kmtswhose position is
apparently consistent with that of the EIT wave at the timéhefsharp front. In order to achive
the high dynamic range necessary to detect radio emission finis feature against the strong
nonthermal radio emission from the main flare site, the NoRtad évere analyzed using the AIPS
package which allows the use of self—calibration techrsqéesequence of NoRH 17 GHz radio
images of the event typically 30 s apart is shown in Figurele fain flare site is at the bottom
of each panel and consists of two sources somé& apart (the overexposed dark regions) lying
over sunspots at the trailing (brightest source) and lepéirds of the active region. The fact that
nonthermal electrons are seen over such a wide distan@atedithat the flare involved large-scale
magnetic loops.

There is no sign of the EIT wave in the radio images prior ta020 UT, and subsequently
it develops initially as an enhancement to the north anchmast of the main flare source (within
5 s 0f 02:49:08 in Figure 1). We note that some emission featalong a position angle at about
10° west of the north direction from the main flare source ardaote because the point-response
function was susceptible to errors along this directiore $bsequent radio images show the EIT
wave moving predominantly northwards in the form of an iuleg arc of emission; in the early
stages the emission is brightest in the northwest direchiohlater it is brightest to the north as in
the EIT image. The evolution appears to be very similar tb $kan in the i data of Thompson
et al. (2000). Features identified with the EIT wave can ba sethe 17 GHz radio images at least
until 02:53 UT. The peak brightness temperature in the Elfedaatures is initially close to 5000
K (above the background disk emission level of K) and decreases to 1000 K as it fades.

The exact timing of the EIT images is uncertain by up to 2 meswue to a drifting on—board
clock. The nominal corrected time of the image containireggharp wave is 02:49:21 UT: at this
time the radio feature is significantly south of the EIT feafland does not show as complete an
arc as in later images. The radio wave is identical to the EAVenn position and shape in the time
range within 10 s of 02:51:00, corresponding to the origoh@tk time of the image (02:51:10 UT).
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Given the similarity in shape and position between the ElVerand the radio wave at 02:51:00
UT, we argue that the simplest assumption is that they amciclant at this point and this sets
the time of the EIT image. At this time the signal strengthhia sharp EIT wave is of order 300
DN/pixel/s: assuming a temperature of order £.50° K, close to the formation temperature of the
Fe XIl A line, the routineei t _f | ux in the EIT calibration software in th8OLARSOFT package
yields an emission measure of ordex810?° cm° (assuming Mazzotta et al 1998 ionization
equilibrium and coronal abundances). The brightness teatyre contribution expected from this
material due to thermal bremsstrahlung is 450 K (Dulk 198%)s is much less than the observed
radio brightness temperature of order 2500 K at 02:51:10~xé¥er, since the EIT wave is only
observed with a single EIT bandpass we cannot derive a teryperfor the EUV—emitting gas
and so the value for the temperature must be assumed: ia¢emperature is 1.9 10° K, then

the emission measure would be x30%’ cm~> and the radio brightness temperature contribution
would be 900 K. If the true temperature is 2010° K, the emission measure would be 34
10?7 cm~® and the brightness temperature would be 1700 K. The abuadsdrbe EUV-emitting
gas is also an issue: if photospheric rather than coronaldemces are assumed, then because the
Fe/H abundance is about a factor of 4 smaller, the inferrads2om measure is about a factor of 4
larger and so are the expected radio brightness tempesahrneging them closer to the observed
values. Hudson et al. (2003) have estimated a smaller bupamhle emission measure ofb
107 cm® at a temperature 2.5 10° K for a wave front seen in Yohkoh/SXT soft X—ray data.

The radio images show the sharp front for a period of 4 minuesng which time the wave
moves about 300 Figure 2 shows the position of the wave front (the centromdasured due
north from the main flare site (the eastern radio peak in iguat about -34Q -560"), as well
as the 17 GHz radio light curve. A fit to the measured positigimes a speed of order 835 km
s~1, and the positions project back to the flare site at the timeneét of the impulsive phase. The
patchy nature of the radio emission associated with the wealees it difficult to determine speeds
along many different directions, but the nearly circulaapsh of the wave front suggests that the
speed of the section due north of the flare site is roughly@ppate for most of the propagating
front. The radio velocity is somewhat larger than the spdetleoHa Moreton wave, determined
by Thompson et al. (2000) and Warmuth et al. (2004a) to betdififulkm s1, and the onset time
we infer for the wave is correspondingly later than the esaterof 02:43 UT made by Thompson
et al. (2000) on the basis of theortlata. However, Thompson et al. (2000) state that the times of
the Ho images are uncertain by of order 30 seconds, giving a positioncertainty of about 40
at the speed of the wave, and a detailed comparison of théatha with the radio data is therefore
difficult.
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3. DISCUSSION

We believe that the EIT-wave radio emission is produced byntlal free-free emission (i.e.,
bremsstrahlung) from material swept up or otherwise distdrby the wave. Brightness temper-
atures of order 3000 — 5000 K as observed for this EIT wave carinciple be due either to
optically thick chromospheric emission (i.e., the wavesamuthe chromosphere to become op-
tically thick further up the temperature gradient than isnmal for 17 GHz) or to optically thin
coronal emission. The correlation with the coronal Fe XINEemission argues for the latter in-
terpretation, and a discriminant between these two pdisigibiwould be provided by the radio flux
spectrum, which is flat for optically thin emission but rigiwith frequency—squared for optically
thick emission. However, the EIT wave is just barely visiilldNoRH 34 GHz images, which are
less sensitive than the 17 GHz images: the typical rms neigd vhile the EIT wave is visible
is 2400 K. The radio spectrum is therefore poorly constidibet it seems to be more consistent
with the flat flux spectrum expected for optically thin thetifinae-free emission (expected 34 GHz
brightness temperature contribution of order 1000 K) théh the increasing flux spectrum of op-
tically thick chromospheric emission (brightness temperaof order 4000 K over the area of the
wave). We note that optically—thin thermal free-free eimissloes not have a very strong temper-
ature dependencé&l( T 29), so bright features can reliably be ascribed to densityaeodments,
not temperature effects: in fact, a temperature increasdalbeating would result in a radio flux
decrease if the density does not change. We can therefereutitemperature changes as a signif-
icant factor in the detectability of these waves, and bot¢hEV emission and the radio emission
in this event most likely arise from a density increase inlthve corona. This further implies that
if the EIT wave is a propagating wave, then it must be comjpraasin order to produce a density
increase. We find that the radio brightness temperaturengsalvith time as it propagates, consis-
tent with Warmuth et al. (2004b)’s argument that the amgétof the disturbance is decreasing.
One might expect that a CME—driven disturbance would notvshg behaviour because the mo-
mentum of the CME is so large that it can absorb the swept—upriabwithout slowing: in that
case the amount of material swept up and compressed by tlek Blwweases with time, which
would produce increasing radio emission. The lack of racigssion prior to 02:49:00 could arise
because the thickness of the compressed region is smakcaube the compression prior to that
time takes place at heights where the initial density is sotlat the compressed material is not
visible in the radio images, but more examples are neededderstand the onset of the radio
emission.

In our measurements the EIT wave shows no deceleration bgealinost 5 minutes that it
is visible in the radio images, to within the uncertainty e tdata. It is crucial for the argument
that coronal EIT waves and chromospherie Moreton waves coincide that in cases where their
speeds differ, deceleration of the wave over time be a viekidanation for the generally slower
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speeds of the EIT waves. Warmuth et al. (2004a) show the iteloehaviour of 11  Moreton
waves and all appear to display a decrease in velocity, Wélargest change occurring in the first
200 s of observations. Warmuth et al. (2004b) show that deatsdn is observed at all wavelengths
where disturbances are detected. SinceMbreton waves are typically observed only close to the
flare, whereas the EIT waves can be observed more than a adias from the initiation point, a
disturbance that starts out fast and rapidly slows woulahalls to reconcile the differing ¢dand
EUV speeds. The event shown here does not fit this pattern: easune a steady speed of around
800 km st in the radio data for up to 300 s from flare onset, while Thomptal. (2000) derive a
speed of 500 km's! for the Ha Moreton wave between 02:47 and 02:50 UT. If the times of tbe H
images are indeed correct to within 30 s of the nominal tirttess) the Hx Moreton wave appears
even before the onset of the radio wave, but interestingipjitears first at exactly the location to
the north—west of the main flare site where the radio wavessdeen (see Fig. 5 of Thompson et
al. 2000). Errors of order 3 minutes in the times of the iFhages would be needed if the radio
wave is colocated with the ddwave.

The high speed of the EIT wave in this event is inconsisteti wie simulations of fast—
mode MHD waves by Wang (2000), in which the wave is initiated height of 35,000 km and is
found to refract into regions of low Al&n speed, i.e., away from active regions and coronal holes,
and towards greater height. Because of the low &ihspeed over the quiet Sun, the simulated
disturbance is observed to have a speed down around 200%im the corona. Chen et al. (2002)
also carry out simulations of EIT waves and they argue thafdlst coronal Moreton waves and
the slow EIT waves are different disturbances that botrearaturally out of their scenario: their
results are not consistent with the observations of thisitesmce at no stage is the EIT wave
behind the radio or the ¢iMoreton wave as they predict.

One drawback to the MHD wave model is that, since coronal nadis compressed in place
and not transported by the wave, it does not by itself exglaén‘coronal dimmings” that appear
in EIT images behind the EIT wave front (Zarro et al. 1999).tHis event, at 02:51:10 UT the
dimming of 195A emission behind the front (visible in the bottom panel af.Fi as the bright
area north and north—east of the plus symbol) is almost ds(@80 DN/pixel/s) as the front is
bright (300 DN/pixel/s). If it is a density depression theérshould be almost as prominent in
radio difference images. There is a suggestion of a fainbrdidtnming coincident with the EUV
dimming in this event, but it is not as striking as the appeegeaf the emission front.

4. CONCLUSIONS

High dynamic range radio observations of the 1997 Septe@2w&IT wave allow us to mea-
sure the speed of the wave at 830 kni:sthis is much faster than the normal range of measured
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EIT wave speeds. We argue that this confirms the belief tieat#dence of EIT observations is
responsible for the typical low speeds (200 - 400 krh)secorded for EIT waves: EIT itself usu-
ally cannot measure the speed of faster disturbances dumite on its cadence. The radio data
indicate that the wave first appears at some distance frorfidigesite. The initial feature is not
very broad in position angle, and subsequently spreadsalgte The position of the EIT wave
projects back to the flare site at the time of the peak of thailgiye phase: further work is needed
to decide whether this is still consistent with a link betwélee EIT wave and the CME. Since the
radio data are sensitive to density enhancements ratheteh®erature changes, they confirm that
the wave phenomenon observed by EIT is not a temperature.effiee brightness temperature of
the radio emission is consistent with the signal in the EIagmif the temperature of the emitting
gas is significantly different from 1.5 10° K, or if the abundance of low first ionization potential
elements such as Fe is low (closer to photospheric ratherchi@nal values).

No deceleration of the wave is observed while it is visiblthimradio images. The issue of de-
celeration is critical since it is required to explain why tBIT-observed waves have much slower
speeds than theddMoreton waves in the same events, if they are due to the sasnelaince, and
clearly further studies of this question in other eventsrmeded.
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Fig. 1.— NoRH 17 GHz observations of the propagating digtnde on 1997 September 24.
Panels show contours of the images (after preflare sultirggilotted over difference images (the
image 30 s earlier is subtracted from the image at the timieatel) in reversed greyscale (bright
features appear dark). Contours are at brightness terapenaultiples of 600 K up to 7200 K

(the disk component of 10000 K has been subtracted befotengly and the top three contours
are at 0.365, 1.96 & 4.85% 10° K. The images have a pixel size of and have been convolved
with a 33’ gaussian to enhance large-scale features. For compaitigoiast panel shows the EIT
difference image at 02:49:21. The plus symbol in the lastpanels shows the center of a circle

fit to the EIT wave front in the bottom panel.
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Fig. 2.— The 17 GHz time profile of the flare (solid line) togathvith the observed distance of
the EIT wave from the flare location (in 3&m) at the position angle due north of the main flare
site (dots with error bars), and a dashed line representoanstant velocity of 835 kms. The
radio flux measurements are taken from images made evergddooing the impulsive phase and
every 5 s after 02:48 UT.



