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ABSTRACT

We study the morphology and energetics of a slowly evolving quiet-region solar prominence eruption
occurring on 1999 February 8-9 in the solar north polar crown region, using soft X-ray data from the soft
X-ray telescope (SXT) on Yohkoh and Fe xv EUV 284 A data from the EUV Imaging Telescope (EIT) on the
Solar and Heliospheric Observatory (SOHO). After rising at ~1 km s~! for about six hours, the prominence
accelerates to a velocity of ~10 km s~!, leaving behind EUV and soft X-ray loop arcades of a weak flare in its
source region. Intensity dimmings occur in the eruption region cospatially in EUV and soft X-rays, indicating
that the dimmings result from a depletion of material. Over the first two hours of the prominence’s rapid rise,
flarelike brightenings occur beneath the rising prominence that might correspond to “tether-cutting”
magnetic reconnection. These brightenings have heating requirements of up to ~1028-102° ergs, and this is
comparable to the mechanical energy required for the rising prominence over the same time period. If the
ratio of mechanical energy to heating energy remains constant through the early phase of the eruption, then
we infer that coronal signatures for the tether cutting may not be apparent at or shortly after the start of the
fast phase in this or similar low-energy eruptions, since the plasma-heating energy levels would not exceed

that of the background corona.

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

On-line material: color figures

1. INTRODUCTION

Broadly speaking, solar filament and prominence erup-
tions are of two different types: active-region eruptions and
quiet-region eruptions. Each type has its own characteristics
(e.g., Zirin 1988), but both can be associated with brighten-
ings, or “flaring,” in soft X-rays, with the active-region
flares often brighter than the quiet-region flares. Among the
other differences between the two types are the magnetic
environment in which they occur, with the quiet regions
having substantially weaker field strengths than the active
regions, and the rates at which their evolutions progress,
with the quiet-region events occurring on much longer time-
scales than the active-region events. We can make the
assumptions that both types of eruptions are aspects of a
more general magnetic eruption process and that the mech-
anism driving these eruptions is the same in the two cases,
only differing on scales related to the respective magnetic
field strengths. In that case, we can study the time evolution
of eruptions in greater detail by looking at the slower evolv-
ing quiet-region events. We have recently done just this to
try to understand the energy release mechanism for a fila-
ment eruption that occurred on 1999 April 18 (Sterling,
Moore, & Thompson 2001b; Sterling & Moore 2004). Our
primary data for that event were EUV images in 195 A
Fe xu1 from EIT and soft X-ray images from SXT, along
with magnetic field data.

Here we continue investigating slow eruptions by study-
ing a quiet-region prominence eruption that occurred on
1999 February 8-9, using SXT and EIT data. In this case,
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our highest cadence EIT data are from the 284 A Fe xv
filter. The 284 A images often show cool features such as
prominences in absorption more strikingly than do the
195 A images while concurrently showing hotter regions of
the corona than do the 195 A images. We investigate the
coronal characteristics of this eruption and compare them
with findings from related studies.

A second aim of this current work is to consider the
energetics of the 1999 February 8-9 erupting prominence sys-
tem in order to learn about possible limitations of using
observations of low-energy events to investigate eruption
mechanisms. Several proposed mechanisms predict that
magnetic fields below an erupting prominence reconnect,
releasing stored energy as a solar flare. This reconnection is
sometimes referred to as * tether cutting,” since in some views
the magnetic fields involved in the reconnection are like
tethers holding down the prominence. Work of, e.g., Moore
& LaBonte (1980), Sturrock (1989), and Moore et al. (2001),
proposes that tether cutting is the agent responsible for the
primary energy release that triggers eruptions (we refer to this
as the ““ tether-cutting model ). Other mechanisms, however,
can also lead to tether cutting as a secondary consequence of
a different eruption mechanism, where the timings of the flare
brightening relative to the fast-eruption onset can differ
depending on the mechanism. In attempts to understand
what triggers eruptions, we recently considered this timing
question for fast eruptions (e.g., Sterling et al. 2001a) and
also for slow eruptions (Sterling et al. 2001b and Sterling &
Moore 2004, who examined the above-mentioned 1999 April
18 slow eruption.)

Our aim in studying the prominence energetics here is not
to deal with the eruption trigger question directly. Instead,
we investigate the more general question of the expected
observational detectability of tether-cutting reconnection
accompanying fast-eruption onset, independent of whether
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the tether cutting is the trigger or a consequence of the erup-
tion. This more general question is important, because for
low-energy events, such as the one considered here, it is not
obvious beforehand whether tether-cutting heating during
early phases of eruptions is greater than that of the back-
ground atmosphere; if it is weaker than the background,
then signatures of the reconnection will not be detectable
early enough to use in checking model predictions. Results
of this study will help to determine for which events it is
appropriate to use timing analysis in future studies, to
attempt to differentiate observationally between proposed
eruption onset mechanisms.

2. INSTRUMENTATION AND DATA

EIT images the Sun with four EUV filters, along with a
CCD detector with 2”6 pixels. EIT has been operating in
“CME watch ” mode nearly continuously since early 1997,
whereby it takes full-disk images in the same filter with a
cadence of approximately 15 minutes. Most of the time
these campaigns use the 195 A Fe xii filter, but occasionally
other filters are used. One such period was during 1999
February, when the 284 A Fe xv filter was employed, and
among those data we found the prominence eruption pre-
sented here. This filter is most sensitive to material emitting
at about 2.0 MK. The Solar and Heliospheric Observatory
(SOHO) is in a solar orbit at the L1 Lagrangian point and
therefore is not subject to spacecraft night. Delaboudiniere
et al. (1995) give a description of EIT.

SXT images the Sun in various operating modes and in
several soft X-ray filters; they cover the approximate wave-
length range 3-45 A, resulting in sensitivity to plasmas at
temperatures =2 MK. Here we use subfields of full-disk
images, which have pixel resolution of 479 or 9”8. Our data
have time cadence of typically 3-8 minutes, with longer gaps
for spacecraft night. Tsuneta et al. (1991) give details of the
SXT instrument.

Our prominence was anchored in the fields of the north
polar crown and existed since at least 00:00 UT on 1999
February 7, when it was near the northeastern limb. It was
stable until the start of its eruption late on 1999 February 8.
Soft X-ray emissions from this event were weak; at most,
there was an enhancement in the GOES satellite flux that
might have been associated with this event at about a mid-B
GOES class level, which was close to the background level
for that time. Nonetheless, the eruption produced an arcade
of loops in SXT and EIT images, suggesting that it was a
typical ejective eruption (Moore et al. 2001).

3. OBSERVATIONS

Figure 1 shows EIT 284 A images of the prominence
around the time of eruption. During the period well before
eruption (e.g., Fig. 1a), the top of the prominence appears
to exchange material with a remote filament to the south-
east, located at about (—800”, 400”). As eruption time
approached (Fig. 1b), the prominence began to move
upward and showed a more fragmentary structure. This
fragmentation is more obvious when the eruption is further
advanced (Fig. 1¢). After the prominence is gone (Fig. 1d)
an arcade of loops remains in the eruption source region.
Between the first and last panels of Figure 1 substantial
intensity dimming occurs in the region just west of the
prominence’s original location.

Figure 2 shows SXT AlMg images at times similar to
those in Figure 1. There is no obvious manifestation of the
prominence in soft X-rays in Figures 2a and 2b. Following
eruption, however, a postflare arcade dominates the region
(Figs. 2¢ and 2d).

Figure 3 marks various locations in the eruption region
with boxes from which we define light curves. Figures 3a
and 3c, respectively, show EIT and SXT images at the speci-
fied times, while Figures 3b and 3d, respectively, show EIT
and SXT “percentage-difference images,” in which an
earlier image is subtracted from a later image and the result
divided by the earlier image; such percentage difference
images sometimes do better at reproducing contrasts than
do straight ““ difference images ”” (Wills-Davey & Thompson
1999; Harra & Sterling 2003). Boxes 1 and 2 identify
locations where we detect the earliest brightenings in EIT
and SXT, and box 3 identifies a region of strong coronal
dimming that we also see in both EIT and SXT.

Box 4 is from a location we believe to be relatively free
from eruption-associated brightenings and dimmings in
EIT (scattered light from a nearby active region contami-
nates the SXT image at this box location), which we use for
reference; we place this box near the limb because of a
known effect resulting in spurious dimmings near the east
limb in solar rotation—corrected images. This artificial dim-
ming, along with corresponding artificial brightening near
the west limb, results from a combination of the rotation-
correction procedure and the limb-brightening effect and
becomes more pronounced as the time between the images
being differenced increases (Sterling & Moore 2004). These
false dimmings and brightenings occur in both EIT and
SXT, but Sterling & Moore (2004) found them to be weaker
in SXT than in EIT (although they only considered EIT 195
A images), probably because limb brightening is weaker in
the SXT images.

Figure 4 shows light curves from the boxed regions of
Figure 3 for EIT and SXT; for each box, we summed the
intensity in the original (i.e., nondifferenced) images over
the entire box, divided by the number of pixels, and nor-
malized the time to give the results per second. We also
plot the trajectory of the prominence as a function of
time, where we have measured the prominence’s height
relative to a weak intensity feature that appears to be sta-
tionary and that we can follow from frame to frame
throughout the prominence’s ascent; the bottom arrow in
Figures 1a and 15 point out this feature. Identification of
the top of the prominence was not always unique, espe-
cially during ascent, when the whole structure became
more fragmented. In each image we selected two points,
the lower of which appeared to be the top of the bulk of
the prominence mass and the upper of which was near
the highest extensions of the prominence; the uppermost
two arrows in Figures la and 15 show our selections for
those frames. In the Figure 4 trajectory we plot the mean
of these two heights. Differences in these upper and lower
estimates for the prominence height vary from about
5 x 103 to about 2.3 x 10* km, generally showing a weak
increasing trend with time.

Instead of being smooth, the prominence’s trajectory
appears to change form around 22:30 UT, and we find that
separately the two halves can be well fitted. In the plot of the
prominence height (in units of 10 km) in Figure 4, a fit com-
bining a linear fit to 21 data points between 17:10:27 UT
and 22:25:04 UT on February 8 and a quadratic fit for the
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(b) 9-Feb-1999 00:12:03 UT

1100

1000
900
800
700
600/

500

400
-900 -800 -700 -800 -500 -400 -300 -200

(d) 9-Feb-1999 02:11:31 UT

1100

1000
900
800
700
600

500

400
-900 -800 -700 -600 -500 -400 -300 -200
X (arcsecs)

Fig. 1.—EIT 284 A images of the prominence eruption in the northern solar polar crown region. In (a) and (b), the lowest arrow shows a weak feature we
use to reference the distance the prominence moves as a function of time. The top two arrows give upper and lower bounds for our estimate of the location of
the top of the prominence. East is left and north is toward the top in this and all other images in the paper. [See the electronic edition of the Journal for a color

version of this figure.)

10 points between 22:25:04 UT February 8 and 00:49:56 UT
February 9 gives a x2 = 0.06 over the full range. In contrast,
attempting to fit a single quadratic to the entire range of 31
points gives x2 = 0.3, and thus, the evidence favors a two-
stage path for the prominence’s rise. Figure 4b shows the
two-component (linear and quadratic) fits overplotted on
the prominence trajectory. We could have tried a quadratic
fit to the early points or a linear fit to the later points, but
what we have done is sufficient to approximate the trajec-
tory during the evolution. For the early portion the slope of
the fitted line gives a velocity of 1.2 km s—1, and for the later
points the tangent to the fitted curve around 23:45 UT on
February 8 gives a velocity of about 10.3 km s~!. This two-
stage ascent, with a period of acceleration, is similar to the
filament eruption studied by Sterling et al. (2001b) and
Sterling & Moore (2004), where the respective velocities

were 1 and 16 km s~!; we refer to these as pre- and
posteruption velocities, respectively.

If we use our uppermost estimate for the prominence top
rather than the mean value, the pre- and posteruption veloc-
ities are 1.4 and 10.3 km s~ !, respectively. Using our lowest
estimate for the prominence top gives 1.1 km s~! and, once
again, 10.3 km s~ !, respectively.

During the preeruption phase, the EIT box 3 light
curve in Figure 4a shows a steady decrease with time.
Yet, prior to about 22:00 UT, we are not sure whether
this is true dimming or if it is the spurious dimming men-
tioned above and discussed by Sterling & Moore (2004).
Our light curve from box 4 shows an example of what
might be this spurious dimming, and the intensity
decrease of the box 2 curve prior to about 0 UT may
also be spurious. We do not know how this spurious
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Fi16. 2.—SXT AlMg images of the eruption region at four different times. [See the electronic edition of the Journal for a color version of this figure.)

dimming quantitatively depends on factors such as the
initial intensity of the emitting features, so we do not
attempt to correct for it here. We do not consider further
any of the apparent dimmings prior to 22:00 UT.
Anyhow, the principal dimmings (box 3) and brighten-
ings (boxes 1 and 2) greatly exceed the magnitude of any
possibly spurious dimmings suggested by box 4. We omit
the curve for box 4 for SXT in Figure 45 because of the
scattered light in the box from the active region; we
expect these spurious intensities to be smaller than those
of EIT, both because of the shorter time coverage in
SXT and also because the effect in general seems to be
weaker in SXT than EIT, as mentioned above and as
found by Sterling & Moore (2004).

Prominent dimming begins in EIT near the onset of the
prominence’s eruption phase, just after 22:00 UT (cf. Fig.
3b), and we also see obvious SXT dimming from 00:05 UT.
Figure 3d shows the SXT dimming from 00:29 UT, with an
image from 22:54 UT subtracted; Yohkoh was in spacecraft

night prior to 22:54 UT, but there is no substantial change
in the difference image of Figure 3d if we subtract a prenight
SXT image at 19:23 UT instead of the 22:54 UT image. In
Figure 4, both EIT and SXT show brightening in the box 3
light curve from around 2:00 UT as the postflare arcade
spreads into the region of that box.

4. ENERGETICS

From Figures 2a, 2b, and 3d, and from the box 1 curve in
Figure 4b, we see that the soft X-ray emission from the
expected tether-cutting reconnection region is very low at
the time of the start of the prominence’s fast-rise phase. One
of our goals is to examine whether tether-cutting reconnec-
tion is expected to be observable at all at that time. As men-
tioned in § 1, several theories predict tether cutting to occur
near the start of the eruption, and close examination of rela-
tive timings of tether-cutting brightenings and prominence
motions can be a tool for differentiating between theories.
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{b) EIT 284 Dift: 9-Feb-1999 00:49:56 UT
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F1G. 3.—(a) and (c¢): Posteruption images in EIT 284 A and SXT AlMg, respectively. (b) A percentage difference image in EIT 284 A at the time given in the
label, with the reference image from 1999 February 8, 16:23:35 UT. (d) SXT percentage difference image at the time given in the label and with reference image
from 1999 February 8, 22:54:53 UT (Fig. 2a image). We corrected for differential solar rotation, with all images rotated to 03:30 UT 1999 February 9; this
rotation was not applied to points beyond the limb and therefore caution is needed in interpreting off-disk features in these panels. This is most obvious in the
difference images, where the time differences are greatest. Boxes labeled in (c) are used for creating light curves in Fig. 4.

Therefore, if, for example, some class of theories predicts
strong tether cutting at the time of the start of rapid
prominence motion, then our observations of weak
intensity might rule out that class of theories.

In this section we make an educated guess at how ener-
getic the tether cutting should be at the time of the rapid rise.
We do this by calculating the energy associated with bright-
ening in the reconnection region during a time when the
brightenings are obvious and comparing it with the mechan-
ical energy associated with the erupting prominence. We
then make an assumption about how to extrapolate this
result back to the time of eruption onset to see whether we
would expect to see brightenings then.

First we estimate the amount of energy required for the
prominence eruption, Epom, during the first hour of its
rapid rise, roughly from 22:30 UT to 23:30 UT. This corre-

sponds to the change over that period in the sum of the
kinetic and potential energies,

Eprom ~ %M(Uéost - Urz)re) + MgAh ) (1)

where we take vp and vpes, the velocities before and
after the period of rapid acceleration, to be ~1 and 10
km s~!, respectively, over which time the prominence’s
height increases by about Az = 2 x 10* km. For the mass,
M, we assume a prominence density of 10°-10" ¢m—3
(e.g., Schmahl & Hildner 1977; Rust et al. 1980), and we
estimate the volume from the size of the prominence in
Figure la or 1b. Its cross-sectional size is about
130" x 30", and if we take the length along the line-
of-sight direction also to be 130” and assume a filling
factor of 0.1, this gives M ~ 1014-101% g. These numbers
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FiG. 4—Light curves as functions of time of integrated and normalized
(over time and spatial dimension) regions of boxes identified in Fig. 3 for
(a) EIT 284 and (b) SXT AlMg rotation-corrected nondifferenced images,
where numbers correspond to the box numbers of Fig. 3¢. Overlaid in each
panel is the trajectory, labeled “p,” of the mean value of the top of the
prominence. Thin lines in (b) are linear and quadratic (prior to and after
22:25 UT, respectively) fits to the prominence trajectory. We have shifted
light curve 4 downward by one unit (i.e., a factor of 10) on the vertical axis
for clarity.

indicate that the gravitational energy dominates the
kinetic energy by 2 orders of magnitude, and

Eprom = AEgray ~ 10%-10% ergs . (2)

Next we estimate heating energy associated with tether-
cutting reconnection. This is the sum of the radiated
energy and the gain in plasma thermal energy, and we
determine these from the brightenings in soft X-rays.
For the volumetric heating rate, H, we have

d(3NKT,)

H:
dt

+ NA(T,) , (3)

in ergs cm~3 s~!, where N, is the electron number density
(in em~3), k is Boltzmann’s constant, 7, is the electron
temperature (in K), and A is the radiative loss function
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(in ergs cm3 s~1). In terms of emission measure,
é”:/NdewaV, (4)
where V' is the emitting volume, this is
o\ 12
e

So the total heating over time Az is

d
H~—
dt

HEANT). )

Eheat = /Hth ~ KT (V) + &XTo AL, (6)

where we have used A(T,) =~ XTQI/Z. For T,z=105,
x ~ 10-1881 (Raymond & Smith 1977).

To get & and T, we applied the two-filter flux-ratio
analysis method for SXT images (Tsuneta et al. 1991) to our
data. Strictly speaking, we should compare our expression
for the prominence’s difference in gravitational energy over
22:30 UT to 23:30 UT with the difference in the thermal
energy over the same time period. It is difficult, however, to
be certain of just what the physical conditions are of the flar-
ing plasma prior to its brightening; that is, we are not sure
whether the plasma that eventually brightens has any sub-
stantial preeruption intensity. Therefore, we merely calcu-
late the heating energy using the temperature and emission
measure after the brightening begins and consider this
energy to be an upper limit for the amount of heating going
on in the tether-cutting region.

We used several pairs of Al.l and AlMg filter images
between 22:23:19 UT February 8 and 00:28:37 UT February
9. We used two regions for our analysis; one is that repre-
sented by box 1 in Figure 3, and a second is the western half
of that same box region. This box is of approximate size
50" x 100”7, and if we take the line-of-sight size to be 100"
also, we have V' ~ 10% cm?. Both choices for the analysis
region along with all our choices of image pairs give similar
results, 7, = 1.3-2.0 MK and & = 10%-10%7 cm—3. These
values yield heating amounts of

Enear < (10%-10%) + (10**-10%)At ergs , (7)

where the first and second terms represent the internal and
radiative energies, respectively. Using 60 minutes in
equation (7), both terms are of the same order, giving

Ehear $10%-10% ergs . (8)

Thus, we find the upper limit of the amount of heating
delivered to the plasma through tether cutting to be com-
parable to the amount of energy required for eruption of
the prominence over the first hour of the prominence’s
rapid eruption.

We can compare this tether-cutting heating with that of
the background corona by dividing expression (8) by Az and
by the area of box 1 of Figure 3, which is about 10! cm?
This gives a heating rate of 10°-107 ergs cm~2 s~ !, since A¢,
the time between the onset of fast tether-cutting reconnec-
tion and the time of the brightening onset, is no more than
two hours, but could be as short as perhaps about 10
minutes; we cannot confidently narrow this time range
further, in part because of Yohkoh night between 23:10 UT
and 23:50 UT. For the quiet and active Sun, Withbroe &
Noyes (1977) give respective radiative loss fluxes of 10° and
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5 x 106 ergs cm~2 s~!. Our observed maximum heating rate
over the first two hours of the prominence’s fast eruption
could be comparable with either of these values, considering
the uncertainties in our estimates of the emitting area and
other factors, and given the uncertainties in the relative
meaning of the term ““ quiet Sun” as used by Withbroe &
Noyes and ourselves. Thus, the emission we see in box 1 of
Figure 3d (which is about two hours into the fast eruption)
is consistent with tether cutting occurring, even though that
emission is only slightly enhanced above that of the
surrounding corona. Indeed, this brightening is not easy to
discern in the nondifferenced image of Figure 2b; this bright-
ening only stands out when the same image is differenced
and carefully scaled in Figure 3b.

Now we can consider what the magnitude of the
tether-cutting heating would be at an earlier time in the
prominence’s rise. We note that expressions (2) and (8) give
Eicat/Eprom =~ 1 at the end of approximately the first hour of
fast eruption, where we take the inequality to be an approxi-
mate equality in expression (8). If we make the assumption
that the ratio Epeat/Eprom remains constant during the early
part of the eruption, then E}¢,; would be lower at the earlier
times, with a correspondingly lower intensity of the tether-
cutting region; for the current event, this intensity could be
substantially less than that of the average background coro-
nal heating when the prominence is at significantly lower
heights. This means that at early times in the fast rise phase
of the prominence, tether cutting would be taking place with
an even weaker soft X-ray coronal signature than in Figure
2b and could be undetectable.

5. DISCUSSION

Our prominence rises slowly (=1 km s~!) for about six
hours prior to escaping more rapidly (=10 km s~!) later.
This is similar to the case of the filament eruption studied by
Sterling et al. (2001b) and Sterling & Moore (2004). Both
eruptions seem to be slower-velocity versions of erupting
active-region filaments (e.g., Tandberg-Hanssen, Martin, &
Hansen 1980; Foley et al. 2001, 2003), in which the eruption
velocities reach several hundred km s~!. It is also similar to
the trajectory of soft X-ray plasmoids seen in SXT images
(e.g., Ohyama & Shibata 1997; Nitta & Akiyama 1999).
This indicates that the two-part trajectory we see is not
unique and also supports our hypothesis that quiet-region
and active-region eruptions differ in scale but have similar
driving mechanisms. Kahler et al. (1988), however, note
that erupting filaments lacking abrupt transition to rapid
acceleration are also common.

We found eruption-related intensity dimmings (Fig. 3,
box 3) to occur nearly concurrently and at the same loca-
tions in EIT and SXT. As these two instruments are most
sensitive to material emitting at differing temperatures (§ 2),
concurrent dimmings in images from both instruments at
overlapping locations suggest that the dimmings result from
a reduction in material density rather than from a tempera-
ture change, as discussed by Zarro et al. (1999) and Harra &
Sterling (2001). Gopalswamy & Thompson (2000) found
similar results using two different EIT filters. For our case
here, there is apparently little plasma 22 MK prior to erup-
tion, since we found temperatures from SXT filter ratios to
be only about these values. If material at the location of box
3in Figure 3 underwent heating, we would expect increased
emission there in SXT after eruption, rather than the
dimming we observe.
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We also found that the heating due to tether-cutting
reconnection is not too strong up to about two hours
following eruption onset (where *“ eruption onset ’ coincides
with the start of the prominence’s fast-rise phase in this
example), in the sense that the resulting energy rate esti-
mates are in the range of those of the typical heating rate of
the background corona, and the coronal signature of the
reconnection during this period is not prominent in the non-
differenced coronal images. Under the assumption that
Epcat/Eprom Temains approximately constant during the
early posteruption prominence rise, the coronal signature
will be even weaker closer to the onset time, since the total
amount of heating applied to the plasma via the reconnec-
tion will be less. So, for example, when the prominence has
risen only a few thousand kilometers, the total heat supplied
by tether cutting would be about an order of magnitude
smaller than its value an hour into the eruption; the intensity
of the reconnection-heated plasma would be correspond-
ingly reduced, and so the reconnection region would be
swamped by the background corona in the SXT images and
perhaps undetectable even in difference images. We have
some lower resolution (9”8 pixel) SXT images available with
which we can check this. We find that a difference between
images at 23:57 UT and 19:23 UT (both on 1999 February
8) does not show brightenings above background noise in
the reconnection region, while a difference between images
at 00:20 UT (1999 February 9) and 19:23 UT (1999
February 8) is similar to Figure 3d; the time of eruption
onset is between about 22:00 UT and 22:30 UT (Fig. 4).

To summarize our findings regarding tether-cutting
reconnection: we find that, for the weak eruption considered
here, the intensity enhancement in the reconnection region
is weak in the coronal images taken about two hours after
eruption onset, with the enhancements only obvious in dif-
ference images; we expect that the enhancements would be
even weaker or invisible closer to the onset time, and our
lower-resolution SXT data support this. Nonetheless, sub-
ject to our assumptions, our energy calculations indicate
that the observations are still consistent with (but, of course,
they are not proof of) tether cutting occurring throughout
the first two hours of the fast-phase eruption, even though a
coronal signature may not be detectable at those early times.
It also follows that a signature of any tether cutting during
the prominence’s preeruption slow-rise phase would be even
weaker, if our energy scaling assumption still holds during
that phase. Finally, we add that, although not prominent in
the nondifferenced images (Figs. 1¢ and 2b), the respective
difference images (Figs. 35 and 34 in EUV and soft X-rays,
respectively) show that brightenings are definitely occurring
in the expected tether-cutting region before the prominence
has traveled far from the Sun (Figs. 16 and 1¢), with
Ah ~ few x 10* km.

We do not know whether our assumption of a constant
energy ratio (Eneat/Eprom = 1) is correct, but this assump-
tion implies that the amount of energy going into mass
expulsion is proportional to the amount of energy going
into plasma heating, and it does not seem unreasonable that
this proportionality would approximately hold throughout
the early stages of the eruption. Expectations for this ratio
should be checked with theoretical and numerical models of
the tether-cutting process.

Our case here might be extreme, since the eruption
energies involved are low. Our example of another slow
eruption of 1999 April 18 discussed in Sterling et al. (2001b)
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and Sterling & Moore (2004) appears to be somewhat more
energetic. We are not, unfortunately, able to repeat our
analysis of § 4 for that event, because there are only images
from one SXT filter available in the immediate posteruption
phase of that event, meaning we cannot derive 7, and & for
those times. We can, however, estimate the potential energy
for that event. In that event, the erupting filament is very
long and has overall dimensions of about (from Fig. 1d of
Sterling et al. 2001b or Fig. 3 of Sterling & Moore 2004)
50" x 50" x 600”, giving a mass M ~ 10151016 g, using the
same assumptions as for the prominence of this paper. That
filament’s posteruption velocity was about 1.5 times that of
the prominence in this paper, and so the resulting gravita-
tional energy E,ray = MgAh will be about an order of mag-
nitude greater than that of the event in this paper over a
similar time period, Af ~ 1 hr. Without knowledge of the
energy expended in heating, we cannot check the Epey/
E,om ratio, but we might speculate that the Ejeq at early
times might be an order of magnitude greater in that case
than for the event of this paper. That means that soft X-ray
signatures due to tether cutting should be visible shortly
after the onset of fast eruption for an event similar to that
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1999 April 18 event. As discussed by Sterling & Moore
(2004), the coronal observations for that event are consis-
tent with brightenings at the time of rapid filament eruption,
but SXT images are not available immediately after the fast
eruption’s onset in that case. This does give us hope, how-
ever, that we will be able to directly test models that involve
tether cutting through timing analysis using events that are
somewhat more energetic than that presented in this paper.
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