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Jet and shell structures from Comet Hale-Bopp during the pe-
riod October 1996 to October 1997 using data from the Vainu Bappu
Observatory are modeled. Evolution of jet and shell structures dur-
ing the period of observations could be attributed to activity from
sources near +65°, +35°, +5°, —5°, —35°, —65° in latitude. Al-
though no deliberate attempt was made to place the sources at
symmaetric latitudes, the best fit shows a remarkable symmetry. Due
to changing solar illumination geometry, while only the southern
sources were apparently active during 1996, most of the sources ap-
peared active in February 1997 and October 1997. In the 10 April
image, under a near pole-on solar illumination, curiously, only the
sources at +65°, +5°, and —5° appear to be active and not the
source at +35°. Pole positions which gave a reasonably good fit to
the observed sets of shells varied from 260° to 290° in right ascen-
sion and —50° to —65° in declination. Around 10 April, while the
gas production from the equatorial sources is expected to be low
due to near grazing incidence of the Sun light, the fractional area
of the high latitude source is limited for a spherically symmetric
nucleus. To explain the well-defined shells due to rotation of the
jets, we assume that the source at +65° occupies 10% of the lon-
gitude belt and 10° in latitude. Assuming a radius of 35 km for
the comet corresponding to the upper limit of H. A. Weaver and
P. L. Lamy (1999, Earth Moon Planets, in press) and Z. Sekanina
(1999b, Earth Moon Planets, in press), the area of 56 km? for this
source could account for 29% of the observed total production rate
0f4.0 x 103 moleculess~t by D. G. Schleicher etal. (1997, Bull. Am.
Astron. Soc. 29, 1033). The intricate shell patterns during February—
May 1997 could not be exactly replicated using the model of a sin-
gle nucleus. Complexity of the shell structures can be better ex-
plained using the binary model of Comet Hale—Bopp suggested by
Sekanina (1999a, Earth Moon Planets, in press; 1998b, Astrophys.
J. 509 L133-L136) with sizes of 70 and 30 km across. Approximate
estimates of the longitude of the sources active between February
and May 1997 are presented. The lower limits on the dust to gas
mass production ratio are estimated to be, 4.8+ 1.1, 3.4+ 1.0, and
6.2 4-1.3 on 18 February, 10 April, and 2 May, 1997, respectively.
(© 1999 Academic Press
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1. INTRODUCTION

Beginning in May 1996, several observers reported multi
ple jets from Comet Hale—Bopp. Manzigt al. (1996) reported
several secondary jets in August 1996, which gave the comi
the appearance of a porcupine. Sekanina and Boehnhardt (19
1999) interpreted jet pairs (one pair per source) as the boun
aries of fan-shaped formations described by dust ejected from tt
sources continually between local sunrise and sunset. To expla
the observations during May—November 1996, they propose
two models, one with six sources and a spin axis undergoing
complex motion and another with a fixed spin axis and a larg
diurnal dust ejection fluctuations for one of the jets. Sekanin
(1998a) used Monte Carlo computer simulation to show tha
the dust source producing the south westerly halo in the time
resolved image sequences by Joedal. (1999) is located at
+55° and derived the pole positions. Samarasiahal. (1999)
constrained the direction of the spin axis of the nucleus referre
to the ecliptic. Vasundhat al. (1999) fitted the jets and shells
in 12 images of the comet obtained at the observatory of th
Naturwissenschaftlicher Verein Osnabk during September
1996 to May 1997 to derive the latitude of the jet sources and pol
positions. We attempt here to model the jets using the observ.
tions from the Vainu Bappu Observatory from October 1996 tc
October 1997 to determine the location of the active regions an
the pole positions.

2. OBSERVATIONS AND DATA PROCESSING

The observations (filter imaging) of Comet Hale—Bopp were
carried out at the prime focud (3.3) of the 2.34-m telescope
and at the cassegrain focu$/(3) of the 1.02-m telescope.
The detectors used were the TK1024 Photometric liquid nitro
gen cooled CCD at the 2.34-m telescope and thex3B46
Thompson chip Photometric liquid nitrogen cooled CCD at the
1.02-m telescope. Images taken through an R-filter were s
lected for investigating the dust shells and jets from this come
Table | gives the log of these selected observations. The radi
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222 VASUNDHARA AND CHAKRABORTY

TABLE | wherea andb are coefficients which depend on the velocity of
Journal of Observations the gas driving the dust, dust and gas production rates, natul
of the dust grain, and the nuclear radius. Sekanina and Larsc

Image scale Phase

Date Time (UT) Exposure Telescope  arcsec/pixel (deg§1984) havc_a used this equation, v_wth success, for (_just emis
sion from discrete sources and pointed out that the linear rela

1996 Oct. 06 13:55 20s 234 cm 0.60 19.4tion between (Lvgr, 1/4/B) in Eq. (2) is valid for grains with
1996 Nov. 04 13:30 30s 234 cm 0.60 16.9 8 < 0.6 with slightly absorbing grains. Here we assugéo
1997 Feb. 18 00:03 2s 234 cm 0.60 35.4vary between 0.03 and 0.8 and that Probstein’s approach is appl!
1997 Apr. 10 13:32 7s 102 cm 0.36 433
1997 May 02 13:33 20s 102 cm 0.36 29.2 CabIE.
1997 Oct. 09 22:12 10s 234cm 0.60 18.6

3.2. The Geometry

Details of the geometry to calculate the sky plane coordinate

and rotat_lonal shift al_gorlthm by ITarson and Se_kanma (1986} the dust grains with respect to the comet are discussed by or
was applied on the bias and flat-field corrected images to SWus elsewhere (Vasundhara 1999). The basic steps are give
press the strong radial intensity gradient in the coma to enharﬂ??he following sections. The geometry is shown in Fig. 1. The
smaller fluctuations like the jets and the shells. A rotation %scending node of the comet's equator on the Earth’s equatc
+10° around the comet centroid in the rotational shift algorithrg Nequ and that on the ecliptic ibleg. The pointsS and E are
seemed suitable for these images. The images were then Scﬂl‘éc‘gthb-Sun and sub-Earth points, respectively, igds the

over the comet’s intensity range saturating the brighter field StSmet's north pole. The vectoy is the ejection velocity of the

. - dé)r'éﬁn andx the acceleration due to solar radiation pressure.
using the IRAF packages and the XV 3.10.

3.2.1. Comet-o-centric spherical coordinates referred to the
3. COMPUTATION OF THE TRACK OF THE DUST comet’s equator. In the simulation, we follow the track of the
GRAINS IN THE JETS dust grain ejected from an active regi@{u, ¢, R,t =0) at
longitudeu and latitudep on the surface of a spherical nucleus
Our computer simulations are based on the basic conceptsadiusR in the comet-o-centric frame referred to the comet’s
introduced by Sekanina (1981a, 1981b, 1991) and Sekanina and
Larson (1984). The computer code predicts the loci of the dust
grains as seen projected on the sky plane relative to the cor
at any instant of time.

3.1. Velocity and Acceleration of the Grains

The sources are assumed to emit jets of gas and dust from
cal sunrise to sunset. Diurnal changes in production rates frc
the sources are neglected. A mean period of 11.34 h reported
Licandroet al. (1998), which is close to the value of Bb+ f
.04 h reported by Jordat al.(1999) is used in the present analy- / \
sis. On leaving the nucleus radially, the dust grains move unc | |
the combined force of solar radiation pressure and solar gravi .‘"”
We neglect the gravitational force of the nucleus. The velociwl\
vgr and acceleratioa due to solar radiation pressure depend o |

the size and nature of the grains and the heliocentric distan ‘{\

In the absence of the knowledge of the nature of the grains, \
estimatedy using the relation

o= ﬁgsun(l)/rza (1)

whereg is the ratio of the force due to solar radiation pressure ¢
the grain to the gravitational force angln)is the acceleration
due to solar gravity at one AU (x 10-° km s72). The velocity
attained by the grains by the time the dust and gas get decoug
from each other within a few nuclear radii (Probstein 1969) we..
calculated using the empirical relation by Sekanina (1981b) FIG.1. Geometryindicating the location of the sou@and the directions
1 b of the initial velocityvgr and accelerationr of the ejected grain. The sub-Sun

— =a+ —, (2) point, sub-Earth point, and the North pole of the comet &ré&, and Nc,
Vgr VB respectively.
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equator (Fig. 1). The longitude is measured along the directitmthe primary (comet), do not make any assumptions regardin
of rotation of the comet fromq.. Relative to the comet, during the latitude of satellites and hence are directly applicable in th
timet, the dusttraverses a distangg radially outward fromthe present case of the comet-dust geometry.

comet and a distancg2«t? along the Sun—comet direction due

to solar radiation pressure. Since the comet-o-centric distances 4 FIT OF THE OBSERVATIONS TO THE MODEL

of the shells are much larger than the size of the nucleus, the

longitudeu’, latitude¢’, and radial distance’(u’, ¢',r’, t =t) The differential coordinates of the dust grains with respect tc
of the grain at time& measured from the instant of ejection ar¢he comet center on the simulated shalkg cossy = (ag — ac)

given by coséy andAdy = 8§y — éc, depend on the pole positions, location
ofthe sources onthe comet (Eq. (3)), the parametdéthe grain,
I’ cosp’ cosu’ = vgrit cosg cosu — (1/2)at? cosB’ cosU” and its velocityvg given by Eq. (2). The simulated jet and shell

structures were fitted with the observed structures by iterativel
adjusting these parameters. In order to limit the computer fil
r'sing’ = vgt sing — (1/2)at?sinB/, size of the simulated plots, the longitude sampling was selecte
between 5and 30. Such a discrete sampling however produces
whereU” is the longitude of the sub-Sun poiitmeasured from radial streaks in the 1996 and October 1997 images instead of
NeguandB’, the comet-o-centric latitude of the Sun. From Fig. Imore realistic continuous surface of the ejection cones.
it is easy to see that

r’ cosg’ sinu’ = vyt cose sinu — (1/2)at? cosB’ sinU”  (3)

4.1. Pole Position of the Comet and Latitude
U =w+U"—m, of the Active Sources

whereU’ — r is the comet-o-centric longitude of the Sun mea- .In the images of Febr_uary—May 1997, sgts of shells were fitte

sured along the direction of rotation of the comet frbiga,, and with computer-synthesized patterns. At distances of about 3 Al

w is the distance oNeg from Negy both points being on the and with seeing discs of about 2 arcsec, the helical structut
ecl equ

equatorial plane of the comet. The expressions in Eq. (3) %e tolggg ghurnal motion cg_ the c%rlnetFln t?]e 19.96 and Oc
strictly valid only if « is constant in direction and magnitude. AOPer Images are not Iscerniole. ort ese Images, pa
constant value of may be a reasonably good approximation iﬁfjets were recognized as the projected boundaries of cones

the present case as we fit only a maximum of eight shells ejec{(éff generated by the ro_tating sources (Sekanina qnd Boehr_1ha
during a time span of about 90 h. 1997) and these were fitted. The fits were determined by visu:

i . ) matching between the images and the computed structures :
3.2.2. Comet-o-centric spherical coordinates referred to thg, syperposing them. Separation between the shells deper

earth’s equator. The comet-o-centric coordinatas(¢’,r'.t)  on the orientation of the line of sight to the equatorial plane
of the grains referred to the comet's equator were then transg | the comet-o-centric latitud®), the latitude of the source,
formed to the comet-o-centric spherical coordinates with rGelocity, and acceleration of the grains determined by the pe
spect to the Earth's equatoA(D, r’,t), where A andD are rymetersa andb in Eq. (2). Orientation of shells depends on
the comet-o-centric right ascension and declination of the graj.anq is modified by the direction of solar radiation pressure
Th|_s transformation depends on the rlght gsce_:rmtpamd decli- The first step in comparison was carried out by varying ¢,)
nations, of the pole of the comet. The inclination of the comet'gg el as the latitude of sources in order to simultaneous!
equatorial plane to the Earth’s equator is giverlby 7 /2 — 8p,  match the orientation of various shells. Even though a variet
and the position of the nod¥equis given byN =ap + /2. The 4 combinations ofr, ands,, values yield the desired position
comet-o-centric latitude of the EarBy the position angle of the angle P, the corresponding valuesBiliffer. Again, the same
projection of the north pole of the comet on the sky pl&he ghe|l pattern could be generated by different combinations ¢
and the angleB8’ andU’ were calculated utilizing the equationsg and¢. We attempted to resolve this ambiguity by assuming
u§ed for calculating the planet-o-centric ppsitiqns of the satelli{gst the same sources were active (if sunlit) in images taken 1-
with respect to the planets (Rhode and Sinclair 1992). months apart. After about two iterations the pole positions an:
3.2.3. Transformation to geocentric spherical coordinatethe source latitudes could be constrained with&i. An optimal
In the comet-o-centric Earth’s equatorial frame, position of theolution was selected which reasonably fitted all the observe
Earth is specified by the distaneg, right ascension. + 7, sets of shells. Fitted pole positions are given in Table Il. The
and declination-§;, and that of the grain as’( D, r’), where best-fitting comet-o-centric latitude of the sources are given i
(ac, 8¢, A) are the geocentric spherical coordinates of the com@&able Ill. Although no deliberate attempt was made to place th
The geo-centric spherical coordinates of the graij §g) were sources at symmetric latitudes, the best fit shows a remarkab
calculated fromA, D, r’, ¢, andé. utilizing the rigorous ex- symmetry. The sources that appeared to be active on the da
pressions involving the comet-o-centric Earth’s equatorial cof our observations are shown in Fig. 2. Since the fits were ca
ordinates of the sub-Earth point and the grain (Gurnette andd out interactively by visual inspection, the uncertainties in
Woolley 1960). These equations, meant for computing the difie computed values of the pole positions and the latitudes ind
ferential coordinates of satellites (here the grain) with respegte the range over which the fits appeared good and remain
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TABLE Il TABLE Il
The Pole Positions and the Geometry Longitude and Latitude of the Active Regions
ap(2000)  Sp(2000) P B B | (o] Latitude €05°) +65° +35° +5° —5° —35° —65°
Date (deg) (deg) (deg) (deg) (deg) (deg) (deg) Date Longitude £38)

1996 Oct. 06 270 —-60 175 -34 -32 80 78 1997 Feb. 18 111 174 151 359 252 75
1996 Nov. 04 260 —65 183 -28 -21 77 84 1997 Apr. 10 142 58 26
1997 Feb. 18 290 —60 189 -03 22 90 78 1997 May 02 332 271 157
1997 Apr. 10 283 —63 216 49 84 87 81 Color code Magenta Purple Red Green Cyan Yellow
1997 May 02 285 -55 210 51 62 88 73
1997 Oct. 09 267 -50 158 -06 -01 77 68

present investigation, for fitting 4—6 shells, grains withialues
o . ) . of 0.03, 0.06, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.8 were found t
|nd|st|ngwshable_. _The derived latitudes for_ two of the SOUrceR, adequate. Heavier grains fall behind and the lighter grains ar
and the pole positions on common dates differ from our earligfyent away by solar radiation pressure. A quantitative model
preliminary estimates by20" (Vasundharzt al. 1999). The gy incorporating the scattering efficiency of the grains and ¢
computed values of argument of the subsolar meridian at pgLjistic size distribution of the grain population will be needed
ihelion @ and the obliquityl (Sekanina 1981a) corresponding, ye|iaply match the observations. Finite size of the source will
to the fitted pole position of the date are givenin Table Il. 554 contribute to the width of the shells. A point source as-
sumption and forcing the fit by adjusting orthyin Eq. (2) will
overestimate this parameter. Further, sorting of grains of dif-
After the orientation and shape of the shells were matchddrent compositions will lead to branching in the older shells
the coefficienta andb in Eq. (2) were allowed to vary, in order (Sekanina 1981b). Spreading of finer dust grains due to surfac
to match the separation between the individual shells. The fmeeze (Huebneat al. 1986) may cause smearing effects which
rametera determines the mean grain velocity amthe velocity will influence the estimates &f Changes in the grain size with
dispersion and hence the width of the shells. Reliable estimatiese due to possible splitting or grain evaporation could lead to
ofthe parametdycan only be made by including the entire rangeariation in the width of successive shells. All these effects are
of grain sizes which can be detected in the visible region. In téficult to model and further, since the fits were carried out by

4.2. The Coefficientsa and b
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FIG. 2. Fitted latitudes of the active regions on 6 October and 4 November, 1996, 17 February, 10 April, and 2 May 1997. During late 1996, the
illumination on the southern siddB( < 0°) activated the southern sources, while the northern and near-equatorial sources were active during April-May 1
(B’ > 0°).
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TABLE IV
Lower Limits on Gas and Dust Production Rates

Production Rates

a b Dust Gas Dust
s/km s/km loading w W r vg
Date +0.1 +0.05 v 105gcem?2st AU kms1
1997 Feb. 18 1.85 0.15 4481.1 22+15 10.6+£2.4 1.175 0.535
1997 Apr. 10 1.50 0.13 3#1.0 2.6+2.0 9.0+ 2.7 0.932 0.601
1997 May 02 1.90 0.15 621.3 2.1+1.4 13.1+2.8 1.069 0.561

visual inspection, the estimated values of the paranieteay two are superposed in the right panels to enable critical compa
have large uncertainties. For this reason, no attempt was madistm. The color codes for jets from different latitudes are giver
fit aandbvalues separately for each source. For the 1996 imagedable Ill. The projected comet—Sun radius vector is indicate
and the October 9, 1997, image, the individual shell structuresg the arrow. No attempt was made to match the intensity of th
are not resolved. The uncertainty in estimatiomahdb is fur- shells. In order to simulate the hazy features consisting of fine
ther degraded for these dates as these were derived by matchirains withg > 0.8 in the projected anti-Sun direction, the sim-
the observed curvature of the jet pairs. Hence the best fittintated plots contain in addition, points representing grains witl
values of these coefficients only for the data of February—Mayvalues of 12, 1.5, 1.8, and 25. Since very small grains with

are given in Table IV. The uncertainties in the fitted parametenadii less than um attain nearly constant velocities (Gombosi

relate to the range over which the fits appeared good. 1986, Delsemme 1982), with sufficient accuracy, the velocity o
these smaller grains were assigned the value corresponding
4.3. Longitude of the Active Sources B =0.8. Each simulated shell thus contains 13 points. Ideally

The program computesshells ejected =n x T + dt days the number of points of a given grain size should be governe

previously, whereT is the period of rotation of the comet. Weby a power law distribution (Hanner 1983, Sekanina 1998a). I

takedt to be zero when the source crosses the meridian throuthﬁ present work, except for the end points, we have sample

the sub-Earth point. The parametdrwas adjusted to slide the‘gl values of equal interval between 0.1 and 0.6. Sificel/s
computed features in the projected radial direction with respect

to the comet center. The fitted value aif permits us to deter- Longitude of the jel sources

mine the longitude. of the sources. Following Sekanina anc 200 T I

Larson (1984) we measure the longitude along the equator

the comet from the meridian of the subsolar point at perihelio ‘ .

Lack of the resolved spiral structure in the 1996 and the Oct
ber 1997 images precluded longitude estimates. The estima
values of §, ¢) for the February—May 1997 images are giver
in Table I1l. Uncertainties in the longitude estimates are directl—
linked with the uncertainties in the fitted paramet@zendb. In ;‘r

the present study, the required skiftcould only be determined

to an accuracy of 0.05 days. The derived longitudes therefc.& o

have an uncertainty a38°. The longitude of the three sources = ‘ A
at ¢ =+65°, +5°, and —5°, active between 18 February and ¢

2 May, 1997, are plotted in Fig. 3. No information on the possi.© ' )

ble movement of the node of the comet’s equator on its orbit «

reliable correlation between the longitudes of the three sourc

can be deduced owing to limited data.

100

€

5. RESULTS AND DISCUSSIONS T _ _
) 0, 20 40 50 80 100
5.1. The Fitted Images Days since 1 February, 1997

. The observed StrUCtur?S are compared with the SlrnUIa‘tlon%lG. 3. Longitude of the sources on 17 February, 10 April, and 2 May
in Fig. 4. The left and middle panels show the observed preyo7. Filled circles, crosses and filled triangles represent sources at latitud

cessed images and the simulated structures, respectively. Thesse +5°, and—5°, respectively.



226 VASUNDHARA AND CHAKRABORTY

INOVEMBER 4. 1996
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FIG. 4. (a) Fit of the model to the preperihelion images. In each row, the left panel shows the observed processed image and the middle panel sh
simulated structures. On the right panel, both observed and simulated structures are superpgéeclidgsof the grains range betweef®and 25. The
projected direction of the Sun is indicated by the arrow. North is up and east is to the left. The scales are in arcsec centered on the comet. Cofpaomdes fi

—65° = Yellow, —35=Cyan,—5° = Green,+5° =red,+35° = Purple and-65°> = Magenta. (b) Fit of the model to the postperihelion images. Other details are
the same as those for (a).
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FIG. 4—Continueed

(Finson and Probstein 1968), wheses the radius of the grain, size. The number of grains a dot represents is therefore propc
such a sampling of results in over sampling of smaller graingional to s2. Thus the simulated pattern with the sampling of
mimicking a s2 law. Further, in the simulated image, contribug value discussed above represents approximately a power |z
tions of grains of all sizes are represented by dots of the sadistribution with an index ok —4.
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5.2. Gas and Dust Production Rates latitude of the Sun. Activity of a source near this latitude is again

Sekanina and Larson (1984) have shown that for Comet Hafen N the image qf the comet taken in October 1997 when th

. . . o comet-o-centric latitude of the Sun was near zero. If the pre.
ley outbursts in 1910, the linearity of Eq. (2) was satisfied foarnd ostperihelion features are from the same source, one of tf
B <0.6. We relaxed this restriction gfi to 0.8 to simulate the POSIp :

extensions of the shells along the projected anti-Sun directiE)easons’. for its mgctmty during Aprll_—May 1997. may be local .
sﬁadowmg, possibly by an overhanging mountain ridge north o

consisting of finer grains. We used the following equations us : o
by these authors to calculate the lower limit on the the ma?shsIS source. This explanation is supported by the fact that th

: : . . “activity form this source was noticed to resume again when the
loading by dusW and the gas production ratecorresponding ; o . .
o solar illumination became near equatorial (e.g., October 199

to an upper limit of 0.8 fo

image).

0.65 53 :

¥ >50(3ay |1-— : -1 5.4. Size of the Sources
1.65+ 8.5(bvg)*/® (4) . ) .

During early April 1997, three sets of shell structures are in-

jt > 0.93x 10°/Rbvy. ferred from the present analysis (Table Ill). One from the high-
latitude active source at65° and the two near equatorial sources
The nuclear radiuf was taken to be 35 km, the upper limit byat +5° and —5°. On April 10, the rotation averaged values of
Weaver and Lamy (1999) and Sekanina (1999b). The therngé cosine of the Sun’s zenith distancesz.) as seen by these
velocity of the gasyg at heliocentric distance was calculated sources were 0.913, 0.092, and 0.003, respectively. Schleicht

using the relation by (Delsemme 1982) et al. (1997) report a total water production rate ofk4.0°
o5 molecules st from the comet near perihelion. To assess the
vg = 0.58 7. (5)  contribution from these sources to the observed water produc

) o _ tion rate during early April, it may be noted that the equatorial

The estimated lower limits on production rates of gas and th@fyrces were illuminated by the Sun at near-grazing incidenc
of the dust using the fitted values af and b are given in  anq that the source at65° must be small in size. The constraint
Table 1V along with the heliocentric distance of the comet angh, the size of the high-latitude source is evident because the tot
the gas velocityyy. If water constitutes 80% of the total gasyrea north of the latitude for a spherically symmetric comet
production, the lower limit on the gas production rate April s given by 05(1— sing) of the total surface area of the comet
1997 estimated in the present work 06% 10° g cm? s (gekanina 1987). If we assume that this source spans betwe:
(Table IV), yields a lower limit on the evaporation rate of wagg and 70 in latitude, the total area between the two latitude
ter of 7> 10" molecules cm® s™. This is 35% of the upper gircles is 567 krh. The observed well-defined shells form this
limit on the production rate of about 2010"” molecules cm?  gqurce due to the diurnal variation cannot be explained if this
s™! (Delsemme 1982) expected at the heliocentric distance @fyrce occupies a substantial fraction of this area. Assumin:
0.93 AU for normal incidence of sunlight for a zero albedo Sufpat the source occupies 3 longitude, the total production
face. Extension of the range of the grain sizes compared to @fater from this source will be 14 x 102° molecules sL.
earlier study (Vasundharet al. 1999) has improved the esti-Thjs js 29% of the total observed production rate. In spite of the
mates of the parametérand hence the gas production rates,ear-grazing incidence of sunlight, the shells from the equato
This estimate can be further improved if a quantitative fitis cafiy| sources appear comparable in intensity to the high-latitude
ried out for the estimation of the parameltetaking into account gg\jrce at-65°. Further, the shells from5° and-+5° are not re-
the finite size of the jet sources. As mentioned in Section 4&ved in any of the images between February and May. Henc
the finite size assumption may result in the over estimate of theg likely that a single source or a source complex stretche:
parameteb and an under estimate pf from —5° to +5°. It is difficult to comprehend the reason for the
near equal brightness of the two sets of shells when the value
of {(coszs) at the respective sources differed by a large factor.

Gradual changes in the appearances of the dust shells fromRhether, the best fitting pole position for the shells from the
comet with time can be understood in terms of the varying Eartbeurce at-65° does not yield a very good fit for the equatorial
comet geometry and changes in the comet-o-centric latitudesbiells during April (Fig. 4b). The interwoven shells observed
the Sun B’) which determines activation of sources at differerduring February 1997 appear too complex to be explained usin
latitudes and fractional period of their activity. A large value o single nucleus. The 10 April 1997 image shows two sets o
the comet-o-centric latitude of the EarBhin April permitted shell structures. While the high-latitude source &t é%plains
a high-latitude view of the sets of concentric rings and artlse shells (magenta) expanding in the southwesterly direction
elongated in the projected anti-Sun direction. It is interesting ¥ee found it impossible to fit the near equatorial shell with a
note that the source at35°, which was apparently active duringsingle source corresponding to the apparent anticlockwise ro
February 1997 to March 1997 (Vasundhatal. 1999), ceased tation of the nucleus during April. We have therefore invoked
to be active in April in spite of the high northern (cometary)wo sources, one at5° latitude producing the shell structures

5.3. Activity of the Various Sources
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(colored red) SE ofthe nucleus and anotheritto produce the tion, several smaller jet sources not delineated in Figs. 4a ar
shells (colored green) NW of the nucleus. In spite of best effortl, distributed sources of water from evaporation of the grain
even this bimodal matching is not perfect. The observed shéhsflight and outgassing from the inactive regions of the come
have less curvature compared to the simulated shells. Furtmeay contribute to the total observed water production rate.
if the activity of the source at-5° had continued until sunset
as per our asgumptions, the Iongitudir)al extentl of the shells in ACKNOWLEDGMENTS
the simulated image should have continued until the NE across
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shell structure. The projected comet-o-centric separation of aion of rotational shift algorithm to the images. We are extremely grateful tc
observed shells in the NW and SE corresponding to a given dithe two referees, Dr. N. Samarasinha and Prof. Z. Sekanina for their valuab
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in such a case, a single source can explain the observed feature.
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