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Abstract. The nucleus of comet 19P/Borrelly was detected uafter its perihelion passage on 1 November 1994. During an
ing the Planetary Camera (WFPC2) of the Hubble Space Telekeven-hour time interval on 28 November 1994, we performed
cope (HST). During the time of our observations, the comet wsix observations of the comet using the WFPC2 in Planetary
0.62 AU from the Earth, 1.40 AU from the Sun, and had a sol&@amera mode with the F675W filter, which has an effective
phase angle of 38 The high spatial resolution of the HST im-wavelength of~670 nm and bandwidth of 89 nm. Four images
ages allowed us to discriminate clearly between the signal framere taken during each observation: two had exposure times of
the nucleus and that from the coma. The lightcurve of the nuclel®sec and two had exposure times of 30 sec, and all were taken
indicates that it is a highly elongated body rotating with a symvithin a time span of 7 mins. Table 1 lists the dates of the obser-
odic period of 25.8-0.5 hr. Assuming that the nucleus has a gerations corresponding to the midpoints of the four consecutive
ometric albedo of 4% and is a prolate spheroid with a rotatiorislages. The heliocentric distancé,(the geocentric distance
axis pointing in the direction determined by Sekanina (1979), WA), and the solar phase angte) ©f the comet remained practi-
derive that its semi-axes are 4@.3km and 1.80.15km. The cally constant during these observations.401 AU, 0.622 AU,
corresponding fractional active area-08 % suggests a mod-and 38, respectively. The WFPC2 pixels are square and are
erately active comet. The highly anisotropic coma is dominatéd0455 on a side, which projected to a distance26f5 km at
by a strong sunward fan, and the dust production rate exhibithé comet.
signs of temporal variability throughout our observations. Our choice of the F675W filter — instead of the F702W filter
used for P/Faye — was motivated by its superior photometric
Key words: comets: individual: 19P/Borrelly —comets: generadccuracy. As a primary WFPC2 filter, it benefits from detailed,
— techniques: image processing extensive calibrations, and the conversion to standard (Landolt)
R magnitudes requires only the V=R color of the object, and not
both V=R and V-I, as required for the F702W filter and which
introduces additional uncertainty.

All images were processed using the Routine Science Data
We recently demonstrated for the case of comet 4P/Faye thatphgcessing System at the Space Telescope Institute. Cosmic ray
high spatial resolution afforded by the HST makes it possibi@pacts were removed using a standard technique based on im-
to discriminate between light reflected by the nucleus and lighgie duplication. Careful examination of the four images taken
reflected by dust in the coma for comets passing reasona@iifing each of the six visits using the x and y profiles through the
close to the earth (Lamy and Toth, 1995). We now report thgcel of maximum signal revealed no detectable shifts among
successful detection of the nucleus of comet 19P/Borre||y USiﬂIﬁ;m_ This results from the short time spanning the sequence
the WFPC2, an instrument that corrects for the effects of HST’# mins) and the excellent tracking capability of HST which

1. Introduction

spherical aberration. we have now verified on several comets. Consequently, the four
images in each visit were co-added to increase the signal-to-
2. Observations and preliminary data analysis noise ratio, giving a total effective exposure time of 80 sec. The

o o only exception is the sixth observation, for which there was a
The periodic comet 19P/Borrelly passed to withiB.62 AU of - mismatch of a fraction of a pixel between the individual im-
the Earth in early December 1994, approximately one morgfjes; resulting from a change of guide stars. Consequently, we

Send offprint requests 1@.L. Lamy. separately processed the two long exposures for the sixth ob-

* Based on observations made with the NASA/ESA Hubble Spaégrvatlon.
Telescope, obtained at the Space Telescope Science Institute, which g comparison of the new WFPC2 images of 19P/Borrelly
operated by the Association of Universities for Research in Astronontyith the past WFPC images of comet 4P/Faye revealed impres-
under NASA contract NAS 5-26555 sive differences, notably the total absence of spherical aberra-
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Table 1. Log of observations, photometry and size of the nucleus of 19P/Borrelly 1994 L SET #1 Filter: F675W
comet 19P/Borrelly

Date 1994  Vapp,  V(1,1,0) R(1,1,0) Rpue

Nov (UT) (mag) (mag) (mag) (km)
28.41 17.38 16.16 15.66 2.12
28.55 17.88 16.66 16.15 1.68
28.68 17.26 16.04 15.54 2.24

28.74 16.99 15.77 15.27 2.53
28.81 16.90 15.68 15.18 2.64
28.88 17.19 15.98 15.47 2.31

tioninthe WFPC2 images and the strong anisotropy of the coma
of 19P/Borrelly, which had a pronounced dust fan in the solar
direction (Fig. 1).
The key aspect of the data analysis is to separate correctly Vorb
the signal of the nucleus from that of the coma. Our previous —_—
approach of fitting an appropriate model of the comet to the im- 28/11/94 200 km
ages, taking into account the Point Spread Function (PSF) of the
telescope, remains valid. However, its practical implementatiefy. 1. Isophotal contours of the inner coma of 19P/Borrelly show an
has been radically modified to cope with the new, corrected Pfafpressive dust fan in the sunward direction (isophote levels are in
of the telescope as well as with the complex morphology of thag:0(DN)). The arrows indicate the anti-solar direction (prolonged
coma of 19P/Borrelly. An accurate knowledge of the PSF is tsfdius vectorr), the direction of celestial north (N), and the heliocentric
particular importance. We used version 4.0b of the TinyT1grbital velocity vector (V) of the comet projected onto the sky plane.
software written by Krist (1995). This version includes mir-
ror zonal error maps obtained from phase retrieval of on-orbit implies that the signal beyond this point is essentially all
WFPC2 data and revised aberration specifications, which signif- due to the coma.
icantly improve the PSF models compared to previous versiongi) The gradient in the coma surface brightness profild (
Using this software, PSFs can be created at finer samplings thanin this case) is affected by the PSF only within a radius of
the detector pixel, a distinct advantage when dealing with the ~120km.

undersampled WFPC2 data and possible sub-pixel effects. Al}) Sub-pixel specification of the nucleus significantly im-
PSFs used in this study were calculated for the actual locations proves the fit of the model to the data.
of the nucleus on the WFPC2 chip. v) This simple model obviously does not provide an adequate

In order to assess the relative contributions of the nucleus description of the highly anisotropic coma of 19P/Borrelly.
and coma to the observed signals in the central pixels, we ran

a preliminary experiment using a simple model in which thg The coma model
coma surface brightness decreasepds wherep is the pro- =
jected distance between the line-of-sight and the nucleus, @igen the shortcomings described above, we developed an im-
the light distribution from the nucleus is described by the PStoved model, which we now describe in detail. The first step is
This is the situation that should apply when there is steadg-constructan anisotropic model of the coma using the observed
state, spherically symmetric outflow of dust from the nuclewpatial brightness profiles. The noise in the outer part of the
with constant velocity. The corresponding total surface brightema, where the observed signal became weaker, was reduced
ness distribution is given by: by applying an inverse gradient filter, which preserves the slope
of the brightness distribution. We then performed a polar trans-
form of the images centered on the nucleus (the pixel having the
B(p) = [ke/p + kn d(p)l® PSF (1) Jargest signal) with an angular resolution 6f(Le., 360 profiles
whered(p) is the Diracé function and® is the convolution Were created). Each of the 360 lines in the polar image may be
operator. represented by a power laig; (p) = Aipp’? i € [1,360°]. The
After making a crude fit of the model to a few images, wé> 360 parameters}; andp;, were determined by least-squares
were able to reach the following conclusions: fits to the observed profiles in a restricted interval that contained
“uncontaminated” coma. Specifically, we used the region de-
i) The nucleus is unambiguously detected. fined by 146< p <600km to fit the coma parameters, as the
if) The signal from the nucleus drops to insignificant levelsontribution to the signal by the nucleus was negligible there
at a cometocentric distance efl00km (~0!/22), which and the gradient was essentially unaffected by convolution with




P.L. Lamy et al.: Hubble Space Telescope observations of comet 19P/1904 Y2 (Borrelly) 947

o AR FIT: 19P/Borrelly 1994 | SET = 3 Low-pass smoothed the appropriate parametric laws were used to calculate the coma
r 1 signal in each sub-pixel. The four sub-pixels containing the nuc-
[ e tmis lorgpieh = T30 Fites 1 leus were not set to zero but to one-half the average value of the

r — — — — Smoothed

sl | surrounding pixels, since half the line-of-sight is blocked by the

L | nucleus. While the actual coma contribution to the sub-pixels
containing the nucleus may differ somewhat from our prescrip-
tion, the derived nuclear magnitude is only weakly dependent
on the exact choice because the sub-pixels are so much smaller
than the actual WFPC2 pixel (i.e., there is a significant dilution

| effect). Furthermore, convolution with the PSF washes out fine

. details, as illustrated in Fig. 3. We note that the center of the

r 1 nucleus does not necessarily coincide with the opto-center of
P the coma, as expected for an anisotropic coma. This effect was

Power exponent

s WH\j\umm}Hmuuj\m\Hu}umuujumuujuuumj\mu‘ “‘ “““ ! “ “ “ :‘”‘ j\umh\j\w‘ i juumujuuuu\jmmu\juuumjmmm‘ ‘ ““ “ “uuumj\umm‘ L 1 dram atically illustrated in the high resolution images of comet
0 100 - 200 300 400 1P/Halley obtained by the GIOTTO/HMC camera (Keller et al.
paimuth angle (deg) 1994); in both cases (1P/Halley and 19P/Borrelly) the brightness

T R {. distribution is skewed in the solar direction due to the enhanced

dust emission from the sub-solar region.

Finally, each coma model was convolved with a PSF that
was also sampled on the finer grid, using the TinyTIM software
discussed in Sect. 2.

36 Fitted

— — — — Smoothed

e Totn /et work/ppoweim3 1.

log (A)

1: 4. Theretrieval of the nucleus

1% A complete model image of the comet is obtained by superim-
1t posingthe nucleus onthe comamodel described above. The nuc-
] leus is represented by the scaled point spread fundijgAS F'.
In order to make a comparison with the observed images, the
1 model image must be integrated over the88sub-pixels to re-
2'40 “““““ P e P oo cover the original pixel of the WFPC2. In performing this inte-
Azimuth angle (degq) gration, we allowed for 64 different possibilities, corresponding
to the 64 possible locations of the nucleus (y,,) on the sub-
é':\mpled grid. The location of the nucleus and the scaling factor
Z”éNere determined by minimizing the residu@ée,,, y.., k»)
between the model and observed images:

Q (xvuynakn) = (2)

the PSF. Fig. 2 shows an example of the angular variations of ‘ //[knpSF + comamodel @ PSF) dx dy — data

A;(©) andp;(©) and illustrates both the strong anisotropy of

the coma and the clear deviation from the canonicafiaw—1.  Note that the magnitude of the coma is not a free parameter, as

We note that the fit to the coma is excellent, as indicated by it was fixed by the fitting procedure used to derive the coma

small residuals displayed in the figure. model. The location of the nucleus is apparently located very
The full coma model is now constructed assuming thgkcurately, as illustrated in Fig. 4, which displays therofiles

the above parametric representation holds alsg fal40km.  for the optimum value of,, and they profiles for the optimum

Small-scale variations in the fitted parameters were filtered Q@jue ofz,,. A non-optimal value of;,, was used to increase the

(see Fig. 2), as they may be artifacts of our coordinate transfgfarity in the plot but the best solution is obviously that which
mationand, in any case, are irrelevant for determining the sizefdsely parallels the observed profiles .

the nucleus. The model images of the coma were generated onThe 15 noise of a signaB is given by
an 8 times finer grid than the original WFPC2 pixel. At this new
scale, in which the sub-pixel projects to a linear distance at the \/B R

P
ORINER_NUCLEXRACT G/ COMNCH

Fig. 2. The angular variations of the parametes&) (top) andA;(O)
(bottom) for the third observation are plotted. The residuals from t
fit (stick plots) and the adopted smoothed values for the parameters
also displayed (dashed-line).

2
comet of~2.6 km, the effect of the finite size of the nucleus cath— n + (g) + (fB)2 ©)
be introduced. Our preliminary analysis of Sect. 2 indicated that
the nucleus had an effective radius of 2.5km, so we assunvetereg =7 electrons/DN is the gairl =5 electrons is the
that a 2«2 sub-pixel region defined the location of the nucleuseadout noise, and =0.01 expresses the flat field noise as a
For all pixels other than the ones containing the nucleus, pofeaction of the signal. For a typical signal of 2000 DN, the 1
coordinates were computed from the cartesian coordinates gallie of the noise is 26 DN, which is insignificant compared
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GENERATED COMA_MODEL: (X,Y) PROFILES: SET = 3 OBSERVATION AND SOLUTION. MOVING (X,Y) PROFILES: SET, ITER = 3, 1
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Fig. 3. Profiles of the coma model generated on the resampled grid

before (solid line) and after (dashed-line) convolution with the PS g.4. In_ﬂuence Of_ the su_b-pixel Iocation. of the_ nucle_us:_ comparison
This case corresponds to the third observation. of a family of solutions with the observation (thick solid line).

to the differences between the models and the data plottedi@e, the coma model is rather insensitive to sub-pixel brightness
Fig. 4. Although our procedure provides excellent discrimin&ariations, as checked by several tests.
tion among different sub-pixel locations of the nucleus, we note Fig. 7 comparesthe model cometwith the observed image on
that our determination of the nuclear magnitude is essentiadly expanded vertical scale. Although the quality of the fit looks
unaffected by the exact location. The primary benefit of incluexcellent, one must remember that the plot has a logarithmic
ing sub-pixel sampling is to improve the fit between the modstale. In reality, the deviations between the model and the data
and the data (i.e., sub-sampling allows a better approximatinorthe core of the image are significantly larger than what would
to the skewness of the spatial brightness distribution). be expected based on photon-dominated noise statistics. We sus-
An example of the results from our minimization proceduneect that the large deviations are caused by our inability to rep-
is displayed in Fig. 5, where the residuais plotted as a func- resent accurately the highly anisotropic coma of 19P/Borrelly,
tion of the three parameters,, v, andk,,. Q(k,), shown for as our residuals are significantly smaller for comets having a
the optimum values of the coordinates, is very well behaved amdre circularly symmetric surface brightness distribution. In
allows a precise determination bf. any case, the residuals from our fits are still less than 10% of the
Fig. 6 illustrates the details of our solution for the third obebserved peak intensities, indicating that our retrieved size for
servation. The different skewness of th@rofiles of the coma the nucleus is not significantly affected by the imperfect fitting.
and the nucleus is readily explained by the fact that the nuc- Absolute magnitudes for the nucleus were determined from
leus is not located at the opto-center of the coma, as alredldy scaled PSFs that best matched the observations (i.e., the
discussed. As expected, the detailed variations of the coma gig# S F distributions, which represent the nucleus as it would
nal illustrated in Fig. 3 are washed out by the convolution withe observed by the HST in the absence of coma). Following
the PSF and by the integration over the original pixel. In prakloltzman et al. (1995), we calculated instrumental magnitudes



P.L. Lamy et al.: Hubble Space Telescope observations of comet 19P/1904 Y2 (Borrelly)

80

60

Q
~
(@)
L B S 7 B B A

ca

20

0

o

70
60

50

S 40

30

20
10

LU LA L LU AL UL

ST YR PTTTL FYTYYYYI FTITT FPPTTTTTIIAPTTIOTT]

4.0x107

6.0x10°

8.0x107

1.0x10%

kn

1.2x10%

1.4x10%

1.6x10%

1.8x10%

Fig. 5. Variations of the residua with z,, (top), y» (middle), andk,,

(bottom).

by integrating the scaled PSFs over an aperture having a ra‘fﬂéscoma + nucleus model (dash-dot line).

log_10(DN)

log_10(DN)

of 0!"5, so that no aperture correction is required. We did not
apply a correction for the charge transfer efficiency, since the
coma ensured that there was a large background signal. RdrAU and is approximately 0.7 mag brighter than our bright-
did we make any correction for observing geometry, as tkst value, suggesting the plausible persistence of a coma even at
nucleus was always located near the center of the CCD. Tthis large heliocentric distance. Our range of apparent nuclear
conversion to standard (Landolt) R magnitudes, and the adafiagnitudes{1 mag ) is comparable to that of comet 1P/Halley,
tional transfer to V magnitudes, required knowledge of the Vgt substantially larger than that of other comets (Jewitt, 1992).
colour of the nucleus. As we did for comet 4P/Faye, we used

V-R = 0.5050, which corresponds to an “average”
17 % per 10A (Jewitt, 1992). The so-called reduced magni-

reddening gf

OBSERVATION AND SOLUTION (X,Y) PROFILES: ITER = 1 SET = 3
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Fig. 6. Comparison of the third observation (thick solid line) with the
oma model (dash line), the nucleus model (dash-triple-dot line) and

tudes V(1,1,0) and R(1,1,0), which refer to the standard cofss mentioned in Sect. 2, the two images of the sixth observation
ditionsr = A =1 AU anda =0°, were calculated assumingwere processed separately because they differed in the sub-pixel
a linear variation of the phase function of the nucleus with thecation of the nucleus. We find that the magnitudes derived
phase angle (using a coefficient of 0.04 mag/deg). These resfifisn these two images differ by only 0.01 mag, which lends
are given in Table 1. In order to compare them with the phésrther credibility to our technique.
tographic magnitudes of the “nucleus condensation” (Roemer, The uncertainties in the coefficients involved in the transfor-
1965), we first applied a standard correction of —0.8 mag to canation of the instrumental to absolute magnitudes (zero-points,
vert from photographic to V magnitudes and the above phasdor coefficients) lead to an error of 0.014 mag.
law to obtain reduced magnitudes. These corrected values areThe model PSF generated by the TinyTIM software is a
scattered between 15 and 13, which are well outside our rangetential source of error, as it does not exactly represent the
The faintest value of 15 was obtained when the comet wasaatual PSF of the telescope. One point of particular concern
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OBSERVATION AND SOLUTION (X,¥) PROFILES: ITER = 1 SET = 3 Turning now to the systematic errors, we first discuss our key
assumption that the gradients of the coma can be extrapolated
within 140 km of the nucleus. The only data relevant to this is-
sue are the high resolution images of 1P/Halley obtained by the
Giotto/HMC camera. Analyses of those images indicate that the
spatial brightness profile has a constant gradient between 200
and 600 km - very much like what we found for 19P/Borrelly

- and a conspicuous flattening inside 200 km, which is possi-
bly explained by the fragmentation of dust grains in the coma
(Thomas and Keller, 1990; Keller, Marconi, and Thomas, 1990).
Note that this latter effect is small; for example, the intensity at a
radial distance of 20 km is depressed by ornfi2 % compared

to that predicted by the constant gradient model. In order to esti-
L ) S SO mate the effect on our photometry of 19P/Borrelly’s nucleus, we
5 10 15 generated flattened coma models by introducing a “flattening”
function derived from the 1P/Halley profiles (Figs. 1 and 2 of
Thomas et al., 1988). The contribution of the coma in the central
pixels was consequently reduced, resulting in a brightening of
the nucleus by 0.25 mag.

Our adopted reddening of 17 %P is another potential
source of systematic error. Using a value of 11 %A 0as
: observed for P/Encke (Luu and Jewitt, 1990), decreases the R
¢ magnitude by 0.007 and the V magnitude by 0.06.

Another source of systematic error is the unknown phase law
¢ for the nucleus. Our adopted phase coefficient of 0.04 mag/deg
is consistent with that estimated for some other cometary nuclei.
§ Using a coefficient of 0.034 mag/deg, as found for P/Neujmin
i 1 (Jewitt and Meech, 1987), makes the nucleus fainter by
EO.ZSmag.

5 10 15 As expected, the error in the determination of the magnitude
Pixel coordinates (Y) of the nucleus is dominated by systematic effects. However,

these errors do not affect our results on thlative brightness
Fig. 7. Comparison of the third observation (thick solid line) with thg,5riations of the nucleus.

coma + nucleus model (dash line). For signals larger thaa0 DN,
the 1-sigma error bar is within the width of the thick solid line. See the
text for further discussion. 6. Properties of the nucleus
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The geometric cross-section of the nucleus may be calculated
is the jitter of the spacecraft, which is not known when thigom V(1,1,0) using a standard relation (c.f., Keller, 1990; Je-
telescope is tracking a moving target. A direct measure of thétt, 1992) and assuming a geometric albedo of 4%. From the
jitter could be determined by analyzing star trails, but theegjuivalent circular cross-section, an effective radius can be com-
were no bright stars in the 19P/Borrelly field. However, variabfgeuted (Table 1). The uncertainty #0.05 mag translates into an
amounts of jitter can be introduced in the TinyTIM calculationncertainty of 2.3 % in the size of the nucleus, while a bright-
in order to estimate its effect. In essence, the jitter makes the Réfing of the nucleus of 0.25 mag, for example, increases the
slightly “fatter”, thus decreasing the contribution of the coma iradius by 12 %. Using an albedo of only 3.5% would increase
the central pixels and making the nucleus brighter. The jittertise radius by 7 %.
usually characterized by the rms value of the fluctuations of the The above derivation assumes that the nucleus is spherical,
pointing direction in milliarcsec (mas). A reasonable estimaighich is clearly contradicted by the observed lightcurve (Fig. 8).
of 10 mas led to a brightening of the nucleus by 0.014 mag whifie observations strongly suggest that we are seeing the appar-
an extreme value of 20 mas increased the nuclear magnitudeshy cross-section of a rotating elongated nucleus. In principle,
0.047 mag. albedo variations on the nucleus could produce the observed

Scattering of light by the CCD electrodes has an effect dightcurve variations, but this hypothesis is contradicted by the
the PSF that is similar to that produced by jitter, so we do nsimultaneous visible and infrared observations of several come-
consider that effect separately here. tary nuclei (c.f., Millis et al., 1988). We searched for periodicity

In summary, we adopt a conservative valug-6f05 mag for in the lightcurve by constructing a Fourier decomposition lim-
the error in the nuclear magnitudes due to the effects discusied to the first sine and cosine terms due to the limited number
above. of data points. The coefficients of these two terms were first
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19P/Barrelly 1994 I: spin oxis orientation: Monte Carlo test
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Fig. 8. Temporal variation of the brightness of the nucleus of comet
19P/Borrelly. The (Landolt) apparentV (dots) observed magnitudes are
plotted versus time (modified Julian Dates: JD 2449000+). The simy-"*
lated lightcurve for the model of a rotating prolate spheroidal nucleus is
plotted. Effective cross-sections as seen from Earth are displayed wih.,,
the limb and shadowed regions for the six points of the lightcurve. ¢

Lightcurve

0.90

found using a gradient method, and the period was searched in [
the interval from 5 to 40 hr. A least-square fit to the data yielded" "= T
P=25 hr. This value was then introduced as the initial guess in
a full, non-linear parameter fit, which produced the same valGit9- 9 Influ_ence of the directiqn of the spin axis on the lightcurve: _its_
for the period P-25.02+0.5 hr, as well as an accurate determfPlitude is plotted as a function of the aspect angle (top), the ecliptic
nation of the Fourier coefficients. ongitude (middle) and latitude (bottom) of the spin axis.

In order to reconstruct the shape of the nucleus, we assumed
that it was a prolate spheroid with semi-axesndb, that it was derived from the propagation of the photometric uncertainties
in rotation around one of the minor axes, and that its brightnegghin the framework of the above model.
was proportional to its geometric cross-section (the so-called We tested other solutions for the orientation of the spin axis
geometric scattering law). Under these assumptions, the amprandomly selecting any direction within 26f the direction
litude of the lightcurve becomes a function of the aspect andtind by Sekanina. Any deviation from this nominal solution,
& and the ratioz/b. The aspect angle was calculated adoptirfgr which the aspect angle is at a maximum, results in a decrease
the orientation of the spin axis found by Sekanina (1979). Théthe amplitude of the light curve as illustrated in Fig. 9. The
ecliptic longitude and latitude of the north pole are &Md — uncertainty in the observed lightcurve amplitude translates into
57°, respectively (for 1950.0), implying a retrograde rotatiora wide range of solutions for the ecliptic longitude and latitude of
The viewing geometry on 28 November 1994 resulted in an ake spin axis, typically-30°. Similarly indeterminate solutions
pect angle of 89 (“equatorial view"), with the spin axis beingare well-known in the study of asteroidal lightcurves having
practically perpendicular to the line-of-sight. After imposing mited data, as applies to our case also.
rotational period of 25.02 hr, we find that the best fit synthetic From an analysis of the non-gravitational forces on the nuc-
lightcurve (Fig. 8) gives a ratio/b =2.46+0.15. leus of 19P/Borrelly, Rickman et al. (1987) derived that the
The viewing conditions of the nucleus, depicted in Fig. 8, weraass of the nucleus is 8102 kg. Combining the latter with
such that nearly the full cross-section was seen at the maximauor result on the shape of the nucleus leads to a bulk density of
of the lightcurve. We calculated the fraction of illuminated area140 kg nT3, a somewhat low value but still within the range
(0.95) and introduced this correction to derive the true ellipsf presently accepted values. The nucleus of 19P/Borrelly is
tic cross sectiomrab assuming a geometric albedo of 4%. Wetable against centripetal disruption since the critical density
obtaineda =4.44+0.3 km andb =1.8+0.15km. The errors are (Jewitt and Meech, 1988) is much lowgf, = 45 kg nT3. Fi-

-40
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nally, from the active area of 6.6 Khobtained by AHearn et al. the anti-solar direction, where the six profiles exhibit nearly the
(1995), and the total area of the equivalent spheroidal nuclesame gradient of —0.97 except for some slight variations inside
we calculated a fractional active area of 8 %, comparable to td#0 km. The north and south sectors display intermediate situ-
of comet 1P/Halley (10 %). ations; note that beyond400 km all the profiles converge but
with distinct gradients, —1.03 (north) and —1.07 (south). While
these average profiles allow a gross characterization of the inner
coma of 19P/Borrelly, they tend to hide a more complex reality,
7.1. Calibration of the surface brightness which is best revealed by the angular variations of the parame-
ters A; andp; introduced in Sect. 2 (Fig. 11). There is a gross

\Tvollggzar:nzgr?ilt.uc(jlegg)ztgr?w/izrﬂ;i gg?leséfa;:asier:gp;'\r};gog tty ti-correlation between the two parameters;aends to reach
; " minimum value whem; reaches its maximum value. The
spectrum withm = 0 and observed through the F675W fil-

ter Fr — 2021 x 10-° Lem2 A-1 Their Eq. 7 al first and, to a lesser extent, the second observations are some-
Ier. 0 _t : | ? th V\(/aligps(,:ezc cm itud t. th elrb d: 3'. wrlat at odds with this trend. The broad fan is systematically
ows one torelate the magnitude o the observed SI9Rfkat from the solar direction by approximately*2@xcept for

Sin DN sec: the first observation where there is no offset. Note that the min-
WEPC2 = —2510gS + Zwrpcs + 2.51log GR; 4) ima of p; are further offset, by approximately 20A secondary
maximum, or shoulder, is clearly present at about#6m the
whereGR; =1.987 andZw rpco =21.234 is the zeropoint for antisolar direction. The power exponent,is close to its canon-
the F675W filter. As recommended, we added 0.1 mag to tizal value only in a sector close to the antisolar direction where
zeropoint to correct to an infinite aperture. The flux expressiahe amplitudesd; roughly reach their minimum value.

7. Properties of the coma

F = FO 1070.4WFP02 (5) o
7.3. Temporal variations

can now be rewritten as: ) o o ]
. Fig. 11 indicates that the largest temporal variation of the bright-

F=2977Tx10""8 ergsec ' em 2 A (6) ness of the coma takes place in the sunward fan and reaches a
o _ ) factor ~2, which roughly corresponds to the variation of the
The standard flux calibration factor given by the routine preyoss-section of the nucleus illuminated by the Sun. (If the as-
cessing (FITS keyword “PHOTFLAM” in the image headenyect angle is close to 9tas discussed above, the Sun sees a
which strictly applies to a source with a constant flux per unifoss-section almost identical to that seen by the Earth as il-
wavelength, has been revised in veglon 2 (December 199ndrated in Fig. 8, with a time lag of 2.6 hr corresponding to
of the HST Data Handbook to 280~ . The agreement be- ihe solar phase angle of 98 However, the situation is more
tween the two derivations is excellent (3.4 %) and, as expectggmplex as the variation of the maximum valuefdoes not
the calibration factor is practically independent of the spectigtictly follow the nuclear lightcurve, especially for the first and
type. second observations. Nevertheless, the emission pattern of dust

The final calibration formula, which relates the pixefs clearly determined by the insolation of the sub-solar region
value S (DN sec!) to the absolute surface brightness B iR the nucleus.

Wcm~2 sterad ! um~1, involves the solid angle subtended by
a pixel of the WFPC2({ =4.866x10~'* sterad) and is given

by: 7.4. Afp and the dust production rate

B=6118 x10~8 S @) Although the quantityAfp, as introduced by AHearn et al.,
(1984) is not strictly applicable to a coma that is not in steady-

Based on the previous discussion, the uncertainty4igo. state, we calculated it for 19P/Borrelly to allow a comparison

with ground-based measurements. We first subtracted the con-
tribution of the nucleus, and then integrated the coma signal
using an aperture radius of 2400 ka1’8). The results for the

Fig. 10 displays the radial surface brightness profiles of the cosia observations fall in the range 600-620 cm and compare very
averaged over four sectors having 2thgular extents and cen-favorably with the value of 646 cm obtained by AHearn et al.
tered, respectively, along the solar and anti-solar directions §2895) when the comet was at a mean heliocentric distance of
in the perpendicular directions (the latter almost correspondt@8 AU (i.e., slightly closer to the Sun than for the present ob-
the North—South direction; see Fig. 1). The power law exponesgrvations).

of these average profiles are practically constant frogl 50 The determination of the dust production rate follows ex-
to 1000 km but deviate somewhat from the canonical —1 actly the method we used for comet 4P/Faye (Lamy et al.,
value. The largest deviation occurs for the solar sector, whéi@96), except that the required parameters were set to the
p ranges from —1.08 (5th and 6th obervations) to —0.96 (Astlues appropriate for 19P/Borrelly: an effective radius of
and 2nd observations) with an intermediate value of —1.02 24 km, a fractional active area of 8% (derived above), and
the 3rd and 4th observations. The situation is much simpleran OH production rate of 1.8610°® moleculessec'. The

7.2. The radial gradients
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Fig.10. The average brightness profiles of the coma of comet . ‘
19P/Borrelly in the solar and antisolar directions (top) and in the Norjg('(;)l '(k-)rc?tteorir)]?cl::?[]gzir;(agggzr\?a{ti?r?s parameter$©) (top) and
and South directions (bottom) ¢ '

factor 2 error is estimated by Newburn and Spinrad, 1985), we

conclude that these values are in reasonable agreement.
latter value was measured by AHearn et al. (1995) at a he- 9

liocentric distance of 1.41 AU, which is sufficiently close to

the present value (1.401 AU) that no correction is requiregl_. Conclusions

We assumed that the gas production was dominated by wa-

terwithQg,0 = 1.1xQox =2.05<10?® moleculessect. We The unambiguous detection of the nucleus of comet
calculated the dust production rate for two values of the bulleP/Borrelly with the Hubble Space Telescope reveals a
density of the nucleus, the canonical value of 1000 kg m highly elongated body with semi-axes @£4.4+0.3 km and

and 140 kg m3, the value derived above using previous results=1.84-0.15 km (yieldinga /b =2.46+0.15), and rotating with
from a non-gravitational force analysis, and obtained 180 aadsynodic period of 25:0.5 hr. Our interpretation of the ob-
215kg sec’, respectively. We calculated dust production rateerved lightcurve as resulting from the rotation of a prolate
using three different aperture sizes (500, 1000, and 2400 kspheroid gives an orientation of the spin axis consistent with that
and found essentially no difference among them. During tlderived by Sekanina (1979); however, the constraints on the ori-
1981 apparition, at a heliocentric distance~df.34 AU, New- entation are not very strong. Although the size of 19P/Borrelly’s
burn and Spinrad (1989) estimated a dust production ratenofcleus is approximately half that of comet 1P/Halley, the ro-
about 335kg sec!, assuming a nuclear radius of 3.5km anthtional period of 25 hr and the fractional active area of 8%
an active fraction of 10 %. During the 1987 apparition at a heuggest some similarity between the two nuclei: both are more
liocentric distance of-1.5 AU, Singh et al. (1992) obtainedactive and probably less evolved than the majority of the short-
240kgsec! assuming a radius of 4km and a similar activperiod comets. Comet 19P/Borrelly exhibits a complex coma
fraction. In view of the large errors inherent in the method @ominated by a strong dust fan in the solar direction. We are
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presently investigating its detailed morphology to determine the
pattern of active areas on the nucleus.
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