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Polarization studies of comet C/2000 WM1 (LINEAR)
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Abstract. Linear polarization observations were carried out on com@0@ WM1 with the 1.2 m telescope at Mt. Abu
Observatory during November 2001 and March 2002. The observations in November were at low phase22ngiehen

the polarization is negative and where the data for most of the comets are rather meager. The observations during March were
made when the phase angle wa”. Observations were conducted through itHe/ narrow band an8VRbroad band filters.

Based on these polarization observations we infer that the cof@80CWM1 belongs to high polarization class i.e. the dusty
comet family.
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1. Introduction possibility of the grains giving rise to the polarization being

. . . . large, rough and dark, resembling fflu aggregates such as
The polarized radiation received from cometary grains CO%’rownlee particles.The space mission to Comet Halley made
tains vital information which has proved to be very useflé

in our understanding of the oriain of solar tom. There ome in-situ measurements and have contributed new informa-
In-ouru S N9 9l S System. &iBn on the nature of grains in that comet (Kissel et al. 1986;

two main mechanisms which contribute to the cometary po'%’azets et al. 1986; Levasseur-Regourd et al. 1986). However,

|z|ed ra:('jati'io?l: (|)rsunllﬁht scrigterieg Ey tue corr:e:a;y ?nuslt palré'r'ound based observations have indicated that the detailed be-
ces, a ( ). uorescence emission by the cometary moiecu viour of grains dters in diferent comets. Until more in-situ
Linear and circular polarization measurements have been m

by several investigators in the past for manv comets. Most asurements are carried out on other comets, the informa-
y . 9a P nany ) n about dust grains in the comets has to come mainly from
these studies are aimed at understanding the nature of p

o . . . é'ground based observations in conjunction with theoretical
ization which occurs due to the scattering of the sunlight tmodels (Krishna Swamy 1986; Xing & Hanner 1997; Jockers
cometary dust particles. The first majdfaets for detailed po- : '

o . 1999; Petrova et al. 2001a; Petrova et al. 2001b).

larization observations were made for the Comftdey by ] o )

many groups (Bastien et al. 1986; Brooke et al. 1987; Dollfus & ©On the basis of the polarization behaviour of 13 comets,
Suchail 1987; Kikuchi et al. 1987; Lamy et al. 1987; Le Borgngheérnova (1993) pointed out the existence of two types of
etal. 1987; Metz & Haefner 1987; Sen et al. 1988). There wef@Mets: gassy and dusty. Subsequently Levasseur-Regourd
other bright comets after/Ralley such as Austin, Hyakutake &t @l- (1996) and Hadamcik et al. (1999) expanded this work
and Hale-Bopp and polarization observations were reported R Studying the polarization phase curve for a large number of
these comets by several groups (e.g. Sen et al. 1991; Eaton &aypets. It is seen that all the polarization phase curves show

1992: Joshi et al. 1997: Ganesh et al. 1998: Furusho et al. 19§'g;1ilar behaviour at low phase angles i.e. small negative values
Manset & Bastien 2000). of polarization for phase angte < 22°, increasing nearly lin-

A study of the variation of polarization with phase an€&'Yintherange3& « <70° and reachingamaximum value

gle (@), defined as the sun-comet-earth angle, and the wa@é10-30%in the phase angle range 90-1However, forw >

length dependence of polarization allows inferences to g comets follow two distinct distributions in the polarization-
drawn about the size distribution and composition of the sc&1ase angle diagram which led Levasseur-Regourd et al. (1996)
terers. Based on the data obtained by various researchi@Bropose two classes of comets: low polarization and high po-
Dollfus et al. (1988) established a phase curve describil‘?gﬁ'zat'on con_"nets. Itis clegr now that high polarization comet§
the variation of the degree of linear polarization with th@'€ dusty while low polarization comets are gassy. The maxi-
phase angle. The study of the dust grains in comets HAYM value of polarization reaches about 15% and 25% for the
been an active area of investigation for quite some time HASSY and the dusty comet classes respectively. In fact the de-

the exact nature and composition of the cometary grai#€e€ Of polarization is found higher for Hale-Bopp than for any
are still not well understood. Dollfus (1989) pointed out thther comet previously observed so much so that Hadamcik
et al. (2002) proposed to add one more class (Hale-Bopp class)
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Initially the detection of negative polarization at low phas preserve their transmission characteristics. However, to be
angle ¢ < 22°) in comets was received with a surprise asure of their characteristics, their transmission curves were ob-
the negative polarization was considered more associated viiimed in the laboratory and compared with the original curves
atmosphere-less solar system objects having a surface madsupplied by the manufacturer. We found that except for the
fluffy layers of small grains, such as Mercury, the Moon, the a8O* filter (4260 A), characteristics for all other filters com-
teroids (Dollfus & Auriere 1974; Gehrels et al. 1987; Zellner &are very well with the original transmission characteristics. It
Gradie 1976; Dollfus & Zellner 1979). The objects quitéieli- is to be noted that the observations made with the same set of
entin nature — dark and bright satellites of the planets, Mercufijters facilitate comparison with other comets observed earlier,
asteroids and cometary comae demonstrate similar negativelmmnce their continued use is justified.
larization below phase angle 2 his phenomenonis observed Observations were made during November 23-26, 2001
in a wide spectral range from UV to IR and the polarizatiowhen phase angle ranged from 14=22nd then during
appears to be almost wavelength independent. Also the crbkeech 16-18 ¢ ~ 47°). We attempted observations through
over angle ¢iny), slope at the cross over point and polarizatiotHW filters in continuum bands 363D, 484365 and 684(D0.
minimum (Pmin) do not show significant wavelength depenHowever, the comet was too faint to achieve gogh &tios
dence in most of the cases. However, some faint comets, likith these narrow band filters even for an integration time as
29P Schwassmann-Wachmann (Kiselev & Chernova 1979) long as 10 min. Also, during the November observing run the
47RAshbrook-Jackson (Kiselev & Chernova 1981) are rg@resence of the Moon in the early part of the night hampered
ported to have shown significant variation of polarization witthe polarimetric observations of the comet. In the presence of
wavelength forx < 25°. These day-to-day variations detectethe Moon, not only the sky background was bright but also
at a given phase angle were thought to be related to the activitghly polarized and even a minute variation in the sky resulted
in comets. Though the high precision polarimetric observatioimslarge error in the measured polarization. At low phase angle
of comets covering a large phase angle range are importanttte degree of polarization being low (~ 1 to 2%), the 3\
fully characterize the grains, such data are lacking for the negtio deteriorates in presence of highly polarized Moon light.
ative branch of the polarization phase curve. HigN 8bser- Therefore the polarimetric observations were made after the
vations at low phase angles are relativelffidult due to the Moon had set and the sky was dark albeit at the cost of avail-
comets being faint, as in general comets are at large distanalele observing time. To achieve a gog@S$n a limited avail-
from the Sun whem is low. The complete information on theable observing time, we switched over to observations with the
polarization phase curve for a large number of comets wolldbad band -BVRfilters of the Johnson and Morgan system.
be helpful to understand their formation and evolution and thdihe Sun-comet distance during the November observing run
relation to other solar system bodies. was about 1.3 AU. In general comets start showing activity

The apparition of comet 2000 WML1 provided a good at such a distance and therefore observations in broad band
opportunity to make polarimetric observations at low phagiters are usually expected to be contaminated by molecular
angles. During its pre-perihelion approach the comet weasiission. However, as discussed in the next section, the magni-
conveniently located in the sky and was bright enough todes in all the bands, normalized with respect to 4845 A band,
achieve a reasonably goodNSratio at low phase angles.do not show any variation throughout the observing run in
On 22.67 January 2002 the comet was at a perihelion distatNmvember, indicating that the molecular emission remained
of 0.55 AU. We carried out linear polarization observations ameak and steady during the observing run and hence the use
this comet during November 23-26, 2001 when the phase afiBVRfilters is justified. To allow for comparison, we made a
gle, @, was<22° and later in March wher was~47°. The few observations through thelW filter 484565 (cf. Table 2).
preliminary results from these observations were reported by The observations were taken with an aperture size
Joshi et al. (2002). In this communication, the results are disk 26.5 arcsec centered on the photocentre of the comet. We
cussed in detail and compared with the results for other cométek several measurements of shorter integrations (30 to 50 s)
per filter which were later averaged. The errors associated with
these observations are estimated as follows. As described by
Joshi et al. (1987), a least squares fit to the data provides the
Photopolarimetric observations of come2G00 WM1 were degree of polarization and the position angle. The error in the
made with a two channel photopolarimeter (Deshpande etfalgives the error in the degree of polarization while the er-
1985; Joshi et al. 1987) mounted on the 1.2 m telescope of ks in the position angle are obtained using the Eq. (8.5.4)
Abu Observatory operated by Physical Research Laborataiyen in Serkowski (1974). To take care of sky polarization,
Ahmedabad (PRL). The PRL photopolarimeter modulates tbeservations were made alternately on the photocentre of the
polarized component of the incident light at 41.67 Hz with a raomet and on the region of the sky more than 30 arcmin away
tating super-achromatic half-wave plate in front of a Wollastdnrom the Sun-comet line. Polarization standard star€as
prism. It is equipped with IAUHW filters (see Osborn et al. and 9 Gem were observed to calibrate the observed position
1990) andBVRbroad band filters. The IAUIHW filters were angle. Instrumental polarization was much smaller (0.03%)
acquired about a decade ago for observations of comet Halkyan the errors in observations and therefore is neglected. The
Since then these were used for observations of several ofjoeirnal of the observations along with other informations like
comets (Ganesh et al. 1998; Sen et al. 1991; Joshi et al. 199Rpse angle of the comet, UT, moon set time at Mt. Abu etc
The filters are carefully stored in dry atmospheric conditions shown in Table 1. Heliocentric and geocentric distances

2. Observations and analysis
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Table 1. Observation log and comet parameters. Final column (Apyhich in turn is responsible for the spatial variation of polar-

is the linear size of the aperture projected on the comet. ization in the inner region (Renard & Hadamcik 1996; Eaton

et al. 1988, 1991; Dollfus & Suchail 1987; Jockers et al. 1999;

Date & r A Phase Moon- Ap. Furusho et al. 1999; Kolokolova et al. 2001). In the case of
time (UT) AU AU deg  set(UT) kms Comet Halley a fair degree of agreement is seen among the

observations made by ftierent groups with dierent aperture

5%10/2001 13458 03758 14.91 19:38 7942 sizes as long as the polarization is estimated over the whole
20:30 1.3455 03756 14.94 7238 coma with a large aperture centered on the nucleus which av-
erages out thefiect of heterogeneity. In the case of comet
24/11/2001 Hale Bopp no significant élierence was found in the polar-
21:00 1.3291 0.3630 16.80  20:30 6995 ization observed through two apertures, 26.5 and 52.4 arcsec,
21:30 1.3287 0.3627 16.84 6990 corresponding to linear scales of 14 318 km and 28 313 km re-
spectively (Ganesh et al. 1998). Similar results are reported for
25112001 Hale-Bopp by Manset & Bastien (2000). In the present case
21:30 13126 03517 19.08  21:20 6778 the radius of the area sampled on the coma is relatively large
22:00 13123 0.3515 1913 6774 (6500 km to 7200 km in diameter, much larger than the in-
26/11/2001 ner coma) and the inhomogeneities in the coma are expectgd
22:00 12962 03418 21.73 2912 6587 tq be averaged out. The observed data_ (Tgble 2) suppo_rt _th|s
22:30 12958 03416 21.79 6583 View. We also note that the overall polarization characteristics
of the comet WM1 are similar to comet Halley and Hale-Bopp
16/03/2002 as is discussed later. Therefore, the comparison of the polari-
23:30 1.2401 1.2375 47.36 15:24 23848 metric observations onfllerent dates for comet/2000 WM1
is meaningful.
17/03/2002
00:00 1.2404 1.2374 47.35 16:14 23846
23:30 1.2563 12374 471.03 23846 3.1. Polarization phase curve
18032002
00:00 1.2567 1.2374 47.03 17:08 23846 The polarization behavior of the comef2000 WML is dis-

played in Fig. 1 which shows the degree of polarization for
different spectral band8¥YRandIHW filters: 4845 and 6840)
as a function of phase angle in the range 14-Zhere is a

and the aperture projected on the comet at the time of @#20d coverage of phase angle between 14 arid I28hould
servations are also listed. Table 2 lists the observed vallgsoted that the data are very rare in the important range of
of polarization inBVR bands along with some observationloW Phase angles. The polarization behavior in this phase an-
made througHHW filters. There are four observing runs irgle range provides clues to the refractory nature of the grains.
November 2001 (before perihelion passage) and two in Mar@pservatlons were Iargely_made through the broad—ba_nd fil-
2002 (after the perihelion passage). In addition to the polariZ§'S 10 achieve good/N ratio. However, some observations
tion values we also report the normalised magnitudesffierdi Were made through narrow-battdw filters which also help
ent filter bands. Instrumental magnitudes were first correctigcompare with the observations made through broad-bandfil-

for the atmospheric extinction and the values thus obtain&JS- The normalized magnitudes do not show variation during

were normalised with respect to the magnitude in the contiil€ 0bserving runin November (see Table 2), indicating a weak

uum band at 4845 A (Table 2). On 17th March 2002, the obsé‘fld steady cometary activity. Thi.s means t_hat molecular emis-
vations were made when the elevation of the comet was IGIPn Was too weak to have any significant influence on contin-

Hence, photometric errors being large, the magnitude valt&4n polarization. We find from the figure that the polarization

are not considered. The polarization phase curves are plot{ati!€s observed througdVRfilters and the narrow band filters

in Figs. 1 and 2 and wavelength dependence of polarizatiorFgTPare very well. In Fig. 2, we have plotted a magnified view
shown in Fig. 3. of the polarization-phase-curve for phase ang?@°. As seen

in this figure, polarization behaviour ne@y,, appears, within
the errors of measurement, to be independent of wavelength.

3. Discussion .
Near the cross-over phase angle, the degree of polariza-

During the November observing run, the Sun-comet distantien is close to zero and hence the position angle is ill-defined.
changed only by about 5% while the Earth-comet distanteoking at Table 2 we notice that on November 26 the position
changed by about 10% resulting in a variatiors@0% in the angle in diferent spectral bands deviates from perpendicular or
sampled area on the comet. This might cause some changparallel to the scattering plane when the phase angle is near 22
the degree of polarization provided the sampled region is h&tie errors associated with the position angle measurements are
erogeneous. The inner coma region of comets has been folarge. Therefore no meaningful conclusions can be drawn from
to be quite heterogeneous in the spatial distribution of dusite position angle.
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Table 2. Polarization observations of comef2000 WM1 (LINEAR). Listed entries are date and time (UT), total integration time (IT) in
seconds, filter, degree of polarizatioR%) , error in polarization (Ep%), position anglé) {n equatorial plane, magnitude (normalized with
respect to magnitude at 4845 band), and phase anylat the time of observations. Magnitude values are not listed for 17th March 2002 as
the photometric errors were larger than 10%.

Date Time(UT) IT Filter P% % 0 e Mag Phase
2311/2001 195850 200 R 1.27 019 102 4 -324 1490
2311/2001 2007 10 200 Vv 1.18 0.19 108 5 -3.34 1491
2311/2001 201330 200 B 1.57 025 103 4 -2.80 1492
23112001 203500 400 7000 2.72 0.80 104 8-0.17 14.94
2311/2001 20 46 40 450 4845 2.18 0.90 110 12 0.0 14.96
24/11/2001 2045 30 200 R 1.01 0.18 94 5 -322 16.78
24/11/2001 2053 30 250 V 1.03 021 102 6 -3.31 16.79
24/11/2001 2104 10 450 B 0.75 0.30 90 11 -2.82 16.80
24/11/2001 2116 00 500 7000 2.40 0.75 72 9-0.16 16.82
24/11/2001 21 3030 600 4845 1.49 0.80 93 15 0.0 16.84
2511/2001 21 26 40 200 R 0.73 0.19 67 7 -3.24 19.07
2511/2001 213230 200 Vv 0.64 0.21 87 9 -3.34 19.08
2511/2001 21 3850 250 B 0.56 041 84 20 -2.95 19.09
2511/2001 2147 40 450 7000 1.30 0.86 83 19-0.16 19.10
2511/2001 2208 30 600 4845 0.66 095 74 52 0.0 19.14
26/11/2001 221130 200 B 0.39 0.85 177 52 -287 21.75
26/11/2001 22 1550 150 7000 1.9 1.6 140 52-0.26 21.76
26/11/2001 222100 250 4845 2.7 2.7 148 52 0.0 21.77
26/11/2001 22 28 00 200 VvV 0.66 0.34 161 15 -3.5 21.78
26/11/2001 22 3530 200 R 0.04 0.35 106 52 -3.27 21.79
16/032002 232853 180 R 868 0.66 6 2 -3.21 47.36
16/032002 23 3455 180 V 7.52 055 1 2 -355 4736
16/032002 234240 180 B 7.85 098 3 3 -295 4735
16/032002 2350 30 360 6840 108 2.2 172 6 -0.16 47.35
16/032002 2359 59 300 4845 95 2.8 170 8 0.0 47.35
17/032002 00 11 50 300 5140 9.2 1.4 7 4 -0.83 47.35
17/03)2002 23 47 22 100 4845 133 35 3 10 47.03
17/032002 235321 100 6840 123 35 19 8 47.03
18032002 00 02 51 100 B 934 068 0 2 47.03
18032002 00 08 00 60 V 6.88 057 7 2 47.03
18032002 00 12 22 60 R 10.68 0.51 15 1 47.03
18032002 00 16 31 60 5140 7.9 15 0 5 47.03

3.2. Wavelength dependence of polarization We notice that the polarization observed through the
_ ) o ) V-band on March 1/18 is lower than what was observed on
Figure 3 displays degree of p.olarlzanon. against the mean waygs previous night, though the polarization in Reand shows
length for the comet when its phase is about.4The IHW  5p increase. The reason is that Réand polarization is less

and BVRfilters are indicated in the figure. The figure showgfluenced by molecular emission compared to\tHeand.
that the degree of polarization increases with the wavelength

though the errors are large fadW filters. In general the val-

ues of polarization for broad band filters are lower compargl3. Classification of WM1 based on polarization data

to thelHW filters as one would expect. On March/18, 2002

when the comet phase was 47.0Be polarization values indi- Based on the extent of polarization at various phase an-
cate an increase over the values of the previous night when ¢gihes, comets are classified in two classes, high polarization
phase was at 47.35The observations also indicate a tenden@nd low polarization class (Levasseur-Regourd et al. 1996;
for the polarization colour to be redder compared to the preHHadamcik et al. 1999). We compare the polarization values
ous night which might be due to the increased comet activitgr comet G2000 WML in Table 2 with the values from com-
releasing more small grains. However, since the errors are tdhed polarization phase curve as given by Levasseur-Regourd
atively large, the above statement is to be taken with cautioret al. (1996). At the 47 phase angle the expected value of
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Fig. 1. The phase dependence of polarizatioBWRbroad bands and
IAU/IHW filter bands for the comet 2000 WM1.

wavelength (A)

Fig. 3. Wavelength dependence of the degree of polarization for the
comet G2000 WML1. The polarization values at the continuum bands
4845 and 6840 A are joined by the dashed line.
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i of 11% as obtained from the common phase curve for the dusty
I L v comets. Therefore the comet2D00 WM1 belongs to the high
{ 1 polarization class i.e. to the class of dusty comets.

R — — — : ——,  3.4. On the nature of the grains
Figure 2 shows a magnified version Bfvs. a curve fora <
_ 1 22. The polarization phase curve of comet2@00 WM1
gb_ 1.1 . 1 (Figs. 1 and 2) is very similar to other bright dusty comets
o o o ' ' like comet PHalley and Hale-Bopp, indicating that the dust
particles have similar characteristics in all these comets. In
. 1 the present study the polarization phase curve is well covered
S — — — ——— for low phase angle where the polarization is negative. The
. 1 negative branch of the polarization phase curve in comets is
still not well understood as similar behaviour is observed in

; 1 otheratmosphere-less solar system bodies such as Mercury, the
A 1'6 — 1'8 — 2'0 ——,, Moon and asteroids (Dollfus & Auriere 1974; Gehrels et al.

Phase Angle (deg) 1987; Zellner & Gradie 1976; Dollfus & Zellner 1979). The
similarity in the polarization behaviour of the cometary grains

acﬁd these types of scattering surfaces was noted by several re-
searchers (Kiselev & Chernova 1981; Myer 1985; Bastien et al.
1986; Steigmann & Dodsworth 1987). It should be noted that
polarization in the case of the high polarization class (dustshile the cometary coma is optically thin, atmosphere-less so-
comets) is~11% whereas for the low polarization class thkar system bodies are regolith surfaces and are treated as op-
expected value is5.5%. The observed polarization value fotically thick systems. Therefore, the objects, which are quite
comet G2000 WM1 at this phase angle is around 10%. Thifferent in nature (e.g. asteroids, planet Mercury, cometary
polarization values as observed on March 16 and férdby coma) but show similar negative branch of polarization, sup-
a small amount which cannot be due only to the very smalbsedly have an aggregate structure of dust grains (Brownlee
change in phase angle but the main contribution could be frdi85a,b; West & Smith 1991; Petrova et al. 2001a; Petrova
increased cometary activity. The observed values of the polat-al. 2001b). From the above facts one can infer that negative
ization on both the above dates are close to the mean vabhadarization of light at small phase angle is a collectiffeet of

Polarization(%)

Fig. 2. Enlarged version of the phase dependence of polarization
Comet G2000 WML for lower phase angle.
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light scattering from particles and not a manifestation of theiun in March 16-17, 2002 when the phase angle was approxi-
individual physical properties. Shkuratov and his colleaguesately 47. We also note that;,, weakly depends on, being
showed that the negative branch of polarization appears if #maaller for shorter wavelength. If the imaginary part of the re-
particles of the scattering surface or their structural irregulafractive index decreases withthe negative branch of polariza-
ties are comparable to the wavelength of radiation (Shkuratiian and the inversion angle slightly depend.b(Petrova et al.
1994; Shkuratov et al. 1994). Theoretical modeling of the prop001b), characteristics of organic material. This study suggests
erties of aggregate particles confirms that the collectifece that grains with a silicate core and organic mantle represent
of monomers significantly changes the single scattering charrealistic model. Flfy aggregate of such monomers can ex-
acteristics of clusters as compared to those of the independg#ain the negative polarization and other characteristics of the
particles, and negative polarization can be produced with pabserved negative branch of tRevs. a curve.
rameters (aggregate size, monomer size, wavelength, refractive
index) close to those for the particles observed in cometayy
coma (West & Smith 1991, Xing & Hanner 1997; Petrova et al.’
2001b). This work reported linear polarization observations of comet

The observations show that the negative polarization is @2000 WM1 (LINEAR) for the low phase angle where the
most independent of the wavelength, which means that ddata are rather rare and also at a phase angle ned@ddi7study
particle characteristics, i.e. the mean size and composition,lshised on the polarization observations leads to the following
not play an important role in generating the negative brancbnclusions:
of the phase curve. However, careful examination of the po- ] o
larization data of several comets show some mindfedi 1+ Comet 2000 WM1 belongs to the high polarization class
ence in polarization behaviour at smaller phase angle as is I-€- the dusty cometfamily. .
seen in the Table 2 of Dollfus (1989). For example, comets The negative branch of polarization is explained to be
Ashbrook-Jackson (1977g) and Chernykh (1977e) show deeperdu€ to the scattering of light by the aggregate grains with
polarization minima compared to the other comets listed in Monomer size comparable to the wavelength of radiation.
their table. The crossover angle alsdfetis from comet to ~ 1he mutual influence of the monomers composing ag-
comet, though this variation is small and depends weakly on 9régate particles produces the negative polarization. The
the wavelength of observation. In the present case the observaPresent observations are explained if the monomer size pa-
tions show that the shorter the wavelength, the smaller is the F@Meter is close to 1.5 and refractive index close 65
crossover angle i.@n, is smaller forB-band compared to that i0.05). P053|bly_, the dust grains are composed of a silicate
for theV- and theR-bands. This indicates that the grains in this  ¢Ore and organic mantle. o
comet consist of a silicate core and organic mantle as discussedThe observations on March 17, 2002 indicate enhanced
below. cometary activity.
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