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Abstract. Narrowband filter photometry was performed on theas obtained in 1991, well before Wirtanen was chosen as
ROSETTA spacecrafttarget, comet46P/Wirtanen, at Lowell Ollhe RoseETTA target. During the 1997 apparition, an effort
servatory in 1991 and 1997. Production rates were determinvesls made to obtain data in support of the spacecraft mission.
for OH, NH, CN, G, and G, along with a measure of theThroughout both of these apparitions, however, the observing
dust productionA(6) f p. Relative abundances were computedieometry was poor, and, during the months around perihelion,
and a comparison to other comets indicates that this comet h@lgitanen was always within 5®f the sun. This putthe comet at
“typical”’ composition and a very low dust-to-gas ratio. The pediigh airmass near twilight, with only a short amount of time for
value of A(6) fp was 138 cm, while the OH production ratespbservations. (Competition with comet Hale-Bopp for observ-
used in conjunction with a standard water production modatg time further limited the number of measurements.) Overall,
yield a peak water production 8§1.0x10°® mol s~! at peri- the observing geometry was similar, but reversed, in the two
helion and suggest a minimum active surface arealo8 kn?.  apparitions, with the Earth on opposite sides of the sun.
Finally, a comparison to comet Halley puts Wirtanen into con- This paper presents our combined data set. The production

text with previous in situ comet measurements. rates of dust and different molecular species are given, and,
where sufficient data exist, heliocentric distance relations are

Key words: comets: general — comets: individualdiscussed. Abundance ratios, water production, and the dust-to-

46P/Wirtanen — techniques: photometric gas ratio are also calculated, and these results are compared to

those of the overall database compiled by AHearn efal. (1995).
A taxonomic classification of the comet is determined, along
with an estimate of the active surface area. Finally, Wirtanen is
1. Introduction compared to comet Halley to put it into context with previous

Dozens of comets are observable every year, yet, for varigiRacecraft measurements.

reasons, most are never studied in much detail. Until recently,
co_met Wirtan_en had been one of these ijects: an inherentlyopservations and data reduction
faint comet with unfavorable recent apparitions. In 1994, how-
ever, the European Space Agency announced that comet Wigservations of comet Wirtanen were obtained on a total of
nen was the target for tHRoseTTA spacecraft mission, which SiX nights using either the 42-inch (1.1-m) Hall telescope or
prompted numerous observing campaigns during the 1997 e 31-inch (0.8-m) telescope at Lowell Observatory. The sin-
parition. Characteristics of the nucleus and cometary envirdie observational set from the 1991 apparition was measured
ment that will impact the mission design and objectives includd days prior to perihelion, when the comet was at a helio-
the size and composition of the nucleus and its activity levegntric distance;=1.12 AU. Our earliest observations during
with respect to heliocentric distance. Furthermore, the safetytBe 1997 apparition were obtained in mid-February, one month
the spacecraft is a concern, so evaluation of the comet's dagfore perihelion, and our final observation was made in early
production rates and dust-to-gas ratio is a priority for grounduly when Wirtanen was at a heliocentric distance of 1.72 AU.
based studies. Ultimately, comparing Wirtanen to other cométgonventional photoelectric photometer equipped with pulse-
will help establish how results from tH&oseTTA mission can counting electronics was employed for all observations. Gen-
be extended to comets in general. erally, a total of seven narrowband filters were used to isolate
Narrowband photometric measurements of Wirtanen welfte emission from five gaseous species — OH, CN,@3, and
obtained at Lowell Observatory to determine the comet’s b¥H — and the continuum in the blue-green (48#pand the
sic composition and activity IeveIs As part of a larger com&gar-UV (3650R). In June and July 1997, however, the comet
database study (AHearn et al. 1995) a single measurem@éf@s too faint to be observed with all of the filters. Most of the
observations were obtained with the International Halley Watch
Send offprint requests td.L. Farnham (IHW) filter set (AHearri19911); however, on 5 March 1997, one
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observational set was also obtained with the new Hale-Bogances and, with application of the Haser model, to producti
(HB) filter set (Farnham et al. 1998), in which the continuum istes Q). Continuum fluxes were converted to a proxi for du
measured in the near-Uv (34436, blue (4450A), and green production, A(6) fp, the product of the albed®, at the ob-
(5260,&). A typical observational set (see Table 1) consisted eérved phase anglé; the filling factor,f, of the grains within
several integrations totaling 60 seconds or more with each filtére field-of-view; and the projected radius of the apertyre,
while automatically tracking at the comet’s rate of motion, withlo correction for phase angle was applied because the ph
associated sky measurements of between 10 and 60 secamgges ranged from only 24 to 45 degrees, a region over whi
taken at least 15 arcminutes away from the comet. Sufficighe phase function is expected to vary by less than about 3
sky measurements were obtained to compensate for the efféctsSchleicher et al. 1998).
of changing twilight. Wirtanen appeared very diffuse due to its

relatively high gas-to-dust ratio, so large photometer entrance i i
apertures were generally utilized to ensure that the comet wadt€sults and discussion

centered. Because we could not detect Wirtanen visually in Junge observational parameters for each data point, along
or July 1997, we pointed by means of a relative offset from thige reduced molecular and continuum fluxes, are listed in
nearest PPM star, tracked at the comet's rate of motion, g5ld 1. The data for the 365®filter have very low signal and, in
used the largest available aperture. Tests of this offset pointiggtition, are contaminated by, @missions (due to the high gas
technique indicate that the resulting pointing accuracy shoulsldust ratio), so these measurements are not tabulated and
have been better than 10 arcseconds. This pointing uncertaifit be discussed further. Table 2 lists the corresponding fluor
combined with previous tests of the effects of pointing accdence efficienciesl(/ V) for species that exhibit a Swings effec
racy on resulting fluxes in several other comets, indicate thggnd thus vary with observational circumstances), the prod
except for the June data, uncertainties in our measurements §si¢rates () for the gas species ant{) f p for the continuum.

to centering inaccuracy are much lower than other uncertaintiige production rates and(0) fp are plotted as a function of
discussed in the next paragraph. Possible errors in centeringdfiocentric distance in Fig. 1.

the July data are overwhelmed by the low contrast of the comet Looking first at a comparison of the results from the twi

signal to the sky signal. apparitions, it is evident that the single observational set fro
Because of the unfavorable observing circumstances (hig$o1 (triangles) is in good overall agreement with the 1997 o
airmass, changing twilight sky, and/or bright moon on somgrvations obtained at similar heliocentric distances. Howev:
nights), we performed an extensive analysis to determine fhéte that the 1991 set was obtained three weeks after periheli
sources and the size of the uncertainty for each data point. Poggiile the corresponding 1997 data were obtained between
ble sources included the photon statistics of both the comet mgad five weeks prior to perihelion. In addition, the orbit als
surement and its corresponding sky measurement, the effectgtinged slightly, with the perihelion distance decreasing fro
changing sky brightness during twilight, and uncertainties ap083 AU in 1991 to 1.064 AU in the current apparition (arrow;
sociated with the determination of the underlying continuufR Fig. 1). This combination of circumstances makes it difficu
for each emission band. The results of this analysis provideghadetermine whether the small apparent differences betw
qualitative understanding of the dominant uncertainties for eaghparitions for CN and £and the larger differences seen i
measurement, and allowed us to quantitatively incorporate eagh and A(0) fp are due to asymmetries about perihelion or d
of the components in quadrature to produce a formal valuetgfthe effects caused by the change in orbit. [Note: due t
sigma. As it turns out, changes in sky due to twilight were dgontinuing shift in the IHW NH filter bandpass, the 1997 me
termined sufficiently accurately in all cases that it was a mingfirements capture 16% less of the available NH flux than t
component compared to other factors. More importantly, té®tained in 1991. Accounting for this difference would resu
sky often comprised a large fraction of the signal in the comigtan increase of only 0.07 in lo@(NH) for the 1997 measure-
measurement, so we performed tests in which we changed ffgnts ]
sky value by one sigma to investigate how uncertainties in the An approximate heliocentric distance dependence)og
underlying sky value propagated through to affect the final ryg A(6) fp vs. logry, can be determined for those species o
sult. Results of the overall analysis show that the errors a&jgrved during June and July 199%&t= 1.49 and 1.72 AU, re-
dominated by photon statistics in the measurement of the c@fectively. The resulting post-perihelion dependencies for C
tinuum in the comet and its associated sky value; an additiongl, and dust all have power-law exponents of approximate
sometimes dominant, uncertainty was introduced in the emis4, which is in the mid-range of values found by AHearn e
sion measurements by the effects of continuum subtraction.a|. (1995) for periodic comets. We can investigate the distan
Photometric reductions and subsequent standard mOde&fép)endence before perihe"on by Combining our results n
were performed following our normal procedures and using ogérihelion with data obtained by other observers at larger hel
current model parameters (cf. AHearn et al. 1995), and so wikntric distances. Applying our standard modeling to the flux
be only briefly summarized here. Numerous standard star mggyorted by Schulz et al.(1998) for distances between 2.34
surements were obtained to determine nightly extinction and0 AU, we again derive a slope of about for CN and a
absolute flux calibration coefficients. After continuum subtragtightly steeper slope for£ The OH band in the near-UV was
tion, emission band fluxes were converted to molecular abyfieasured at heliocentric distances of 2.72, 2.47 and 1.31
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ll'l_J Table 1. Observing circumstances and photometric fluxes for Comet 46P/Wirtanen
i
1 Aperture log Emission Band Flux log Cont. Flux
My A ATime Diameter log p° (ergcm?s? (ergemst A
UT Date (AUV) (AU) (days) Tel el (arcsec)  (km) OH NH CN C; C, r4845°
1991 Oct 11.47 1.118 1.409 +20.8 L42 37.8 4.29 -10.49 -11.48 -10.56 -11.27 -10.79 -13.74
1997 Feb 12.14 1.137 1.600 -30.0 L42 75.3 4.64 -10.34 -11.74 -10.54 -11.38 -10.66 -13.84
1997 Feb 15.11 1.124 1.590 -27.0 L42 75.3 4.64 -10.33 -11.43 -10.48 -11.07 -10.58 -13.84
1997 Mar 5.12 1.071 1.536 -9.0 L31 55.1 4.49 -10.47 -11.37 -10.52 -11.16 -10.55 -13.48
1997 Mar 5.12 1.071 1.536 -9.0 L31 55.1 4.49 -10.51 — -10.51 -11.09 -10.49 -13.58
1997 Mar 5.13 1.071 1.536 -9.0 L31 109.7 4.79 -10.06 -10.92 -10.17 -11.06 -10.20 -13.28
1997 Jun 4.18 1.494 1.961 +82.0 L42 149.9 5.03 — — -10.88 — -11.00 -14.11
1997 Jul 1.18 1.721 2.311 +109.0 L31 109.7 4.96 — — -11.47 — -11.48 -14.30

& Time from perihelion.

b Telescope ID: L42 = 42-inch (1.1-m), L31 = 31-inch (0.8-m).

© Projected aperture radius.

9 \5260 for the HB filters (second observational set on March 5).

Table 2. Production rates for Comet 46P/Wirtanen

logry  FH  log L/N? (erg st molecule’l) log Q (molecule s_l) log Afp (cm)
UT Date (AU) (kmsY — oH NH CN oH NH CN C, C, 24845

19910ct 11.47 0.048  +5.7 —14.576 -13.259 -12.322 27.89753 25.807% 2541792 243675 2540795 2.05753

1997Feb 12.14 0.056 8.1 —14.765 -13.126 -12.409 27.87 "33 25.00735 2520792 241672 2521792 171719
1997Feb 15.11 0.051 7.4 —14.785 -13.120 -12.412 27.897% 252072 2525792 544679 2528792 1 70704
1997Mar 5.12 0.030 -2.7 -14.773 -13.177 -12.516 27.84"11 2553% 1 2542"00 24390"15 254178 21470
1997Mar 5.12 0.030 -2.7 -14.773 -13.177 -12.516 27.81 "3 — 254375 244670 2546755 203"

1997Mar 5.13 0.030 -2.7 -14.773 -13.177 -12.516 27.90 "3, 2558735 2544"02 243772 2545"% 2047

1997Jun 4.18 0.174 +14.2 -14.236 —13.220 -12.373  — — 24857 — 249077 1477
+.18 +.15 +.51
1997 Jul 1.18 0.236 +14.7 -14.228 -13.223 —12.372  — —  2460"18 — 24757 1610

# Fluorescence efficiencies are for ry =1 AU, and are scaled by rH'2 in the reductions.
P \5260 for the HB filters (second observational set on March 5).

by Stern et al[{1998) using HST. Applying the Haser model {Stern et al[ ' 1998 and Lamy et AI._1998) imply th&®) fp
their column densities and linearly extrapolating to perihelicemained nearly constant with a value of about 20 cm from
(with an associated slope of about.5) gives excellent agree- 2.7 to 1.3 AU. While the Schulz et al. measurements from 2.3
ment with our perihelion results. This slope is 0.4 less stegpl1.8 AU are consistent with this value, their measurement at
than that derived by Stern et al., consistent with their havirigs AU gives a result of 7617 cm. Furthermore, Fink et al.
used a vectorial model with ar}}°'5 velocity-dependence for obtained a value of 85 cm at 1.22 AU, only two weeks after the
the parent. final HST measurement. Finally, Fink et al. preséf) f p val-
Unfortunately, a similar investigation of thg;-dependence ues of between 2 and 8 cm at distances from 3.0to 2.1 AU, based
for dust yields an ambiguous result. Measurementg(@f fp on CCD imaging by Fink et al. (1997) and Meech etlal. (1997).
were reported by Lamy et al. (1998) and Fink et[al. (1998), iFhese results are considerably lower than the HST results at
addition to measurements by Schulz efal. (1998) and Stern etahilar ;. The variations described here are much too large
(1998). Our data and that of Fink et al. provide the only coveratebe explained by phase angle effects, and, while none of the
near and after perihelion, and these results are in good agi@gparently discrepant observations were obtained concurrently,
ment. However, a comparison of pre-perihelion measurementspattern is evident associated either with instrumentation or
from various observers shows considerable apparent scattentigh wavelength. Therefore, these variations4i(¥) f p, while
tween different observing runs. For instance, the HST data sgtste large, presumably reflect intrinsic variations in the comet’s
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dust production with a time scale of weeks, although, due to ttien system) increases theis@-CN ratios by factors of 2.6 to
sparseness of data, rotation-induced variation cannot be ru28. The resulting ratios are: 048.20 in October 1996-{; =
out. Unfortunately, improved temporal coverage of Wirtanenz04 AU), 0.48:0.19 in November (1.81 AU), and 0.89.28
behavior prior to perihelion is unlikely to be obtained until thex December 1996 (1.60 AU), where we have propagated t
2008 apparition, due to unfavorable observing circumstance®itginal percent sigmas to obtain uncertainties on these ratif
2002. This recalculation gives a42to-CN ratio showing almost no

Abundance ratios of the trace gas species to OH can depletion at the closest distance, and even the earlier meas
compared to those of well-observed comets in the AHearnmaents are, within the observational errors, marginally consiste
al. (1995) database. For Wirtanen, the log of the unweighteith a classification of typical (§CN > 0.66). For comparison,
production rate ratios are as follows: CN/OH-=2.50 &+ 0.12, our own measurements in February 1997 yield production ra
Cy/OH =—-2.49 + 0.12, C3/OH = —3.49 + 0.12, and NH/OH ratios of 1.02:0.07 and 1.0#0.07 (1.14 AU, 1.12 AU); fur-
=—2.36 4+ 0.30. (Only the six observational sets obtained nednermore, within the uncertainties, results from March throug
perihelion are included in these ratios, as OH was not measudety (perihelion through 1.72 AU post-perihelion) are consiste
in June or July 1997.) These values clearly classify Wirtane&rith the February abundance ratios.
as “typical” in composition; AHearn et al. found that approxi- We also note that systematic effects can result due to sa
mately one-half of Jupiter-family comets are typical, while thgling significantly different-sized fractions of the coma and the
remainder are depleted by varying degrees in the carbon-chaitrapolating to a total abundance using model parameters
species (i.e., €and G). This compares to non-Jupiter-familydo not exactly match the spatial distribution of the species. Ev
comets, nearly all of which are typical in their compositiorthe relatively large photometer entrance apertures we emplo
Spectroscopic observations obtained during the second halfampled only a few percent of the, @ the coma, while the
1996 were used by Schulz et al. (1998) to derive thad=CN spectrograph measurements sampled less than 0.1%. Dete
ratio. They claim to have detected a strong trend with helioations of the @ abundance are particularly susceptible to thi
centric distance, with Wirtanen showing greater depletions pfoblem, since its radial profile has often been reported to
C, at larger distances, and even being classified as depletelbss steep in the innermost coma than can be fit with a stand
1.6 AU. However, this trend is certainly due in part to an artifattaser model (or any simple two-generation model) becagse
of differences in modeling. Recalculatii@s using the fluxes originates from multiple parents and grandparents (cf. Schulz
from Schulz et al. with our own model and scalelengths (tl&.[1994). When small apertures are used for sampling, suc
same parameters used by AHearn et al. to define the classifizas the case for the spectroscopic measurements, this can
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an underestimate of the;@roduction. The resulting effect canl.32. The resulting mean water production rate near perihelion
yield anrg-dependence of ZCN qualitatively consistent with is 1.0+0.1x 10?8 mol s~!. As discussed earlier, our OH results
that reported by Schulz et al., given the somewhat unusual aloe completely consistent with a linear extrapolation of the HST
serving circumstances during 1996 — the geocentric distammeasurements from OH spectroscopy obtained between 1.3 and
increased while the heliocentric distance decreased, so progs-AU (Stern et al. 1998). Our water value is also consistent
sively smaller fractions of the coma were observed at larger veith the water production rate estimate of Z0?” mols~! on
liocentric distances. While this effect was apparently not evidetld February 1997 based on Lymaremission (Bertaux 1997),
in the 1996 data (Schulz, private communication), the poor adrd with a 3-sigma upper limit fap(OH) of 1.5x10?® mols!
serving circumstances throughout this apparition prevented theing February based on a non-detection of the 18-cm radio
acquisition of good signal-to-noise measurements of the spagaiission by Crovisier (private communication). The only appar-
distribution of G in Wirtanen. ently discrepantwater determinations are those based diDDI |

In spite of these difficulties in analyzing abundance ratiosieasurements by Fink et &l. (1998). Their results are consis-
it is true that the determination of a specific value used to dently two to three times greater than other determinations, pos-
lineate between two classes of objects is somewhat arbitrarysamy due to the difficulty in removing contamination from NH
noted by AHearn et al[(1995), and changing this value slightgmission and telluric forbidden oxygen, coupled with the uncer-
would correspondingly change the designation of comets néainty in the value of the water-to-forbidden-oxygen branching
the dividing line. This is especially the case for thetG-CN ratio (cf. Budzien et al. 1994).
ratio, where there is a progression in the degree of depletion We can combine our water production rate with a standard
of carbon-chain molecules rather than a simple dichotomy (seeter vaporization model (based on Cowan and AHEarn1979)
AHearn etal. Fig. 15a). As Schulz et al. (1998) correctly note, 6 determine the minimum mean active area required to pro-
a comet’s G-to-CN ratio varies with, then its classification duce the measured water (cf. AHearn efal. 1995). The result-
could also change depending on the distance at which it is atig value, 1.8 kr, is typical of other Jupiter-family comets.
served. However, even if their results for Wirtanen are acceptddwever, when this active area is combined with the derived
without qualification, Schulz et al. overstate the significance ddius of 0.60 km by Lamy et al. (1998), 40% of the surface
these variations on the AHearn et al. taxonomy. While AHeamust, on average, be active. While such a large active fraction
et al. discussed a heliocentric distance dependence,f@NC appears unusual compared to the less than 3% value determined
from 1 to 3 AU for well-observed comets, it was too small tby AHearn et al. for the majority of Jupiter-family comets that
have an effect on the basic taxonomic classification — numerdwas/e radius measurements, this may be the result of selection
comets display little or no trend with distance, and most of tledfects. Nucleus size measurements are normally obtained only
carbon-chain depleted comets in their database were depldtedelatively inactive comets, because they more readily permit
by significantly more than a factor of 2. Therefore, the overadte nucleus signal to be isolated from the surrounding coma. A
division into two classes is secure, even though a small percdatge active fraction also makes it unlikely that Wirtanen would
age of comets may vary sufficiently to change their individulbve large seasonal effects, which is consistent with our having
classification. detected only a small asymmetry in gas production rates about

In the particular case of Comet Wirtanen, if the-©-CN perihelion. However, this is in apparent conflict with seasonal
ratio actually varied by almost a factor of 2 between 1.81 amdfects being an explanation for the possible rapid variation in
1.60 AU — 0.48-0.19 to 0.820.28 — then this would imply the G-to-CN ratio.
that Wirtanen changed exceptionally quickly. A rapid change The dust-to-gas ratio, as characterized4y) f p/Q(OH),
in ratios would most likely be the result of a seasonal effeatias shown by AHearn et al. (1995) to vary for different comets
with different active regions on the surface having somewHhay nearly two orders of magnitude. Our value for Wirtanen near
different compositions, changing their relative levels of activitgerihelion was 1.30.5 x 1026 cm s mot™!, implying that the
as a function of orbital position rather than as a function dfust-to-gas ratio was quite low and only a factor of four greater
heliocentric distance. This phenomenon has been observethan the gassiest comets in the database. Our peak value of
several comets, but usually with the abundances of all of tHgd) fp = 138 cm near perihelion, which is nearly identical to
minor gas species varying together with respect to OH (etge peak measurements by Fink et[al. {1998), can be converted
AHearn et al.[1985, AHearn et al. 1995). Again, improvedo a very approximate dust production of 140 kg susing an
temporal coverage will be required to determine the extentempirical relation by Arpigny (private communication) — with
which a seasonal effect might be present in comet Wirtanenthe value ofA(#) f p in cm corresponding to the mass loss rate in

The water production of Wirtanen can be determined dig s~'. However, differences in grain properties and the grain
rectly from the OH production rates. We use the same empiricie distributions among comets could significantly alter this es-
procedure used by AHearn et al. (1995) (see also Schleiclienated mass loss rate. For instance, detailed modeling by Lamy
et al[1998), which incorporates differences between the Haseal. [1998) for their HST dust measurement at 2.45 AU yielded
and vectorial models, ans-dependence of the parent veloca dust mass production of 4 kgswhen A(0) fp = 23cm —a
ity, and a nominal water-to-OH photo-dissociation branchirfgctor of six different from what is obtained with Arpigny’s sim-
ratio of 90%. Over our limited range of; for which OH was ple relationship. Application of the Lamy et al. technique (1996)
measured, the resulting conversion factor varied from 1.27wmuld yield a smaller difference from Arpigny’s method as one
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approaches perihelion, due to the ability of increased water pReferences
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