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ABSTRACT

Context. The study of small bodies that have a cometary activity at a large heliocentric distance (larger than 5 au) is important for a
better understanding of the physical properties of comets and their origin. Such studies require long-term monitoring and a significant
observational effort.
Aims. Our goal is to monitor the cometary activity and search for possible emission lines of C/2006 S3 (LONEOS), which is a distant
comet that was discovered in 2006 and passed perihelion at 5.13 au in April 2012.
Methods. We performed different observing runs with telescopes, ranging from 2 m to 6 m both in imaging and spectroscopic modes
in the optical range, between 2006 and 2014.
Results. The comet C/2006 S3 (LONEOS) was a very active object with A fρ ∼ 4000 cm at its maximum of activity, corresponding to
a dust production rate of 82 kg s−1, considering a mean geometric albedo of 0.1 and grain outflow velocities in the range 2−22 m s−1.
It appeared to be more active after its perihelion than before and we did not manage to detect any emission lines. Upper limits for the
main cometary species that have emission bands in the optical range are provided. Our dust environment modeling is in agreement
with a collimated source of dust that appeared in 2013.
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1. Introduction

The physical nature of comets is known mainly from the investi-
gations of bright comets observed close to the Earth and the Sun
(∼1–2 au). Observations at large heliocentric distances (more
than 5 au) are scarce and much more difficult. These observa-
tions are, nevertheless, very useful to obtain more information
about the origin of comets as well as their relation with similar
objects, such as Kuiper belt objects and Centaurs.

The physical mechanism that drives cometary activity is
quite different at these large heliocentric distances. The usual
cometary activity created by sublimation of water ice is excluded
because this process can only be efficient at a few au from the
Sun, inside Jupiter’s orbit (Meech & Svoren 2004). The main
mechanisms that have been proposed to explain cometary activ-
ity of comets at large heliocentric distances are: the transition
phase between amorphous and crystalline water ice (Prialnik
1992), the annealing of amorphous water ice (Meech et al.
2009), and the sublimation of more volatile admixtures like CO
and/or CO2.

In this context, the study of the cometary activity of distant
comets pre-perihelion, which have never been close enough to
the Sun to experience significant heating, is very important to

� Full Table 2 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/571/A73

place more observational constraints on the physical mechanism
that drives cometary activity. So far, the number of such studies
is very limited. Only a few comets have been studied inbound
at heliocentric distances larger than 5 au (Korsun & Chörny
2003; Tozzi et al. 2003; Meech et al. 2009; Korsun et al. 2010;
Mazzotta Epifani et al. 2014; Shi et al. 2014). We present here
an observational dataset of a distant comet observed in a large
range of heliocentric distances.

Comet C/2006 S3 (LONEOS, hereafter S3) was discov-
ered by the Lowell Observatory Near-Earth Object Search
(LONEOS) team on 19 September 2006 at a heliocentric dis-
tance of 14.3 au (Skiff et al. 2006). At that time, the coma was
estimated at 11 arcsec in diameter with a total V magnitude of
19. Further orbital calculations provided a perihelion distance of
5.13 au, a perihelion passage on 16 April 2012, an orbital incli-
nation of 166◦, and a parabolic orbit. From the original orbital
elements computed by Syuichi Nakano1 it is possible to classify
S3 as a dynamically new comet, according to the classification
proposed by Levison (1996), because 1/a < 10−4 au. Recently,
Shi et al. (2014) presented a few photometric observational data
on this target, obtained pre-perihelion at 5.86 au.

We performed a monitoring of the cometary activity of this
distant comet between December 2006 and March 2014. We ob-
tained both spectra in the optical range and photometric data
with broadband filters. The comet S3 appears to be a very active

1 See www.oaa.gr.jp/~oaacs/nk.htm
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Table 1. Equipment of the observations.

Telescope Diameter CCD Pixel size Scale Field of view Filter λc FWHM
(m) (μm×μm) (′′/pix) (′ × ′) nm nm

BTA 6.0 2048 × 2048 13.5 × 13.5 0.18 (binned 2 × 2) 6.1 × 6.1 B, V , Rc 440, 547, 662 97, 79, 150
RC 2.0 562 × 512 24 × 24 0.99 9.2 × 8.4 B, V , RX 431, 547, 680 100, 90, 111

2084 × 2084 24 × 24 0.31 (binned 3 × 3) 10.8 × 10.8 B, V , RX 431, 547, 680 100, 90, 111
NOT 2.5 2048 × 2048 13.5 × 13.5 0.19 6.5 × 6.5 B, V , R 440, 530, 650 100, 80, 130
LT 2.0 4096 × 4112 15 × 15 0.15 (binned 2 × 2) 10 × 10 B, V , R 435, 537, 617 100, 90, 130

Notes. BTA: 6 m Big Telescope Alt-azimuth (operated by the SAO). RC: 2 m Ritchey-Chretien Telescope (Peak Terskol). NOT: 2.5 m Nordic
Optical Telescope (La Palma). LT: 2 m Liverpool Telescope (La Palma).

Table 2. Log of the observations.

Date of obs. Exp. time (s) Δ (au) r (au) Airmass Phase Data type Filter / Telescope
angle (◦) spectral range (Å)

Dec. 13, 2006 2 × 60/3 × 180/2 × 120 13.67 13.85 1.25–1.26 4.03 image V /B/Rc BTA
Dec. 13, 2006 4 × 900 13.67 13.85 1.26–1.35 4.03 spectrum 3800–6800 BTA
Oct. 23, 2008 6 × 120/8 × 120/4 × 120 9.54 10.25 1.40–1.70 4.05 image V /RX/B RC
Dec. 03, 2008 30 9.97 10.03 1.31 5.64 image V BTA
Dec. 03, 2008 3 × 900 9.97 10.03 1.32–1.36 5.64 spectrum 3800–5400 BTA
Jun. 08, 2010 3 × 60/3 × 60/3 × 60 6.80 7.15 1.63–1.51 7.82 image V /RX/B RC
Jul. 06, 2011 8 × 60 4.59 5.56 1.21–1.22 3.25 image R NOT
Jul. 08, 2011 29 × 60/4 × 60/4 × 60 4.58 5.56 1.22–1.28 3.08 image R/V /B NOT
Jul. 05, 2013 3 × 60/60/60 5.90 6.12 1.68–1.73 9.47 image R/B/V NOT
Jul. 06, 2013 3 × 60/60/60 5.92 6.12 1.63–1.67 9.49 image R/B/V NOT
Mar. 02, 2014 18 × 20+16/9 × 20/9 × 20 6.38 7.19 1.36–1.35 4.91 image R/V /B LT

Notes. See Table 1 caption for telescope acronyms. The full Table is available at the CDS.

object, despite its large heliocentric distance, with A fρ increas-
ing up to ∼4000 cm post-perihelion. In this paper, we present
our observational data, the data reduction, and the analysis of
the resulting data of this interesting target.

2. Observational data

The monitoring of S3 has been carried out with different
telescopes. We obtained spectra with the 6 m Big Telescope
Alt-azimuth (BTA) located in the Caucasus and operated by
the Special Astrophysical Observatory (SAO) of the Russian
Academy of Science (Russia). We obtained photometric data
with the 6 m BTA, the 2 m Ritchey-Chretien Telescope lo-
cated at Peak Terskol (International Center for Astronomical
and Medico-Ecological Research, Ukraine, Russia), the 2.5 m
Nordic Optical Telescope (NOT) located at La Palma (Spain),
and the 2 m robotic Liverpool Telescope also located at
La Palma. The main technical parameters of the telescopes and
CCD detectors are presented in Table 1 and the observing log is
presented in Table 2.

6 m BTA, SAO. Spectroscopic and photometric observa-
tions of S3 were made on December 13, 2006 and repeated on
December 3, 2008 with the multimode focal reducer SCORPIO
attached to the prime focus of the telescope. It operated in both
photometric mode and long-slit spectroscopic mode (Afanasiev
& Moiseev 2005). To increase the signal/noise ratio of the mea-
sured signal, we applied on-chip binning of 2 in spatial di-
rections to the photometric and spectroscopic frames. We ob-
tained spectra with a grism using volume phase holographic
grating (VPHG) combined with a long, narrow-slit mask. We
used the VPHG550G grism and the slit with dimensions of
1.′′0 × 6.′1 in 2006. These provide an effective wavelength region

of 3800−6800 Å with 10 Å of spectral resolution. In 2008, the
VPHG1200B grism with the 1.′′0 × 6.′1 slit provided a spectral
range of 3800−5400 Å with a spectral resolution of 5 Å. The
telescope was tracked on the comet to compensate its apparent
movement during the exposures. We observed the spectrophoto-
metric standard star BD+25d4655 to fulfill absolute calibration
(Oke 1990).

We observed twilight morning sky to provide flatfield correc-
tions of the images, while a smoothed spectrum of an incandes-
cent lamp was observed for the spectral data. We obtained spec-
tra of an He–Ne–Ar lamp to perform wavelength calibrations.

On December 13, 2006 we obtained the photometric data
through the B, V , and R broadband filters. We observed a field of
standard stars (PG 0231) at approximately the same airmasses
as the comet airmasses to perform the photometric calibration
(Landolt 1992). A reference zero point and color term for trans-
formation to the standard photometric system were calculated.
The uncertainty of the regression line was better than 0.02 mag
on average. The difference in the first order member of extinction
between the comet and the standard stars was considered small
and compensated for by the mean monochromatic extinction co-
efficients measured for Peak Terskol Observatory, which is lo-
cated in the same mountain area at an altitude of 3100 m (Kulyk
et al. 2004). During the observing run conducted in 2008, we
obtained the images through the V filter only. We observed the
standard star BD+25d4655 to carry out the absolute photometric
calibration. The difference in airmasses between the comet and
standard star was compensated with the mean extinction coeffi-
cient. The color member of the extinction calculated for V-band
was neglected because it is small and comparable to the uncer-
tainty of the main extinction coefficient itself.
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2 m RC, Peak Terskol. We carried out two observing runs
at Peak Terskol. During the 2008 observing period we used the
focal reducer attached to the 2 m RC Telescope. We observed
the spectrophotometric standard stars HD 15318, HD 30739,
HD 224926, HD 188350 in a wide airmass range (Bessell 1999).
The stars were processed together to calculate a zero point for
the instrumental magnitudes and mean coefficients of atmo-
spheric extinction for all the filters. A root mean square scat-
ter around the regression line was 0.025 mag in average. The
telescope was guided on a non sidereal rate to compensate the
comet motion during the exposures. We obtained a set of expo-
sures from the evening and morning twilight sky through all the
filters to create flatfield images.

In 2010, the observing period comprised several photo-
metric nights, however, the comet was only successfully ob-
served on June 08/09. We processed the images of the standard
star BD+33d2642 obtained during the different nights together
to control the mean extinction coefficients and reference zero
points for three color bands. The root mean square errors were
approximately equal to 0.03 mag on average. The usual set of
flatfield images was obtained.

2.5 m NOT, La Palma. The photometric observations were
made just before and after the perihelion passage, which oc-
curred on 23 April 2012. Images were obtained with the
Andalucia Faint Object Spectrograph and Camera (ALFOSC)
used in imaging mode. In this mode, the field of view is 6.′4 × 6.′4
using a 2048 × 2048 CCD detector with a 13.5 μm pixel size,
corresponding to 0.′′19 on the sky. We conducted the observa-
tions with broadband Bessell BVR filters and we also observed a
field with standard stars (SA 110) at different airmasses to pro-
vide information for the photometric reduction (Landolt 1992).
We obtained the observations of July 6, 2011 in a crowded field
with poor seeing (∼2′′), while the observing conditions were
much better on July 8, 2011 (seeing ∼0.′′8) and July 05/06, 2011
(seeing also better than 1′′ and photometric conditions).

2 m LT, La Palma. The photometric observations were
made with the 2 m robotic Liverpool telescope with broadband
Bessell B, Bessell V , and SDSS R filters. Because of poor seeing
(∼2′′), the images were binned 2 × 2. A field of standard stars
(PG1323-086) was also observed at a similar airmass to provide
zero point photometric coefficients.

3. Data reduction

3.1. Spectra reduction

The observational data were processed using the package
Scorpio2k.lib developed at SAO to reduce long-slit spectra ob-
served with SCORPIO. An averaged bias frame was removed
from the data. We compensated a nonuniform sensitivity of the
chip’s pixels for using expositions of the lamp with smoothly
varying energy distribution. We made also geometric correction
of the raw frames. Wavelength calibration was done by using
exposures of a He–Ne–Ar lamp.

We removed the night sky spectrum existing in the frames
with the cometary spectra by measuring its level in each column
over the zones free of the cometary coma. We made a photomet-
ric calibration of the cometary spectra using observed spectra
of the spectrophotometric standard star. Spectral behavior of at-
mospheric extinction was taken from Kartasheva & Chunakova
(1978) and Kulyk et al. (2004).

The cosmic ray events were removed by applying median fil-
tering between the frames for each pixel values. This processing

reduced the noise and improved the final signal-to-noise ratio on
the spectra.

3.2. Photometric data

For all the photometric data standard data processing was done
to preprocess the data: we subtracted bias images from the sci-
entific images and divided the resulting frames with flatfield im-
ages. In the case of the Liverpool Telescope we used the prepro-
cessed data provided by the reduction pipeline of this telescope.

The second step consisted in computing all the photometric
coefficients, thanks to the standard star images, as explained in
the previous section for the Peak Terskol and SAO data. In the
case of the NOT data, we used the IRAF package to compute all
the photometric coefficients. For the Liverpool Telescope data,
only zero point could be computed, because standard star images
could only be obtained at one airmass. For the extinction coef-
ficients, we used an average of the one obtained for the NOT
telescope, located in the same obervatory. Because of the very
small difference in airmass with the scientific exposures (less
than 0.1 airmass), the uncertainty of the extinction coefficient
had very little influence.

For all the photometric data, we computed averaged images
for each observing night: one for that target and one for a refer-
ence star chosen to have a good signal/noise ratio and no other
star too close to it. In both cases, we shifted the images in such
a way that the target or the star remains exactly in the selected
sub-frame (with a 401 × 401 pixels). For the images obtained
on July 6, 2011, median images efficiently removed background
stars.

From the averaged subframes obtained over all nights, we
computed radial profiles calibrated in units of magnitude/arsec2

both for the target and the reference star, thanks to the photomet-
ric coefficients. The comparison of the profiles for the target and
the star permitted us to confirm the importance of the coma.

4. Analysis

4.1. Spectra

The resulting spectra were coadded in the spatial direction
when a coma was detected. As the coma was sufficiently con-
densed during the observation, integration in the spatial direc-
tion was limited to 20′′. The continuum components of the one-
dimensional cometary spectra show a reddening effect. To fit
the continuum we used a solar spectrum, which was taken from
Neckel & Labs (1984). It was degraded to the resolution of
our observations by convolving the solar spectrum with the ap-
propriate instrumental profile and normalized to the flux from
the comet around 5000 Å. The proper spectral behavior was
gained multiplying the solar spectrum by a polynomial. Derived
continua, which are superimposed on the spectra observed on
December 13, 2006 and December 3, 2008, are depicted in
Figs. 2A and 3A, respectively. The polynomials used are dis-
played in Figs. 2C and 3C.

Subtracting the calculated continuum from the observed
spectrum, we obtained a residual signal, in which emission fea-
tures would be detected. These residuals can be seen in Figs. 2B
and 3B, where ±3σ levels are also plotted. Their inspection
shows that no regular features exceed the 3σ level. Therefore,
we concluded that we have not detected emissions in the spec-
tra. No emissions were also detected in a low resolution spec-
trum of S3 obtained at Castanet-Tolosan Observatory (France)
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Fig. 1. Appearance of S3 within the monitoring. North (N), east (E), differential atmospheric refraction direction (P), sunward direction (�), and
scale bar are indicated. The vertical narrow box across the comet marks the position of the slit in the spectroscopic mode.

Table 3. Upper limits for the main cometary species not detected in the spectra.

Molecule Central wavelength, σ, Flux, Gas production rate,
Å/Δλ 10−17 erg s−1 cm−2 Å−1 10−17 erg s−1 cm−2 1023 mol s−1

2006
CN 3870/62 0.46 <5.0 <4.3
C3 4062/62 0.22 <2.4 <0.3
CO+ 4266/64 0.15 <1.6
C2 5141/118 0.11 <1.2 <6.2
2008
CN 3870/62 0.56 <3.0 <2.0
C3 4062/62 0.38 <2.1 <0.1
CO+ 4266/64 0.38 <2.1
C2 5141/118 0.28 <1.5 <3.3

Notes. These values have been computed with an aperture of 1 × 20′′.

when it was at a heliocentric distance of 5.8 au after perihelion
passage2.

We determined upper limits to the emission fluxes and upper
limits to the production rates of the neutrals. To obtain the upper
limits to the emission fluxes, we adopted a Gaussian having a
FWHM equal to the spectral resolution as an equivalent of the
minimal measurable signal. The amplitude of the Gaussian was
equal to the RMS noise level calculated within wavelength re-
gions associated with the bandpass of the narrowband cometary
filters (Farnham et al. 2000). The upper limits to the production
rates were derived using a Haser model (Haser 1957). The model
parameters were taken from Langland-Shula & Smith (2011).
The upper limits to the fluxes and gas production rates are listed
in Table 3.

The derived polynomials can be used to measure the redden-
ing effect if the slit is oriented along the parallactic angle. The
slit was deviated by 15◦ relative to the north in a clockwise di-
rection and the mean parallactic angle was 21.◦7 when the spectra
were observed in 2006 (see Fig. 1). Consequently, the expected
elongation of the cometary coma due to differential atmospheric
refraction was inclined by 6.◦7 relative to the slit direction. The
amount of the elongation, about 1′′, was taken from Filippenko
(1982). A fraction of the light is lost with a direction normal to
the slit orientation. The projection of the elongation on this di-
rection is 0.′′1, which corresponds to half of a pixel. Taking into
account that the coma of the comet is an extended source, the slit
has appreciable width, and the seeing was 2.′′5, we expected that
the differential atmospheric refraction would not have crucial in-
fluence on the real slope of the spectra. Figure 4 is an illustra-
tion of the conclusion. Here the surface profile of the cometary
coma, which was taken from the image observed through the
V filter and calculated along the direction normal to the slit, and

2 http://www.astrosurf.com/buil/comet/C2006_S3/obs.htm

Fig. 2. Spectrum of S3 observed at a heliocentric distance of 13.85 au:
A) the observed spectrum with the superimposed continuum; B) the
“observed spectrum − fitted continuum”; C) the polynomial correction
of the solar spectrum.

the slit bounds are displayed. The signal does not significantly
vary within the slit because of uncertainty in the slit position
amounting to 0.′′1. Consequently, we can use the polynomial to
derive the reddening of the spectrum. The polynomial shows
two branches with linear dependence on wavelengths, namely,
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Fig. 3. Spectrum of S3 observed at a heliocentric distance of 10.03 au:
A) the observed spectrum with the superimposed continuum; B) the
“observed spectrum − fitted continuum”; C) the polynomial correction
of the solar spectrum.

Fig. 4. Surface profile of the cometary coma measured along the direc-
tion normal to the slit. Vertical dashed strip marks the position of the
slit, and vertical dashed lines indicate the uncertainty of the slit position
due to the differential atmospheric refraction.

15.1 ± 4.9%/1000 Å within the 3800−4900 Å wavelength re-
gion and 2.8 ± 0.3%/1000 Å within the 4900−6800 Å wave-
length region.

For the data obtained on December 3, 2008, the elongation
of the cometary coma due to differential atmospheric refraction
was inclined relative to the slit direction by 34.◦2 (see Fig. 1), and
it was not possible to derive the reddening of the dust accurately
for these data.

4.2. Photometric data

In all the images of S3, a coma was clearly visible around the
nucleus. In order to measure the cometary activity accurately,
we used the averaged images obtained each night to derive A fρ
values. This parameter was introduced by A’Hearn et al. (1984)
to measure cometary activity in such a way that it does not differ
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Fig. 5. A fρ values obtained for all the photometric data in the V filter.
They have been computed by averaging the values in the cometocentric
range 5−20′′.

too much from one observer to another and to be independent of
unknown parameters, such as grain albedo or grain size. It is a
product of the albedo (A), the filling factor ( f ), i.e., the ratio of
the total cross section of grains within the field of view by the
area of the field of view and ρ, the linear radius of the field of
view at the comet distance. For a given band, it is possible to
compute it from the magnitude of the Sun in the same band. We
can write

A fρ =
2.4686 × 1019r2Δ100.4(MSun−M)

D

where r is the heliocentric distance (au), Δ the geocentric dis-
tance (au), MSun the magnitude of the Sun in the considered fil-
ter, M the overall magnitude of the coma, and D the apparent
diameter of the field of view expressed in arcsec. The resulting
A fρ value is expressed in cm and is supposed to be, more or less,
independent of the aperture size used to measure it (if the radial
profile follows a ρ−1 dependence).

We computed the A fρ parameter with radial distance for
all the averaged images containing S3 thanks to the radial pro-
files computed with the photometric coefficients (see Sect. 3.2).
Because the A fρ values change with cometocentric distance, we
computed an average value in an interval varying from 5 to 20′′.
This interval corresponds to values computed outside the seeing
disk and with a relatively good signal/noise ratio for the coma.
The error bars computed correspond to the range of A fρ values
in this cometocentric interval. When these data are compared to
the results published by Shi et al. (2014), obtained on April 2011,
they appear to be in good agreement both for the color indices
and the A fρ values.

Figure 5 presents an overall view of the results obtained
with all our photometric data. Table 4 presents the detail of the
A fρ values, total magnitudes, and color indices computed from
our photometric data. Figure 6 presents the A fρ profiles obtained
for the three filters during the 2013 NOT observing run, i.e., for
our data with the higher level of cometary activity.

Figure 5 demonstrates that S3 was more active after its per-
ihelion than before. It can also be seen that its level of activity
was very important when compared to similar targets. For exam-
ple, Mazzotta Epifani et al. (2014) present observational results
on eight different long-period comets observed far from the Sun,
i.e., at similar heliocentric distances (between 5 and 8.5 au, for
these authors). All these targets have much lower A fρ values,
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Table 4. A fρ values (expressed in cm), total magnitudes, and color indices computed from our photometric data.

Date A fρ B band A fρ V band A fρ R band B V R B − V V − R

Dec. 13, 2006 651± 273 757± 345 737± 401 20.0± 0.2 19.5± 0.2 19.1± 0.2 0.79± 0.04 0.62± 0.03
Oct. 23, 2008 1014± 266 800± 239 865± 283 18.4± 0.2 18.1± 0.2 17.8± 0.2 0.47± 0.04 0.58± 0.03
Dec. 3, 2008 1065± 274 17.8± 0.2
June 8, 2010 1553± 184 1487± 254 1620± 194 16.6± 0.2 16.2± 0.2 15.8± 0.2 0.68± 0.05 0.51± 0.04
Jul. 6, 2011 2661± 256 13.8± 0.3
Jul. 8, 2011 2638± 322 2948± 268 2767± 228 15.1± 0.3 14.3± 0.3 13.8± 0.3 0.74± 0.06 0.43± 0.06
Jul. 5, 2013 4140± 568 4208± 548 3911± 512 15.0± 0.3 14.4± 0.2 14.0± 0.2 0.66± 0.03 0.44± 0.02
Jul. 6, 2013 3918± 476 3976± 506 3858± 483 15.1± 0.2 14.4± 0.2 13.9± 0.2 0.67± 0.03 0.49± 0.02
Mar. 2, 2014 3668± 216 3787± 138 3928± 208 15.6± 0.2 14.9± 0.2 14.3± 0.2 0.66± 0.06 0.57± 0.06

Notes. The total magnitudes correspond to the magnitudes measured with a large radius (∼30 arcsec) corresponding to a constant magnitude for
larger apertures. The color indices are computed with a 5-arcsec aperture. See the text for more details.
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Fig. 6. A fρ values obtained with the NOT data of 5 July, 2013 as a
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typically a few hundreds of cm except one (C/2005 L3) with
A fρ ∼ 5000 cm at 6.64 au. The cometary activity of S3 remains,
nevertheless, well below the exceptional level of cometary ac-
tivity of 174P/Echeclus during its main outburst in 2007. At
that time, the A fρ value of 174P was about 7000 cm (Rousselot
2008) at 12.92 au from the Sun.

From the magnitudes of Table 4, it is also possible to esti-
mate how rapidly the cometary activity changes with heliocen-
tric distance. The way the brightness of a comet varies is usually
expressed by this formula (Marsden & Roemer 1982):

m1 = H1 + 2.5n log(r) + 2.5k log(Δ) (1)

where m1 is the apparent total magnitude, H1 its absolute total
magnitude (corresponding to a geocentric and heliocentric dis-
tances equal to 1 au), r the heliocentric distance (au), and Δ the
geocentric distance (au). The parameters n and k are a measure of
the sensitivity of the magnitude variation to r and Δ. Generally,
k is taken equal to 2 but n presents large variations according to
the cometary activity and is often taken equal to 4 for the comets
in the range of heliocentric distance in which they present an
important cometary activity.

From the V-magnitudes of Table 4, and using k = 2, we
can compute that n ∼ 2.5 in the range ∼14−7 au, n ∼ 3.8 in
the range ∼7−5.5 au (pre-perihelion), and n ∼ 2 in the range
∼5.5−6.1 au (post-perihelion). These values show that S3 pre-
sented the largest sensitivity to the heliocentric distance in the
range ∼7–5.5 au (pre-perihelion). Just after perihelion it is not

really sensitive to the variation of heliocentric distance, which
was also the case when it was far from the Sun.

4.3. Dust mass production rate

In order to reduce the A fρ parameter to the dust mass loss
rate, we used an approach described by Newburn et al. (1981),
Newburn & Spinrad (1985), and Weiler et al. (2003), taking into
account the discussion by Fink & Rubin (2012). The final equa-
tion to calculate the dust mass production rate is the following
(Weiler et al. 2003):

QM = QN (4π/3)

[∫
ρd(a)a3 f (a)da

]
. (2)

Here, QN is the dust number rate; ρd(a) is the density of a grain,
which depends on a grain radius a; f (a) describes the differential
particle size distribution. The limits of integration are the mini-
mal and maximum grain radii. In the expression

QN =
A fρ

2π2 p(λ)Φ(α)
∫

( f (a)a2/v(a))da
(3)

p(λ) is a mean geometric albedo for the given wavelength refer-
ring to the mix of grain sizes; Φ(α) is the phase function depend-
ing on a phase angle α; and v(a) is the ejection (terminal) veloc-
ity of a particle of a radius a. In order to obtain a quantitative
estimate of the dust mass production, several realistic assump-
tions of the parameters used should be made:

Grain radius limits: comae of distant active objects are likely
populated by large particles according to the numerical mod-
eling of their dust environments (Fulle 1994; Korsun 2005;
Mazzotta Epifani et al. 2009; Korsun et al. 2010). Therefore,
we put the lower and upper limits on dust grain radii at 5 and
1000 μm, respectively.

Differential particle size distribution: we adopted the particle
size distribution function in the form of f (a) ∼ (1 − a0/a)M ×
(a0/a)N , where a0 is the minimum grain radius, N is a slope of
the function at large values of a, and the parameter M locates the
maximum of the distribution (Hanner 1983). We fixed M and N
at 27 and 4, respectively, which corresponds to the peak radius
of about 40 μm.

Size dependent density: the expression for dust density was
taken from Newburn & Spinrad (1985): ρd(a) = ρ0 − ρ1(a/(a +
a2)) with ρ0 = 3000 kg m−3, ρ1 = 2200 kg m−3, and a2 = 2 μm.
This gives to the smallest particles a density of 1.3 g cm−3 and
the largest particles, which are thought to be more fluffy and
porous, a density of 0.8 g cm−3.
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Table 5. Dust mass production rate of S3.

rh (au) v(r) m s−1 QM kg s−1 QM kg s−1

p(λ) = 0.25 p(λ) = 0.1

13.85 1–14 3 9
10.25 1–16 4 11
10.03 1–16 6 15
7.15 1–20 10 26
5.56 2–22 21 52
6.12 2–22 33 82
6.12 2–22 31 78
7.19 1–20 25 62

Dust outflow velocity: v(r) was calculated with the equation
taken from Sekanina et al. (1992). The parameters of the equa-
tion will be discussed below in Sect. 4.4. The calculated out-
flow velocities between 1 and 22 m s−1 are in agreement with
the numerical modeling of dust environment of some other dis-
tant active targets at the same heliocentric distances (Fulle 1994;
Mazzotta Epifani et al. 2009).

Grain albedo and phase function: although a value of 0.1 is
often used in the literature we fixed the mean geometric albedo
p(λ) in the Eq. (3) at 0.25. Gehrz and Ney (1992) presented the
observations of some comets and showed that their albedo lies in
the range of 0.1−0.3 on average, but the grains of the individual
comets can display a high degree of variability.

Since the observations were made under low phase angles
α, the phase function was adopted in the form of 10−0.4βα. The
phase coefficient β was fixed at the mean value of 0.02 in accor-
dance with the results presented by Meech & Jewitt (1987).

The calculated values of dust production rate for the ob-
served heliocentric distances are presented in Table 5. The table
lists the dust production for two different albedo values, 0.1 and
0.25, to facilitate comparison with results published by other au-
thors, as well as the outflow velocities for the largest and smallest
particles.

Shi et al. (2014) estimated the S3 dust production of about
360 kg s−1 at a distance of 5.86 au. This is about six times higher
than that presented here for similar heliocentric distances. We
managed to reproduce the same high dust production using the
same set of the parameters Shi et al. (2014) used: grain albedo
of 0.04, density of grain material of 0.49 g cm−3, and grain out-
flow velocities of about 52 m s−1. This modeling demonstrates
the influence of the input set of parameters on the calculated
dust production rate. The grain albedo and outflow velocities
are especially critical and can considerably change the calcu-
lated values. The dust production rate S3 calculated here is sim-
ilar to those obtained for some other distant objects moving at
the same heliocentric distances (Mazzotta Epifani et al. 2014;
Mazzotta Epifani et al. 2009; Fulle 1994). For example, the dust
production rate of comet C/2003 O1 (LINEAR) was estimated
between 30 and 4 kg s−1 in the range of heliocentric distances
of 7.01 au (pre-perihelion)–7.39 au (post-perihelion), the dust
production rate of (2060) Chiron was estimated to be about
20 kg s−1 at a heliocentric distance of 11.2 au. Note that the dust
production rate of S3 between 10.03 and 13.85 au is compara-
ble to that of comet C/2002 VQ94 between 9.86 and 12.59 au
(3−6 kg s−1) although S3 was on the inbound leg of its orbit
and VQ94 moved from the Sun gradually fading (Korsun et al.
2014).

Fig. 7. Appearance of a tail modeled assuming uncollimated source.

4.4. Dust environment modeling

The comet showed prominent dust coma and tail during the
2013 observing session (see Fig. 1). A Monte Carlo model
was used to fit the observed dust environment (Korsun et al.
2010). Greenberg’s model was adopted to describe the chem-
ical composition of the cometary dust particles (Greenberg &
Hage 1990). The formation of the comet tail by “dirty” ice par-
ticles with variable masses due to sublimation in the solar radia-
tion field was considered. The time of S3 discovery was adopted
as the starting time in our model runs. It means that the old-
est particles were traced within 2006–2013 time interval. About
5 × 109 test particles were emitted along the considered arc of
the orbit to gain sufficient statistics. The reason is the loss of a
significant amount of test particles due to their escape from the
examined frame and/or total sublimation. The dust model pa-
rameters, which were used to fit the observed dust structure of
comet C/2003 WT42 (LINEAR) (Korsun et al. 2010) and ex-
pected to be effective in the S3 case, were adopted as a first ap-
proximation in the model runs. A trial and error approach was
used to arrive at a likely solution with respect to our data. We
obtained the result depicted in Fig. 7.

The result looks like the observed appearance of S3 in 2012.
A large collection of appropriate images of S3 confirms this
and is available on the Internet3. An additional narrow tail-like
feature was apparent in 2013. We took into consideration this ob-
servational element for improving our model attempts. We man-
aged to solve the problem of this narrow tail-like feature by in-
cluding an additional source starting its activity at the beginning
of 2013.

Our best fit is shown in Fig. 8. It was obtained using the fol-
lowing possible scenario for formation of the dust environment
of the comet: (i) a rotating nucleus that had a rotation period of
15 h; (ii) most of the surface of the nucleus was active; (iii) the
side facing the Sun was only twice as active as the night side;
(iv) the sizes a of the tracing particles ranged within 5−1000 μm
with an a−3.5 exponential dust size distribution; and (v) escaping
velocities were controlled by a relation proposed by Sekanina
et al. (1992):

vd = (A0 + B0
√

a)−1r−0.5, (4)

3 See: http://www.aerith.net/comet/catalog/2006S3/
pictures.html, http://www.astrosurf.com/cometas-obs/
and kometen.fg-vds.de/pix/2006S3_e.htm
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Table 6. Model parameters used for our dust environment modeling.

Parameter Source 1 Source 2

Start activity September 2006 January 2013
Inclination of the spin axis 5◦ ←→ 0◦ 5◦ ←→ 0◦
Source latitude 0◦ ←→ −5◦ 0◦ ←→ −5◦
Collimation Uncollimated Cone, half angle = 30◦
Dust productiona 90% 10%
“Day/night” activity 2.0 2.0
Solid sizes 5–1000 μm 5–1000 μm
Exponential power index, ax, x = –3.5 –3.5
B0 (Eq. (4), A0 = 0 0.0076 0.0212
Velocities (a = 5 μm, r = 5.9 au) 24.3 m s−1 8.8 m s−1

Notes. (a) During 2013.

Fig. 8. Dust environment of S3 observed on July 5, 2013 (NOT data).
The modeled brightness distribution is overlaid on the observed images
and shifted for clarity (left panel). The right panel illustrates the contour
plots of observed and simulated brightness with dark and gray lines,
respectively. The scale bar of 30′′ , directions to north and east, and the
Sun are marked.

where A0 and B0 are model parameters. Here we used vd =
(0.0076

√
a)−1r−0.5. Heliocentric dependence of the dust produc-

tion rate was adopted as r−2.
An additional zone producing somewhat collimated outflow

was activated at the beginning of 2013. Solid particles were emit-
ted inside a cone with a half-width of 30◦. The dust sizes, dust
size distribution, heliocentric dependence, and (day side)/(night
side) ratio of the dust production rate were the same as for the
main source, while escaping velocities of the dust particles were
rather low and controlled by vd = (0.0212

√
a)−1r−0.5. The area

produced about 10% of a fresh supply of dust into the surround-
ings of the nucleus.

There still remains uncertainty as the orientation of the
comet spin axis and the cometocentric latitude of the active zone.
Close results of the simulation are achieved if the spin axis of
the nucleus is normal to the plane of the orbit of the comet, and
the active zone is located at a cometocentric latitude of −5◦,
or the spin axis of the nucleus is deviated from the normal by
5◦, and the active zone is located on the equator of the comet’s
nucleus. An intermediate combination of these parameters pro-
vided acceptable results.

The model parameters used in the model runs are presented
in Table 6.

5. Conclusions

After eight years of monitoring the cometary activity of S3, it
appears that this distant comet has been a very active object. The
main results provided by our observations can be summarized as
follows:

(i) The cometary activity level, measured with the A fρ param-
eter, appears to be more important after perihelion than be-
fore. At its maximum A fρ ∼ 4000 cm in the V band while
at its minimum (at 13.67 au from the Sun, before perihelion)
A fρ ∼ 700 cm.

(ii) When a mean geometric albedo p(λ) is taken equal to 0.1
and grain outflow velocities in the range 2–22 m s−1, the cor-
responding dust production rate can be computed to reach
82 kg s−1.

(iii) No emission lines could be detected with our spectro-
scopic observations, both for heliocentric distances equal to
13.67 au and 9.97 au.

(iv) Our dust environment modeling is in agreement with a colli-
mated source of dust that appeared in 2013.

Further observations of S3 in the coming years should also be
useful to detect the changes of behavior in its cometary activity
pre- and post-perihelion. Because of the high A fρ values com-
puted for large heliocentric distances pre-perihelion, we can ex-
pect that S3 is among the more active objects observed in the
solar system.
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