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A B S T R A C T

The analysis of photometrical observations of comet 29P/Schwassmann–Wachmann 1 is presented. The
broadband observations were carried out for 15 nights from 2012 to 2019 at the Lisnyky observational station
of Taras Shevchenko National University of Kyiv. Apparent magnitudes and dust productivity level 𝐴𝑓𝜌 in
filter R were calculated. Middle and height dust activity of the comet is characterized by parameter 𝐴𝑓𝜌
which varied from 1246 to 17563 cm during all periods of observation. Based on the morphological analysis,
four jet-like structures were detected in the coma on almost all dates. Using the geometrical model for the jet
structure interpretation during all observation sets, we obtained following results: the nucleus rotation period
of 57 ± 2days, the rotational axis orientation, the locations of active regions for four jet-like structures within
a narrow belt near the equator.
1. Introduction

Comet 29P/Schwassmann–Wachmann 1 (hereafter, 29P) was dis-
covered on 1927 November 15 by astronomers Arnold Schwassmann
and Arno Arthur Wachmann (Berman and Whipple, 1928). It was the
first object belonging to the small bodies of the Solar system, which
was observed outside the orbit of Jupiter. It was noted that the coma
had never completely disappeared in spite of differences in cometary
activity levels during the whole period of observations (Jewitt, 1990).
This almost constant activity has led to 29P being classified as a comet.
However, the further discovery of other bodies beyond the orbit of
Jupiter led to the discovery of a new population of so-called Centaurs.
Centaurs are icy bodies with orbits between Jupiter and Neptune,
which dynamically link the Jupiter-family comets (JFC) to the trans-
Neptunian objects of the outer Solar system. Accordingly, Comet 29P
was assigned to Centaur population (Jewitt, 2009). An almost circular
orbit, its small inclination and the Tisserand parameter (𝑇𝐽 = 2.984
from JPL website1) indicate a unique feature of 29P — duality, i.e. lies
between two populations of objects (Fernández et al., 2018). The
orbital parameters of 29P according to JPL K192/61 are the following:
a semi-major axis is 6.0002 au, eccentricity is 0.0436, the orbital period
is 14.698 years, orbit inclination is 9.38◦. The last perihelion the comet
suffered on March 7, 2019.

The duality of the comet is also indicated by its physical properties,
found from ground-based observations. It is known that for cometary

∗ Corresponding author at: Astronomical Institute of the Slovak Academy of Sciences, 05960 Tatranská Lomnica, Slovak Republic.
E-mail address: oshubina@ta3.sk (O. Shubina).

1 https://ssd.jpl.nasa.gov/tools/sbdb_lookup.htmlx#/?sstr=29P

nuclei the albedo value usually varies from 0.02 to 0.12, the aver-
age value is 0.07 (Jewitt, 1991). But the geometric albedo of 29P,
found, for example, from photometry in the visible spectral range,
is 𝑝𝑉 = 0.13 (Cruikshank and Brown, 1983). In Table 1 of Miles
(2016) other measurements up to 0.17 are given. The value 0.33 is
given on Jet Propulsion Laboratory. These are completely atypical
values for a cometary nucleus. At the same time, this albedo value is
characteristic of objects of the centaur group (Barucci et al., 2004).
Nevertheless, 29P constantly exhibits a cometary nature, regularly
outbursting. The study of morphology using digital filters shows the
existence of developed structures in the coma. The presence of such
structures makes it possible to determine the period of rotation of the
nucleus of comet 29P. Table 1 of Miles (2016) shows the values of the
rotation period determined by 4 methods: (i) inner coma photometry
during quiescence, (ii) jet morphology, (iii) outburst times, and (iv)
dust production models. However, Miles, based on a wide range of
estimates, points out that, the rotational characteristics of the nucleus
have proven to be rather elusive. He himself, proceeding from the
consideration that outbursts are triggered by solar heating, the analysis
yields a value for the mean solar day of 57.71±0.06 d, equivalent to a
sidereal rotation period of 57.09±0.06 d.

Comet 29P was observed during several observing sessions in 2012–
2019. The main purposes were to analyze the level of dust productivity
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Table 1
Observation log of comet 29P/Schwassmann–Wachmann 1. The observation date, total
exposure time (Exp. time), heliocentric (r) and geocentric (𝛥) distance, phase angle
(𝛼), the position angles of the extended Sun-to-target radius vector (𝜙).

Year Date Exp. time, s r, au 𝛥, au 𝛼, deg 𝜙, deg

2012 Jan 30 1560 6.261 5.786 8.22 297.26
Mar 07 1680 6.260 5.362 4.18 312.44

2013 Apr 17 1320 6.222 5.240 2.30 343.56
Jun 20 1560 6.211 5.645 8.16 105.78

2018 Aug 17 1500 5.775 4.844 4.32 234.00
Aug 26 570 5.774 4.797 2.81 225.05
Aug 30 1080 5.774 4.784 2.16 217.03
Sep 14 840 5.773 4.776 1.46 116.51
Oct 09 1200 5.771 4.910 5.44 77.72
Oct 12 900 5.771 4.937 5.88 76.62
Oct 13 1140 5.771 4.946 6.02 76.82

2019 Aug 22 1440 5.772 5.084 7.85 239.60
Oct 01 1200 5.775 4.795 2.24 196.37
Oct 18 1200 5.776 4.807 2.49 109.79
Oct 30 1140 5.778 4.867 4.27 88.02

and compare it with the same for other active objects of the Solar
system, as well as, based on morphological analysis and modeling, to
determine some parameters of the comet’s nucleus and active regions
on its surface. So Section 2 is devoted to the circumstances of ob-
servation. Section 3 is devoted to computing the 𝐴𝑓𝜌 parameter and
ts analysis from a series of observations in different periods of the
omet’s activity, the morphological analysis of photometric images and
odeling of its jet structure.

. Observations and data processing

The photometry observations of comet 29P were carried out at
he observation station of Taras Shevchenko National University of
yiv located in Lisnyky (the international code is 585). The data were
btained using the telescope AZT-8 (𝐷 = 70 cm, 𝐹 = 2.8m) in 2012,
013, and during 2018–2019. CCD FLI PL4710 was used as a detector.
he chip size is 1027 × 1056 pixels. The pixel scale was 0.95′′/pixel.
xposure times ranged from 30 to 120 s and were taken using a
roadband Johnson-Cousins R filter. During observations, the weather
onditions changed. In our analysis we used only the data with seeing
alues of 3–4′′ More details on the comet observation circumstances
re collected in Table 1.

We processed the obtained data using standard procedures: bias and
ark subtraction, flat-field correction. Also, the images were cleaned
rom cosmic particle marks. The subtraction of the sky level was made
y using the standard IDL procedure. In addition, the entire series of
omogeneous data per one observation night were summed for further
se. For the photometric calibration of our data, we used the stars over
he field of view. The stellar magnitudes of the standard stars were
aken from the catalog UCAC4 (Zacharias et al., 2013), which accuracy
s 0.05–0.1 mag.

The apparent magnitude is determined as follows:

c(𝜆) = −2.5 ⋅ lg
[

𝐼c(𝜆)
𝐼s(𝜆)

]

+ 𝑚s − 2.5 ⋅ lg𝑃 (𝜆) ⋅ 𝛥𝑀, (1)

here 𝑚c and 𝑚s is the apparent magnitude of the comet and the star,
espectively; 𝐼c(𝜆) and 𝐼s(𝜆) is intensity in relative units for the comet
nd the star, respectively; P is sky transparency, 𝛥𝑀 is the airmass
ifference between the comet and the star. As far as we used stars on
he same frame as the comet we took 𝛥𝑀 equal to zero.

To estimate a dust productivity level we used the 𝐴𝑓𝜌 value
(A’Hearn et al., 1984), where A is the average grain geometric albedo,

the filling factor in the aperture field of view and 𝜌 the linear
adius of the aperture at the comet. It can be derived from the calcu-
ated photometric dust coma magnitude obtained previously. According
2

a

Table 2
Apparent magnitudes of comet 29P/Schwassmann–Wachmann 1 obtained within
different apertures.

Date Average aperture size, ×103 km

21 40 54 67

2012

Jan 30 17.82 ± 0.19 16.81 ± 0.15 16.32 ± 0.12 16.05 ± 0.16
Mar 07 17.55 ± 0.11 17.42 ± 0.11 17.38 ± 0.12 –

2013

Apr 17 16.89 ± 0.09 15.50 ± 0.09 15.02 ± 0.09 14.70 ± 0.09
Jun 20 15.84 ± 0.10 14.72 ± 0.11 14.09 ± 0.08 13.71 ± 0.06

2018

Aug 17 16.59 ± 0.11 16.27 ± 0.11 16.04 ± 0.12 15.89 ± 0.11
Aug 26 16.36 ± 0.08 16.12 ± 0.11 16.01 ± 0.12 15.88 ± 0.11
Aug 30 16.32 ± 0.06 16.03 ± 0.07 15.87 ± 0.12 15.64 ± 0.13
Sep 14 15.97 ± 0.05 15.61 ± 0.05 15.44 ± 0.06 15.33 ± 0.04
Oct 09 15.41 ± 0.01 14.89 ± 0.02 14.54 ± 0.02 14.23 ± 0.03
Oct 12 16.02 ± 0.04 15.42 ± 0.04 15.10 ± 0.04 14.86 ± 0.04
Oct 13 16.41 ± 0.05 15.78 ± 0.05 15.38 ± 0.05 15.08 ± 0.06

2019

Aug 22 16.96 ± 0.10 16.54 ± 0.10 16.33 ± 0.09 16.11 ± 0.10
Oct 01 16.49 ± 0.03 16.01 ± 0.02 15.80 ± 0.04 15.63 ± 0.03
Oct 18 16.11 ± 0.05 15.24 ± 0.03 15.01 ± 0.04 14.86 ± 0.02
Oct 30 16.63 ± 0.13 16.01 ± 0.24 15.69 ± 0.32 15.48 ± 0.36

to Mazzotta Epifani et al. (2010), we calculated 𝐴𝑓𝜌 with:

𝐴𝑓𝜌 = 4𝑟2𝛥2

𝜌
⋅ 100.4(𝑚Sun−𝑚c), (2)

here 𝑚c and 𝑚Sun is the comet magnitude and the solar magnitude in
he corresponding band, r is the heliocentric distance in astronomical
nits, 𝛥 is the geocentric distance expressed in cm and 𝜌 is the aperture
adius in cm. 𝐴𝑓𝜌 is often used to compare the dust production rate
etween comets, but it should be noted that it uses observational and
hysical parameters that could change in different cases. Neverthe-
ess, as a general rule, it is assumed that large 𝐴𝑓𝜌 values indicate
igh dust activity. We observed comet 29P within broadband R filter,
hich might include gas emission species. Spectral investigations of the

omet in the optical wavelength region revealed the presence of weak
missions of CO, CN, and N+

2 molecules (see Ivanova et al., 2018 and
eference therein). Nevertheless, Picazzio et al. (2019) reported that
as contribution is about ∼1% within V filter. So we accepted that the
as contribution is negligible in R band. Taking this into account our
stimation of dust productivity with 𝐴𝑓𝜌 proxy is appropriate and can
e used to study a dust component of the cometary coma.

. Results and analysis

.1. Photometry

Using Eq. (1) we calculate apparent magnitudes within four di-
phragms. The results of our calculation within different apertures are
ollected in Table 2.

Based on calculated magnitudes we computed the 𝐴𝑓𝜌 parameter
Eq. (2)) using the same aperture sizes and the Sun magnitude value
n R filter of −27.26. The 𝐴𝑓𝜌 parameter is dependent on the phase
ngle of the comet, thus we applied the phase correction proposed
y Schleicher et al. (1998) for Comet Halley. The dust production
easurement corrected for the phase angle is denoted as 𝐴(0◦)𝑓𝜌. It

s the phase-corrected dust production results that are presented in
able 3.

As one can see from Table 3, the parameter value changes with
he aperture sizes. We can specify three types based on the trend
ehavior of 𝐴𝑓𝜌 parameter: increasing the parameter value with the

perture increases, decreasing the parameter value, and a mixed case.
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Table 3
𝐴(0◦)𝑓𝜌 parameter in cm for comet 29P/Schwassmann–Wachmann 1 obtained within
corresponding apertures.

Date Average aperture size, ×103, km

21 40 54 67

2012

Jan 30 1246 ± 219 1895 ± 259 2127 ± 237 2120 ± 320
Mar 07 1268 ± 128 858 ± 120 636 ± 64 –

2013

Apr 17 2088 ± 177 4499 ± 383 4996 ± 425 5219 ± 444
Jun 20 7405 ± 652 12464 ± 1295 15877 ± 1198 17563 ± 982

2018

Aug 17 1774 ± 174 1592 ± 163 1477 ± 158 1350 ± 142
Aug 26 2090 ± 152 1739 ± 183 1438 ± 165 1303 ± 135
Aug 30 2070 ± 113 1814 ± 120 1580 ± 179 1561 ± 190
Sep 14 2744 ± 120 2551 ± 113 2233 ± 115 1986 ± 76
Oct 09 5545 ± 51 5983 ± 87 6191 ± 112 6546 ± 182
Oct 12 3302 ± 126 3830 ± 134 3845 ± 139 3829 ± 150
Oct 13 2299 ± 98 2752 ± 133 2967 ± 147 3123 ± 168

2019

Aug 22 1535 ± 145 1505 ± 138 1365 ± 116 1339 ± 128
Oct 01 1784 ± 53 1846 ± 41 1683 ± 63 1572 ± 46
Oct 18 2537 ± 123 3770 ± 104 3478 ± 127 3213 ± 72
Oct 30 1715 ± 203 2028 ± 450 2040 ± 596 1992 ± 664

The first group includes the results of 2012-01-30, 2013-04-17, 2013-
06-20, 2018-10-09, 2018-10-13. The common thing for all these data is
the presence of at least a significant extended coma. Moreover, it was
reported about the outburst on the comet on 2013-06-20 (Keane et al.,
2013). There are no published sources with information about outbursts
on other dates. But based on our investigations we may conclude
that 29P experienced a high increase in the brightness in September–
October 2018. As for the rest two dates (2013-01-30 and 2013-04-17),
based on images from the website of MISAO project (Seiichi Yoshida’s
home page2) one can conclude that during these periods at least the
increase in activity happened or even some outbursts. The second group
includes results obtained on 2012-03-07, August–September in 2018,
and 2019-08-22. On these dates, the coma was very weak (according
to images from the MISAO project website). But it should be noted that
from 2018-09-27, the comet’s brightness began to increase, and the
coma started to expand. The third group does not show a uniform trend,
i.e. the dust activity level demonstrates the increase within smaller
apertures, but within bigger ones, the trend changes to decreasing. We
detected such behavior of the 𝐴𝑓𝜌 parameter in October 2019, when
the coma was well-marked but not so significant. Our assumptions
about the increase of the cometary activity of 29P during our observa-
tions are pretty good correlated with the data published on the website
of the British Astronomical Association.3 Based on reduced light curves,
one can see the dramatic change in the brightness in September–
October 2018. It should be noted that during the brightness decrease
after the outburst, there were a few smaller outbursts, that can explain
the observed activity. Based on the light curves of comet 29P mentioned
above, one can see that most of our observations were carried out on
the dates when the comet did not suffer significant outburst activity.
The exception is the data obtained in September–October 2018.

Our results of the dust productivity level are also in good agree-
ment with the published ones. It can be seen from Fig. 1, where we
compilated literature dates from 2007 to 2020 with our measurements
computed within the aperture radius of about 21000 km. To compare
the results we used 𝐴𝑓𝜌 values obtained for the observed phase angle.

nly in 2013, we did not find any refereed results to compare. It

2 http://www.aerith.net/
3 https://britastro.org/section_information_/comet-section-overview/
ission-29p-centaur-comet-observing-campaign
3
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also should be noted that these values mostly were obtained in the
R filter. But we included some data points obtained in the V filter
to complete the data set (e.g. the result in 2015 Garcia et al., 2020).
From this plot, we clearly see some general trends in dust productivity
levels. The highest value was detected in 2008 after a major outburst
as the author mentioned (Schambeau et al., 2017). It may be assumed
that during 2013–2015 the local maximum should also be presented.
Furthermore, the increase in dust productivity level in 2018 with the
following decrease in 2019 is remarkable. All of this analysis confirms
the challenging nature of comet 29P.

Fig. 2 demonstrates the comparison of 𝐴𝑓𝜌 parameter obtained in
this paper for comet 29P with the values obtained within R filters for
small bodies belonging to different groups. We selected about 20 JFC
observed beyond 3 au (Snodgrass et al., 2008; Lowry and Fitzsimmons,
2001, 2005; Lowry and Weissman, 2003; Lowry et al., 2003, 1999;
Lamy et al., 2009; Mazzotta Epifani et al., 2007; Snodgrass et al.,
2006), 18 active centaurs (Rousselot et al., 2016, 2021; Wong et al.,
2019; Jewitt, 2005), 8 active asteroids (Martino et al., 2019; Meech
et al., 2009; Neslusan et al., 2016; Ferrín et al., 2012; Hsieh and
Sheppard, 2015; Hsieh et al., 2013, 2012; Shi et al., 2019; Kokhirova
et al., 2018), and 11 long-periodic comets (A’Hearn et al., 1995;
Schleicher et al., 1997; Szabó et al., 2001; Mazzotta Epifani et al.,
2009; Korsun et al., 2014, 2016; Hui et al., 2018). If the authors
obtained 𝐴𝑓𝜌 parameters in several apertures, we chose the one that
size is the closest to our diaphragm in kilometers. We should note that
we consider results obtained only at heliocentric distances larger than
3 au due to the strong effect of the gas component of comae at closer
distances. The exception is active asteroids, where the gas contribution
is absent or weak. As we can see in this plot, long-periodic comets
tend to have higher 𝐴𝑓𝜌 values, while JFC demonstrate lower ones.
Active asteroids concentrate at 2–4 au and show 𝐴𝑓𝜌 values mainly
around hundred centimeters, except two points corresponded to the
asteroid (596) Scheila (Neslusan et al., 2016; Kokhirova et al., 2018),
that demonstrated dust productivity levels about 2900 and 1400 cm.
Meanwhile, centaurs demonstrate a wide dispersion of heliocentric
distances, but their 𝐴𝑓𝜌 are within a region of 100–1000 cm. At large
distances from the Sun, it seems to be some plateau. It might be caused
due to lack of data, and future observations and investigations of active
centaurs at large heliocentric distances shed light on this issue. As one
can see from Fig. 2 our measurements of dust productivity level are
higher than ones for JFC and tend to be active centaurs. According to
Fig. 1 our results can be considered as the mean value for comet 29P.
Thus, if we analyze only dust productivity using the 𝐴𝑓𝜌 proxy, then it
is challenging to designate 29P as a centaur or a long-period comet. In
this case, the object reveals its duality. But if one takes the dynamical
properties of this comet into account, then it is seen that 29P tends to
be classified as a centaur.

3.2. Morphology

We constructed intensity maps by averaging all the photometric
images obtained on different nights separately. For each date, the coma
demonstrated asymmetry, especially during brightness increases. In
order to reveal the low-contrast structures in the dust coma, the images
were treated with a digital filter. We applied 1∕𝜌 profile (Samarasinha
and Larson, 2014), which can be used for dusty comets. This technique
enabled us to remove the bright background from the cometary coma
and highlight the low-contrast features. To double-check we also used
azimuthal average and renormalization methods (Samarasinha and Lar-
son, 2014), but their results were the same as the 1∕𝜌 profile showed.

he usage of a rotational gradient method (Larson and Sekanina, 1984)
onfirmed existence of the jet-like structures in the cometary coma.
ig. 3 demonstrates results for eight observed nights with the best
hotometrical accuracy. The comet demonstrated an extended coma on
013-06-20 and 2018-10-13. In the former case, it was reported about

he outburst (Keane et al., 2013). In the latter case, we definitely see an

http://www.aerith.net/
https://britastro.org/section_information_/comet-section-overview/mission-29p-centaur-comet-observing-campaign
https://britastro.org/section_information_/comet-section-overview/mission-29p-centaur-comet-observing-campaign
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Fig. 1. Compilation of A(0◦)f𝜌 parameter of comet 29P/Schwassmann–Wachmann 1 obtained mostly in R filter based on results of Clements and Fernandez (2021), Garcia et al.
(2020), Hosek et al. (2013), Ivanova et al. (2009, 2011, 2016), Kokhirova et al. (2020), Miles et al. (2016), Picazzio et al. (2019), Schambeau et al. (2017), Shi et al. (2014),
Trigo-Rodríguez et al. (2010, 2012), Voitko et al. (2022) (black triangles), and this work (red dots). Red dots represent our results within the aperture of about 21000 km.

Fig. 2. Af𝜌 parameter (obtained in R filter) of comet 29P/Schwassmann–Wachmann 1 (this work) and different dynamical groups depending on the heliocentric distance. Dust
activity of different groups shows by corresponding symbols indicated in the figure. Data for JFC, long-period comets, active asteroids and centaurs are taken from Snodgrass et al.
(2008), Lowry and Fitzsimmons (2001, 2005), Lowry and Weissman (2003), Lowry et al. (2003, 1999), Lamy et al. (2009), Mazzotta Epifani et al. (2007), Snodgrass et al. (2006),
Rousselot et al. (2016, 2021), Wong et al. (2019), Jewitt (2005), A’Hearn et al. (1995), Schleicher et al. (1997), Szabó et al. (2001), Mazzotta Epifani et al. (2009), Korsun et al.
(2014, 2016), Hui et al. (2018), Martino et al. (2019), Meech et al. (2009), Neslusan et al. (2016), Ferrín et al. (2012), Hsieh and Sheppard (2015), Hsieh et al. (2013, 2012),
Shi et al. (2019), Kokhirova et al. (2018).
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increase in activity and brightness. Our observations in October 2018
were obtained during brightness decreasing, right after the repeated
outburst (see the light curves of comet 29P published on the website of
the British Astronomical Association mentioned in Section 3). Although
on the other dates the comet did not demonstrate prominent activity,
nevertheless, small structures can be identified: one on 2018-09-14,
several on 2012-01-30, and weak activity on 2019-10-30.

3.3. Modeling of coma jet structure

A rotating period of a nucleus is an important parameter that must
be taken into account in the modeling of a jet structure. One can
determine this parameter using photometrical data or interpretation of
structural components of a coma. It is a significant difference between
rotating periods of comet 29P determined in literature. Earlier estima-
tions of the period were based on photometrical results and revealed
dramatically smaller values, e.g., 120±1h (Whipple, 1980), 6 days (Je-
witt, 1990), 10±1h (Luu and Jewitt, 1993), and 14 hours (Meech et al.,
1993). More recent investigations of coma structure variations showed
longer rotation periods of a nucleus. For instance, Stansberry et al.
(2004) estimated the rotation period of comet 29P as 60 days, Trigo-
Rodríguez et al. (2010) estimated the period of 50 days. Ivanova et al.
(2012) obtained two values for the period 12.1± 1.2 and 11.7± 1.5days
for the observations taken in December 2008 and February 2009,
respectively. The authors also determined the inclination of the rotation
axis to the comet’s orbit plane as 65◦. Based on the analysis of 64
outbursts over the period 2002–2014 (Miles, 2016) found an activity’s
periodicity of 57.6 ± 0.4d. The presence of long-lived active sources
of outburst is noted at the same time. These sources are localized in
the range of longitudes 135–150◦. Miles (2016) also noted that the
jet structure is disrupted during outbursts, which can lead to incorrect
conclusions when interpreting it. The images from the Hubble Space
Telescope in 1996 (Feldman et al., 1996) showed 6 active regions
that generated outbursts. The existence of several active regions in
combination with outburst activity leads to such dispersion of the value
of the comet’s nucleus rotation period in different authors.

A cometary coma does not have a spherical form. Moreover, it
changes over time. It is often observed that the coma demonstrates
oblongness in the sun-ward direction or the perpendicular one. Such
behavior in the coma indicates the presence of a large jet structure.
But obtained images do not reveal separated jets. It might be caused
by insignificant differences between locations of the active regions on
the nucleus. Thus, one can observe the jets’ overlapping due to the
certain jet width and the velocity dispersion. This issue adds challenges
to the jet interpretation. The comparison of coma features obtained
on different dates can help. But for this, one should assume the long-
term existence of active regions which produce these jets. And such
behavior of active regions is a point indeed for comets. For example, the
existence of long-term active regions was shown for short-period comet
2P/Encke (Sekanina, 1988b,a). Also, the disk-shaped form of the coma
was explained by the jet activity during the whole observable period
for hyperbolic comet C/2014 B1 (Schwartz) (Jewitt et al., 2019) and
distant comet C/2011 P1 (McNaught) (Korsun et al., 2016).

To model jets, we used a simple geometrical model, which has
restrictions, but was successfully applied to analyze structures in a
coma of comets 2P/Encke (Rosenbush et al., 2020), C/2011 KP36
(Spacewatch) (Ivanova et al., 2021), and 46P/Wirtanen (Rosenbush
et al., 2021). This model shows only the position of the jet’s axis at
each time moment. The model takes into account mainly geometric
factors: positions of the comet, the Earth, and the Sun, the orientation
of the nucleus rotation axis, and the location of active areas on the
nucleus. The active area size, the size distribution of particles, and
the acceleration of dust particles under the action of solar radiation
are not considered. This leads to a limitation on the model jet length.
The simulation is carried out up to a cometocentric distance where
the acceleration of solar radiation can be neglected, i.e., an additional
5

Fig. 3. Intensity maps of comet 29P/Schwassmann–Wachmann 1 in the R filter
obtained on 2012-01-30 (1), 2013-06-20 (2), 2018-08-17 (3), 2018-08-30 (4), 2018-
09-14 (5), 2018-10-09 (6), 2018-10-13 (7), and 2019-10-30 (8). Panels a present direct
images of the comet with the isophots, b — images processed by a rotational gradient
method (Larson and Sekanina, 1984), and c — images to which a division by 1∕𝜌
profile (Samarasinha and Larson, 2014) was applied. Also, the directions to the North,
the East, the Sun, and the negative heliocentric velocity vector of the comet as seen in
the observer’s plane of the sky are noted for each date. The optocenter indicated by
the cross mark.

offset of a particle caused by the sun radiation is small compared to

the cometocentric distance. The model assumes the termination of the
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matter outflow from the active area after the termination of insolation.
Important parameters of the geometric model are the nucleus rotation
period and the matter velocity in the jet. They determine the symme-
try axis shape of the observed jets with other geometric factors and
operate as a characteristic length equal to the product of the particle
velocity and the rotation period for a single observation. It is possible
to determine the nucleus rotation period and the matter velocity in
the jet separately for several observations on different dates, assuming
that the particle velocity does not change. The doubtless advantage
of this model is its simplicity. Although it does not consider many
physical parameters, the model allows one to determine some of the
necessary parameters of both the nucleus and the outflowing matter to
reproduce the observed features of a cometary coma. The parameters
obtained using the simulation can be the basis for further modeling of
microphysical and macrophysical properties of the nucleus, its surface,
and the cometary dust. In this sense, it is also important to use the
model for simulating the jet structures of comets based on both a
single comet observation with a well-developed coma and long-term
observations. Thus, one can verify and improve the model, for example,
considering the distribution of particles leaving the nucleus over their
sizes, directions of the initial velocity vector, etc.

As shown in Section 3.2, the comet demonstrated nonuniform mor-
phological structure. Applying our model, we simulated positions of
four jets detected on processed images of comet 29P. Table 4 includes
coordinates of active regions that produce observable jets. The jet
marked J1 has a conventional value of the longitude of 0 degrees.
The best agreement between observed images and modeled jets for
all dates is when the rotation period is 57 ± 2 days, and the outflow
elocity of matter in jets is 0.34 ± 0.02 km/s. Based on observations

of the jet structure (Stansberry et al., 2004) determined the velocity
of matter in jets to be 0.5 km/s. The existence of jets at such large
heliocentric distances was explained by the outflow of CO molecules.
Such an estimate seems doubtful if we take into account the maxi-
mum velocity of CO molecules as 0.51 km/s (Gunnarsson et al., 2008),
because the dust particles velocity is lower than CO one. According
to the (Stansberry et al., 2004) observations, the redefinition of the
velocity made by Miles (2016) gives a slightly lower value of 0.45 km/s,
which is also quite large. The coordinates of the nucleus’s north pole,
which are determined by the geometric model, are 𝑅𝐴 = 185 ± 8◦,
𝐷𝐸𝐶 = 12 ± 3◦. It corresponds to the fact that the axis of rotation
s directed approximately towards the observer, and the direction of
otation is direct. Since the active areas that form the jets are located in
narrow belt near the equator, the jet structures practically lie in the

ky plane. Such their location leads to the fact that their appearance
s practically not distorted due to projection onto the sky plane. The
ollocation of the active areas likely could change due to the high
ctivity of comet 29P. Therefore, we determined the rotation period
ased on observations in August–September of 2018, when the comet
as in a period of low activity between the outbursts. The results of
ur modeling are presented in Fig. 4. All active regions were model
arameters for all dates. The jet J1 is absent in several images due to
he non-insolation of the respective active areas. The jets in the images
or 2018-10-09 and 2018-10-13 (panels f and g of Fig. 4, respectively)
re slightly visible against the increased coma background, which is
aused by an active process (outburst). These findings correspond to
nes obtained by Miles (2016), although the method for determining
he rotation period in that work is based on the analysis of comet 29P
utburst activity. Our results show that the active regions are located in
relatively narrow belt with a longitude width of about 115±20◦, which

is close to the size of the active belt 135–150◦ (Miles, 2016). Obtained
value of the rotation period 57 ± 2d also is in good agreements with
57.6 ± 0.4d determined by Miles (2016).

The existence of the narrow belt with active regions concentration is
similar to comet 67P/Churyumov-Gerasimenko, which nucleus consists
of two components. Moreover, permanent jets are observed in the
area, where two pieces compound (Sierks et al., 2015). Probably if the
cometary nucleus consists of two components, the active areas might
6

locate over a ‘‘neck’’ region.
Table 4
Parameters of active regions created by observed jets on comet 29P/Schwassmann–
Wachmann 1.

Jet mark Longitude, deg Latitude, deg Date of jet observation

J1 0 ± 9 −5 ± 4 2012-01-30, 2013-06-20, 2018-08-30
J2 45 ± 9 5 ± 4 all
J3 90 ± 9 6 ± 4 all

J4 115 ± 9 −12 ± 4
2012-01-30, 2013-06-20,
2018: 08–17, 09–14, 10–09, 10-13
2019-10-30

4. Conclusions

In this paper, we analyzed the results of the monitoring observations
of comet object 29P/Schwassmann–Wachmann 1 in the broadband
filter R obtained during 15 nights in 2012–2019 years. The main
purposes were to analyze the level of dust productivity and compare
it with the same for other active objects of the Solar system, as well
as, based on morphological analysis and modeling, to determine some
parameters of the comet’s nucleus and active areas on its surface. The
main results can be summarized as follows:

• The dust productivity, 𝐴(0◦)𝑓𝜌, varied from 636 ± 64 cm within
𝜌 ≈ 54000 km (on 2012-03-07) when the comet was faint to
17563 ± 982 cm within 𝜌 ≈ 67000 km (on 2013-06-20) when 29P
suffered the outburst. Obtained values are significantly higher
than the dust productivity of Jupiter family comets but in good
agreement with ones of active centaurs or long period comets. But
if one takes the dynamical properties of this comet into account,
then it is seen that 29P tends to be classified as a centaur based
on 𝐴𝑓𝜌 values.

• Image analysis and the use of a digital filter showed a strong
inhomogeneity of the coma and made it possible to identify 4 jet
structures.

• The use of a geometric model to describe the jet structure for
the entire observation period made it possible to determine some
parameters of the nucleus. The rotation period of the nucleus
equal 57±2 d and the outflow velocity of the matter in the jet in
0.34±0.02 km/s. The coordinates of the north pole of the nucleus
are 𝑅𝐴 = 185±8◦, 𝐷𝐸𝐶 = 12±3◦. The axis of rotation is directed
approximately towards the observer with propagate direction of
spin.

• Since the active areas that form the jets are located in a narrow
belt near the equator with length in longitude about 115±20◦,
the jet structures practically lie in the sky plane.
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Fig. 4. The coma jet structures (J1, J2, J3, and J4) of comet 29P/Schwassmann–Wachmann 1 based on the geometrical model for following data 2012-01-30 (a), 2013-06-20 (b),
2018-08-17 (c), 2018-08-30 (d), 2018-09-14 (e), 2018-10-09 (f), 2018-10-13 (g), and 2019-10-30 (h). The processed images using the digital 1∕𝜌 filter are used as a background
for indicating jet structures.
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