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Abstract

Cometary activity is a manifestation of sublimation-driven processes at the surface of nuclei. However, cometary
outbursts may arise from other processes that are not necessarily driven by volatiles. In order to fully understand
nuclear surfaces and their evolution, we must identify the causes of cometary outbursts. In that context, we present a
study of mini-outbursts of comet 46P /Wirtanen. Six events are found in our long-term lightcurve of the comet around
its perihelion passage in 2018. The apparent strengths range from —0.2 to —1.6 mag in a 5” radius aperture and
correspond to dust masses between ~10* and 10° kg, but with large uncertainties due to the unknown grain size
distributions. However, the nominal mass estimates are on the same order of magnitude as the mini-outbursts at
comet 9P/Tempel 1 and 67P/Churyumov-Gerasimenko, events that were notably lacking at comet 103P/Hartley 2.
We compare the frequency of outbursts at the four comets, and suggest that the surface of 46P has large-scale
(~10-100 m) roughness that is intermediate to that of 67P and 103P, if not similar to the latter. The strength of the
outbursts appear to be correlated with time since the last event, but a physical interpretation with respect to solar
insolation is lacking. We also examine Hubble Space Telescope images taken about two days following a
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near-perihelion outburst. No evidence for macroscopic ejecta was found in the image, with a limiting radius of about

2 m.

Unified Astronomy Thesaurus concepts: Comets (280); Short period comets (1452); Broad band photometry (184);

Coma dust (2159)

Supporting material: machine-readable table

1. Introduction

Comet 46P/Wirtanen is a small Jupiter-family comet that has
been considered as a potential spacecraft target. The effective
radius is 0.6 km (Lamy et al. 1998; Boehnhardt et al. 2002),
making it one of the smallest periodic comets (Snodgrass et al.
2011). The comet made an historic flyby of Earth in 2018,
passing just 0.077 5 au away (1.16 x 107 km) on 2018 December
16 (JPL Horizons orbital solution K181/21). The geometry with
respect to the Earth and Sun was exceptionally favorable, with
long observing opportunities and a total apparent magnitude
peaking near V ~ 5 mag (IAU Minor Planet Center Database).

In many respects, comet Wirtanen is considered a near-twin of
comet 103P/Hartley 2. They have similar orbits, dust and gas
production rates, and nuclear radii (A’Hearn et al. 1995, 2011).
As a consequence, both comets are considered to be hyperactive,
i.e., their water production rates suggest a sublimating surface
area comparable to the total nuclear surface area, whereas most
comets have a ratio <10% (A Hearn et al. 1995). Comet Hartley
2 was a flyby target of the Deep Impact spacecraft (A’Hearn
et al. 2011) and the subject of a large observational campaign in
2010 (Meech et al. 2011). Thus, the 2018 perihelion passage of
comet Wirtanen presented an opportunity to apply the knowl-
edge gained from the studies of comet Hartley2 to comet
Wirtanen and the broader comet population.

One important difference between Wirtanen and Hartley 2 is
the lack of cometary outbursts in the latter (A’Hearn et al. 2011).
Cometary outbursts are brief increases in mass loss (Hughes 1990),
instigated by mechanical or thermophysical processes, such as
cliff collapse (Pajola et al. 2017), avalanches (Steckloff &
Melosh 2016), nuclear fragmentation (Boehnhardt 2004), or
structural failure and release of pressure from a subsurface gas
reservoir (Agarwal et al. 2017), charged by, e.g., water-ice phase
changes (Patashnick 1974; Prialnik & Bar-Nun 1990) or gas
dissolution from a liquid (Miles 2016). Outbursts of many comets
have been observed, e.g., comets Kohoutek 1973f, Bowell 1980b,
9P/Tempel 1, and 67P/Churyumov-Gerasimenko (A’Hearn &
Cowan 1975; A’Hearn et al. 1984, 2005, 2016), but none have
been confirmed for comet Hartley 2. This result is in spite of the
2010 observational campaign, as well as near-continuous
photometry from the Deep Impact spacecraft. In contrast, clear
outbursts of comet Wirtanen were observed in 1991, 2002, 2008,
and 2018 (Kidger 2004, 2008; Yoshida 2013; Kronk et al. 2017;
Farnham et al. 2019; Combi et al. 2020).

Dense, long-term photometric and spectroscopic coverage of
comets is needed to advance our understanding of cometary
activity (A’Hearn 2017). Present-day wide-field time-domain
surveys, such as the Zwicky Transient Facility (ZTF; Bellm
et al. 2019a; Graham et al. 2019) and the Asteroid Terrestrial-
impact Last Alert System (ATLAS; Tonry et al. 2018a), can
partially address this challenge with broadband photometric
imaging at a near-daily cadence. In this work, we present a
long-term lightcurve of comet Wirtanen and examine it for
evidence of outbursts in activity. This paper is a follow-up to
the preliminary investigation by Kelley et al. (2019a).

2. Observations and Data

Broadband images of comet Wirtanen were obtained from
four observatories in 2018 and 2019: Palomar Observatory,
Lowell Observatory, the European Southern Observatory, and
the Hubble Space Telescope (HST). We first describe the
ground-based data, which we use to form a long-term lightcurve
of the coma, then the HST data, which were taken as part of a
Chandra X-Ray Observatory campaign to study charge exchange
in the cometary coma (Bonamente et al. 2020).

2.1. Ground-based Observatories
2.1.1. Palomar Observatory

Observations of comet Wirtanen were identified in the ZTF
Data Release 3, Partnership, and Caltech archives with the
ZChecker program (Kelley et al. 2019b). ZTF is a wide-field
time-domain survey using the Samuel Oschin 1.2 m telescope
at Palomar Mountain with a 16-CCD camera. Each
6144 x 6160 CCD has a 1”01 pixel scale, yielding a total
camera field of view of 47 deg® with an 86% fill factor (Bellm
et al. 2019a). The robotic system executes multiple simulta-
neous surveys, with a range of science goals (Graham et al.
2019). Comet Wirtanen was found in 352 images in total (g, r,
and i bands, 30 s exposure times), taken between 2018 July 13
and 2019 July 12 UTC (87 nights), observed in the Northern
Sky, Galactic Plane, Asteroid Rotation, i-band, and One-Day
Cadence surveys (Bellm et al. 2019b). Most nights have only
one or two images, except during the Asteroid Rotation survey,
which observed 46P over 3 to 4 hr periods on 2019 January 24,
25, and 26 UTC with a 255 s cadence. All data were reduced
with the ZTF data pipeline (Masci et al. 2019). The processing
typically includes reference image subtraction, which removes
smooth background and photometrically stable celestial
objects, leaving image artifacts and transients (including solar
system objects). We find no significant difference between
small-aperture (<10 pixel) photometry measured with or
without the reference subtracted data, except that the latter are
less likely to be affected by background stars. Therefore, we
use reference subtracted data whenever possible for photo-
metry. When the comet is bright and the angular extent is large,
the morphology is best studied without reference subtraction.

2.1.2. Lowell Observatory

Images of comet Wirtanen were taken with the Lowell
Observatory 0.8 m robotic telescope located at Anderson Mesa
(Buie 2010) through an R-band filter between 2018 September
23 and 2019 February 08 UTC (26 nights). The camera uses a
2048 x 2048 CCD with a pixel scale of 0745, yielding a 15’
field of view. Standard image bias and flat-field corrections
were applied. Typically, three images were taken per night,
with 12-300 s exposure times and the telescope tracking at the
rate of the comet.
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Table 1
Comet 46P/Wirtanen Geometric, Photometric, and Derived Data
Unit or
Column Name scale Description
(1) Source Name of telescope
2) Date UTC Mean time of observations
3) T—Tp days Time offset from perihelion®
) Th au Comet heliocentric distance
5) A au Comet—observer distance
(6) 0 deg Sun—comet—observer (phase) angle
(@) Filter Filter name
®) Exposure s Total exposure time
) Airmass Mean airmass of observations
(10) Seeing arcsec FWHM of (potentially trailed) point
sources
an m mag Apparent magnitude in 5” radius
aperture (PS1 system)
(12) Om mag Uncertainty on m
(13) Trail mag Trailed-source correction applied to
ZTF photometry
(14) Trend mag r-band magnitude trend from piece-
wise fit
(15) AO) fp cm Comet photometric quantity, based
on m
(16) G km? Geometric cross section, based on m

Note. Table 1 is published in its entirety in the machine-readable format. The
column descriptions are shown here for guidance regarding its content.
4 Tp = 2018 December 12.941 46 UTC (Minor Planet Center 2019).

(This table is available in its entirety in machine-readable form.)

2.1.3. European Southern Observatory, La Silla

After combining the ZTF and Lowell data sets, we identified a
gap in temporal coverage in early August. Select images taken
with the Danish 1.54 m telescope at La Silla Observatory were
reduced and examined in order to fill this gap. Observations
utilized the Danish Faint Object Spectrograph and Camera
(DFOSC), which has a field of view of 13’7 x 13’7 and a pixel
scale of 0739, and were taken on an approximately weekly
cadence between 2018 June 19 and September 05 UTC (8
nights), primarily in the R band. Additional images were taken in
the UBVRI bands later in this period, but are not included in the
work presented here.

2.1.4. Photometry

All ground-based data are calibrated to the PS1 photometric
system using background stars in each field. The calibration of
the ZTF data are described by Masci et al. (2019). The
remaining data were calibrated to the rp; band (i.e., PSI
system) using the ATLAS Refcat2 photometric catalog (Tonry
et al. 2018b) and Calviacat software (Kelley & Lister 2019).
Uncertainties in the absolute calibrations are propagated into
the final measurement errors, but a minimum uncertainty of
0.02 mag is assumed. All data are color-corrected using the
measured coma colors (Section 3) and photometric calibration
solutions. Photometry within a constant angular aperture radius
of 5” is given in Table 1, with 377 data points taken on 114
unique nights spanning 388 days.

Although the comet is bright, it does not saturate the ZTF
detectors. In 30 s exposures, the saturation limit for point
sources is about 13 mag, depending on the filter. Since the
comet is an extended source, and our photometry is in a 5”

Kelley et al.

radius aperture (whereas seeing is typically around 2" FWHM),
the comet data are not saturated despite the bright photometric
values reported in this work (r 2 11 mag).

In contrast with the Lowell and Danish telescope observa-
tions, the ZTF survey data images are tracked in the Celestial
reference frame, causing the comet to trail during the 30 s
exposures. With non-sidereal rates up to ~600” hr~', the comet
tailed 0.5-6" per exposure. Thus, photometry in a 5" radius
aperture may be affected. We attempt to correct for those losses
by generating an image of an idealized coma (surface brightness
proportional to p~', where p is the projected distance to the
nucleus) and convolving it with a linear kernel. The length of the
kernel is equal to the calculated trailed length per exposure, and
the correction factor is the ratio of the brightness of the trailed
coma to that of the ideal coma, measured in a 5” radius aperture.
The corrections range from —0.01 to —0.11 mag (Table 1), and
are applied to all ZTF photometry. Assuming a shallower profile,
e.g., p 8, affects the correction by < 0.02 mag.

2.2. Hubble Space Telescope

Hubble Space Telescope imaged comet Wirtanen with the Wide
Field Camera 3 (WFC3) UVIS channel at two epochs. Each epoch
contained four HST orbits, organized into two two-orbit groups
separated by one orbit, covering about 7 hours in duration. The
data spanned 2018 December 13 09:15 to 16:18, and December 25
10:30 to 17:33 UTC. The comet was observed through two mid-
band filters F689M and F845M (11% wide bandpass) with the
2k x 2k subframe, which has a field of view of 80" x 80" given
the 0”704 pixel scale. Due to the nonlinear non-sidereal movement
of the comet and the high spatial resolution of the WFC3/UVIS
camera, the comet was trailed by up to four pixels for all F689M
images except one with an eight-pixel trail, and by various
amounts up to nine pixels in the F845M images, despite the short
exposure times of 10 and 16s used for FO8OM and F845M,
respectively. On the other hand, all images are well-exposed, with
a peak brightness up to 24% of the saturation level.

Photometric measurements are based on the images reduced by
the standard WFC3 calibration pipeline (Gennaro et al. 2018). To
remove cosmic rays, we divided each image into a grid of 20 x 20
pixel boxes, then clipped and replaced 3¢ outliers with the mean
in each box. The center 40 x 40 pixel region was excluded from
this cosmic ray removal process in order to preserve the inner
coma. For the fragment search, we also removed cosmic rays with
the LA Cosmic algorithm (van Dokkum 2001). Sky background
was estimated by the mean of four 100 x 100 pixel boxes near the
corners of the images. The pixel area map of the corresponding
detector chip was applied to correct for pixel area change in the
spatially distorted (FLT) images before photometric measurement.
The total count was then measured in a 5” radius aperture and
converted to flux and apparent magnitude following the
photometric calibration constants (Gennaro et al. 2018). Our
photometry is limited by the absolute photometric uncertainty for
WEFC3/UVIS images (2%). The effect of source trailing in our
images is negligible for 5” radius aperture photometry.

3. Results
3.1. Coma Color

The g — r color of comet Wirtanen was previously measured
from a limited set of ZTF photometry by Kelley et al. (2019a)
to be 0.45 £+ 0.02 mag. We compute g — r=0.49 + 0.01 mag
and r —i=0.13 £ 0.03 mag from the weighted means of 36



THE PLANETARY SCIENCE JOURNAL, 2:131 (18pp), 2021 August

Kelley et al.

E © g-r
07 _: ‘I rli
0.6—3 o ¢
] oD ? ®
— ] Oom Py 'y ®
%0'5 T o GRS 07 © T8 o ®
& ] ? o0 | ®
: 04_: OO o)
3 .
< 0.3
— ]
o ]
© 0.2 7
&) ] | |
0.1 —: T
0.0 -
l T I T T T T I T T T T | T T T T I T T T T I T T T T | T T T T I T T T
—-150 -100 -50 0 50 100 150
T— Tp (days)

Figure 1. Color index versus time from perihelion (T — Tp) for comet 46P/Wirtanen measured with Zwicky Transient Facility photometry in the g, r, and i bands. The

means and uncertainties are drawn as horizontal lines and shaded areas, respectively.
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Figure 2. Lightcurve of comet 46P/Wirtanen measured within 5” radius apertures. Photometry from the g and i bands have been scaled with the measured coma

colors to make an effective r-band data set. Also shown is the photometry converted to

the A(0°) fp quantity. A trend line based on a piecewise fit to the photometry is

shown as a dashed line (see Section 3 for details). Seven sets of anomalous data points are labeled A-G.

and 4 nightly color measurements, respectively. Those colors
appear to be consistent throughout the data set (Figure 1), with
the largest deviation at the 2.0¢ level (reduced x> is 0.5 for
g—r, 0.1 for r—i). The mean color from HST is mgg9 —
mgqs = 0.15 £ 0.02 mag. To convert the HST photometry into
r-band data, we use the measured HST color and extrapolate it
to the PS1 r-band with a spectrum of the Sun. Throughout this
work, we adopt the composite spectrum of the Sun from
Haberreiter et al. (2017) and Willmer (2018) for filter
calibrations (we estimate the apparent magnitude of the
Sun in the F689M and F845M filters to be —27.01 and
—27.07 mag, AB magnitude system). Based on the HST color,

we calculate r — mggo =0.04 mag. Using these colors, an
effective r-band lightcurve versus time from perihelion is
shown in Figure 2.

The colors of the coma correspond to spectral gradients
(A’Hearn et al. 1984) of S,,=6.84+0.7% per 100nm S, ;=
0.7 £ 2.0% per 100 nm, and Sggoni.gasm = 5.2 £ 1.2% per 100 nm,
where the subscripts denote the bandpasses used in the
calculations. The S,; and Segoms4sm are consistent at the 2o
level. Note that these colors are not necessarily those of the dust
coma, as there are gas emission bands present at these
wavelengths, especially C, in g, but also NH, in r, R, and
F689M, and CN in i. For example, Zheltobryukhov et al. (2020)
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estimate a gas contamination of 5% in the V band in a 1”7 (100 km)
radius aperture, a fraction that should grow with aperture size
given the different radial profiles of C, and dust. See Fink et al.
(1998) and Figure 1 of Ponomarenko et al. (2018) for figures
showing relevant optical spectra of comet Wirtanen. We searched
the literature for other comet Wirtanen coma colors and compared
them to our values, finding reasonable agreements. A spectrum of
the comet by Ponomarenko et al. (2018) has S = 8.6% per 100 nm
over the wavelength range 480-750 nm (no uncertainties were
quoted). Lamy et al. (1998) measured the coma to have
Syr=28.3 % 7.7% per 100 nm in HST filter photometry. Zhelto-
bryukhov et al. (2020) measured neutral-to-blue colors in BVRI
broadband photometry on 2019 February 8 and 10 UTC
(T—Tp=57-60days) in a 5000 km aperture radius (compare
with our 5"=1330km radius). In terms of spectral slope,
they report Syg=—16.7+7.1% per 100nm and —7.5£16.3,
Spr=—8T7+48%per 100nm and —8.1 +8.4. Despite the
nominally blue spectral slopes, the uncertainties are large enough
to be in agreement with our estimates, but at 20 to 3o level for the
better-quality measurements. Their observations fall in a gap in
our ZTF color coverage (Figure 1, T — Tp=57-60 days).
However, we can make an estimate on February 8 by comparing
Lowell 0.8 m photometry to ZTF photometry, and find
g — r=0.45 £ 0.03 mag, which is in agreement with our average
color (1.3¢ difference). In addition, the photometric coverage is
good starting February 8, and we find no unusual activity at
this time.

3.2. Quiescent Activity

In order to identify outbursts, it helps to define the quiescent
activity trend. We use the Afp model of A’Hearn et al. (1984).
This quantity is based on the brightness of the coma within a
circular aperture. Formally, it is the product of grain albedo (A),
filling factor within the photometric aperture (f), and aperture
radius (p, projected length at the distance of the comet). Afp
carries the units of p, but is proportional to dust mass-loss rate
under idealized assumptions, e.g., a coma in free expansion
with a constant production rate, grain size distribution, and
composition (i.e., 1/p surface brightness profile), and photo-
metry free of gas contamination. (See Fink & Rubin (2012) for
more discussion on the physical interpretation.) The albedo is
commonly expressed as a function of phase angle, 6, in order to
explicitly account for the phase effect from non-isotropic
scattering of sunlight by coma dust. For the phase correction,
we adopt the Schleicher-Marcus phase function, first used by
Schleicher & Bair (2011). In Table 1, all photometry is
converted to A(0°) fp. In Figure 2, we plot the effective r-band
A(0°) fp values after accounting for the measured color
differences.

We fit the log A(0°) fp data with a polynomial as a function
of either logry or time. Candidate outbursts were excluded
from the fit. The best fit to the entire lightcurve is
(263 % 1) 1, *01=00 ¢ (rms 0.04 mag). However, we found
this trend does not have sufficient precision for quantifying
outbursts, with local deviations as strong as 22%. Therefore,
we split the lightcurve into three segments with break points
based on time from perihelion, T— Tp=—5 and +15 days.
Each segment is fit with third- or fourth-degree polynomials
versus time. The rms of the residuals are 0.07, 0.05, and
0.04 mag (excluding possible outbursts). In Section 3.3, we
show that an outburst occurred at the end of our lightcurve
coverage. The polynomial fit cannot be used to extrapolate the
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pre-outburst quiescent lightcurve to the epochs of the outburst.
Therefore, for photometry after 150 days, we use a power-law
extrapolation based on ry,, with a best-fit slope of —1.67 & 0.44
fit to the data at T—7,=130 to 202 days. We plot the
piecewise trend in Figure 2 and report the trend values for each
observation in Table 1.

The piecewise approach handles the near-perihelion photo-
metry separately from the rest of the data, and allows for short-
and long-term asymmetries around perihelion. Near perihelion,
the geometrical circumstances vary rapidly. The comet moves
70° on the sky and through opposition, which occurred six days
after perihelion. Thus, the projection of the potentially non-
isotropic coma onto the sky changes substantially, which
affects the small-aperture photometry. We find that the A(0°) fp
is near-constant from —3 to +9 days (Table 1), aside from an
outburst at —1 day and a single-point outlier on day +3
(Figure 2, inset). Moreover, the near-perihelion A(0°) fp values
are elevated by about 20% with respect to the adjacent pre- and
post-perihelion trends.

Note that our best-fit trends depend on the idealized
assumptions of the Afp model (especially the assumption of a
1/p surface brightness profile), our adopted phase curve, and
our photometric aperture size (280-7600 km). The goal of our
investigation is to identify and characterize outbursts in the
comet’s activity. The piecewise best-fit trend will serve this
purpose, but it may not be appropriate for other contexts. To
aid in the interpretation of the trends, we fit the azimuthally
averaged radial profiles at p < 30” for the ZTF and Lowell 0.8
m images and plot the results in Figure 3. Fits with a reduced
X2 statistic >2, e.g., due to nearby stars or outburst ejecta, were
ignored. The g- and r-band data are separately fitted. The g-
band profiles are shallower than the r-band profiles: minimum/
median/maximum = —1.1/-0.8/-0.7 for g, —1.6/—1.0/—0.8
for . This difference is consistent with the expectation that the g-
band data include emission from C, gas, which has a surface
brightness distribution shallower than 1/p for these length scales
(Combi et al. 2004). Within the 30” radius, the r-band data
transitions from tail-dominated (~ p71'4) to coma-dominated
(~p by T— Tp=— 30 days. The r-band coma remains near
p ' for—30<T—Tp<60 days, ie., inside a radius of
5000-8000 km, after which it becomes slightly shallower,
finishing near p~*%. The asymmetry in slopes about perihelion
may be due to slow-moving grains lingering near the nucleus.
This interpretation is consistent with the A(f)fp asymmetry,
which is higher post-perihelion and requires dust grains moving
at meters per second speeds (2x10* km / 130days since
perihelion).

3.3. Outbursts

From manual inspection of the lightcurve, we identify seven
sets of significant photometric outliers, labeled A-G in
Figure 2. Figure 4 shows each set of data, after removing the
photometric trends. All but event F appear to be brightening
events (i.e., outbursts). Event C is followed by a single-point
outlier four days later on 2018 December 16 UTC (Figure 2,
inset). The rapid changes about perihelion, and the fact that the
photometry is sparse around this point (it comprises the only
data between December 13 and 19), makes defining the
quiescent activity at that time more challenging. Therefore, we
do not interpret this point as an outburst. Event F is also
difficult to interpret, due to the weak peak brightness
(~—0.2 mag) and a possible change in the quiescent trend at



THE PLANETARY SCIENCE JOURNAL, 2:131 (18pp), 2021 August

Kelley et al.

—0.6 1 | o
J o L
| n‘x ‘|’ +
i ¢4t |na 25000
O p \':;.i\ ® o [
s I | o« ¢ i
[ I ® F —
I bl * . ’ ° 200 g
2 -1.0 ® s ¢ o A =
) Q | | ] [ s
o “+ 9 I (¢] =]
w0 o & r =
© %, ¢ 15000 S
€ 1.2 o [ =
o () r =
o 1 @ & [ i)
| @ S
] o ° I-10000 3
—1.4- © & b
1 o
] © @@3 $ g-band slope [ 5000
% d@ﬁ r-band slope |
~1.6 ®, © Pe [
1 @® o® o Outerradius |-
——— — T —— T ———
—100 =50 0 50 100
T— Tp (days)

Figure 3. Azimuthally averaged radial profiles for p < 30” versus time with respect to perihelion, based on ZTF and Lowell 0.8 m data. The g- and r-band are shown
separately. Also plotted are the outer radii of the fit regions as projected lengths at the distance of the comet.
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Figure 4. Lightcurves of seven anomalous sets of data points, labeled A-G, identified in the lightcurve of 46P/Wirtanen (Figure 2). For each set, the baseline
photometric trend has been removed and an illustrative exponential function is shown as a dashed line. Events A—C and G appear to be outbursts, characterized by a
rapid brightening and exponential fading. Event D is sparsely observed, but confirmed as an outburst by image morphology. Event E appears to be a real deviation
from the trend, but is not obviously an outburst. Event F was not confirmed in the image morphology (Section 3.3).

the same time. Therefore, we only report F as a possible
anomaly.

We visually inspected the candidate outburst image sets for
supporting morphological evidence. Because the unresolved
nucleus is the ultimate source of any ejecta, the morphology of
an outburst is initially that of a point-source, until the ejecta has
moved far enough from the nucleus to be detectable as an
extended source (as image sensitivity allows). For each event,
we defined one or more pre-event images to be used as a

baseline model that was scaled and subtracted from the post-
event data. By inspection of the residuals, we can help identify
the cause of the photometric anomalies. The data were
processed with the IPAC Montage software (Jacob et al.
2010) to scale images to a common pixel scale, place the comet
at the center of the field, and align the projected Sun direction
along the +x-axis. The images are photometrically scaled to the
post-event circumstances using the best-fit lightcurve trend,
then median combined and subtracted from a post-event image
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Figure 5. (Left and center) Baseline and outburst images for events A, B, D, E, and G based on ZTF and Danish 1.54 m data. (Right) Difference between outburst and
the scaled baseline data. All images are 1.7' x 1.7, and scaled with respect to the peak of the comet in the outburst image as indicated by the colorbar. Smoothed
contours are spaced at factors of two intervals, the brightest of which is at 6.25% of the peak. The projected comet—Sun (®), comet velocity (v), and celestial north (N)
vectors are shown for the outburst image. For outburst B, the artifacts near the comet are residuals after removing a nearby source.

to reveal the putative outburst ejecta. Events A, B, D, E, and G (A) Seven ZTF images taken from 2018 July 22 to 2018
are shown in Figure 5, and event C in Figures 6 and 7. Details August 03 UTC were combined and subtracted from the
on all sets follow. Comments on the ejecta distributions are three median-combined Danish 1.54 m R-band images
based on visual inspection of the images and radial profiles; taken on August 09. The residuals are extended, but still
position angles are measured eastward of celestial north. We centrally peaked at the nucleus and wholly contained
report the photometry of the residuals in Table 2. within a 77 1-radius aperture.
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2018 December 04 - 2018 December 12
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Figure 6. Same as Figure 5, but for event C. (Top) 44’ x 44/ field of view with smoothed contours spaced at factors of two intervals, the brightest of which is at 0.20%
of the peak. (Center) 3’4 x 3’4 field of view. The brightest contour is 12.5% of the peak. The masked region is a gap between the CCDs. Arrows mark three outburst
features. (Bottom) Same as the center, but enhanced by normalizing the data with the azimuthal average, and displayed on a linear scale from the coma minimum to
maximum. Note the change in morphology after the outburst with the addition of a v-shaped pattern in the anti-sunward direction. Projected vectors are provided for

the baseline and outburst images.

(B) Six ZTF images taken from 2018 September 22 to 25
UTC were combined and subtracted from the ZTF i-band
image taken September 26. The ejecta is nearly point-
source-like, but slightly extended toward PA~270°. This
direction is inconsistent with the proper motion trailing,
which is 074 along PA=295°. A nearby star limits any
photometric aperture to < 7”1. However, this aperture
appears to encompass much of the ejecta. We removed
the star with three separate attempts using PSF subtrac-
tion techniques: one using the nominal PSF provided by
the ZTF pipeline, the others using PSFs estimated with
independent code. We masked out strong residuals in the
core of the star (6” radius) and measured the brightness of
the ejecta in apertures up to 15”2 in radius. Beyond 1171,
the total brightness was constant or brightened by
0.01 mag per arcsec. In Table 2, we give the average
brightness based on the three attempts, which is
consistent with all three measurements within 1lo. Our
first outburst image appears to have been taken ~12 hr
before the outburst peak as observed by Farnham et al.

(2019). Therefore, our peak brightness estimate may be
low by 0.1 mag.

(C) Scaling and subtracting the 2018 December 10 g-band

image from the December 12 UTC g-band image resulted
in a halo of negative residuals around the outburst ejecta,
perhaps because our photometric scaling is designed for
small apertures yet the extended coma at this time is more
affected by gas (i.e., C,). We instead examine the r-band
data from December 04 and 12. Based on these images,
the outburst appears to have three components at position
angles 36, 72, and 296°. The interpretation of the
morphology is affected by the subtraction, which leaves
strong negative residuals toward PA~180°, and more
subtle residuals toward 55°. We enhanced the r-band
images by normalizing them with an azimuthally
averaged coma (Figure 6). This confirms that the two
components at 36 and 72° are not an artifact caused by
oversubtraction of the coma along PA~55°. The residual
emission is distributed as far as 400” (23,700 km) from
the comet. Aside from an ion tail, it is difficult to ascertain
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(b) December 12 02:07

(c) December 12 08:46
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Figure 7. Lowell 0.8 m images taken (a) 2018 December 05, (b) 2018 December 12 at 02:07, and (c) 2018 December 12 at 08:46 UTC. (Top) Unprocessed images
and smoothed contours. (Center) Image residuals after subtracting image (a), photometrically scaled according to our baseline photometric trend. (Bottom) Images
normalized by the scaled image (a). Arrows indicate two prominent ejecta features in image (c).

Table 2
Summary of Outburst Circumstances and Properties

Label Date (T — Tp)o (T — Tp), At log,, H Filter Ams p m, G M

(UTC) (days) (days) (days) Im?) (mag) @) (mag) (km?) (kg)
@ (@) 3 “ ® ©) @) ® ©)] (10) an 12)
A 2018-08-09 —131.456 —125.683 r —0.93 7 17.49 £+ 0.04 26.9 3.6 x 10°
B* 2018-09-26 —77.83 —77.81 51+3 9.34 i —1.37 11 14.11 £ 0.05° 77.8 1.0 x 10°
C 2018-12-12 —2.682 —0.700 76 £1 9.80 r —0.51 475 9.06 £+ 0.02 118. 1.6 x 10°
D 2019-01-28 44.436 46.234 47 +2 9.66 g —0.15 32 14.26 + 0.03 16.5 22 % 10°
E 2019-02-24 69.403 73.297 26+3 9.26 r —0.21 5 17.80 £+ 0.07 2.5 3.3 x 10*
G 2019-07-04 189.292 203.251 124 £9 9.63 g —1.63 18 17.04 £0.13 387. 5.2 % 10°

Notes. Columns: (1) Event label from Figure 2. (2) Date of first detection. (3) Time of event with respect to perihelion, lower limit. (4) Time upper limit. (5) Time
since last event and full-range uncertainty. (6) Solar radiant exposure since last event. (7) Filter. (8) Observed peak change in brightness as r-band magnitude in 5”
radius aperture. (9) Photometric aperture radius. (10) Total brightness of ejecta in the -band and 1o absolute uncertainty. (11) Total geometric cross section. (12) Total
mass, assuming dn/da oc a3 (see Section 4.2 for details).
# QOutburst timing from Farnham et al. (2019).
® The lightcurve of Farnham et al. (2019) suggests the peak brightness is —0.1 mag brighter.

how much of this emission beyond 400" is from the outburst
or from residual background. Therefore, we only report
photometry within this radius. We also inspected the Lowell

0.8 m data taken on 2018 December 05 and on December 12
at 02:07 and 08:46 UTC. Examination of these data reveals

ejecta motion over this 6.65 hr period (Figure 7).
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(D) One ZTF g-band image taken 2019 January 24 was
subtracted from the g-band image taken on January 28
UTC. A small extended source remains in the difference.
It has a v-shaped morphology, reminiscent of event C.
There is a near-linear feature, 27” long and pointing
toward position angle 188°, and a shorter, 21” long but
broader feature pointing toward 240°. Faint arcminute-
scale extended emission is present in the residual image,
possibly from C, gas.

(E) After scaling and subtracting three images (1 g, 2 r) taken
on 2019 February 20 from the r-band image on 2019
February 24 UTC, a clear residual is detected, no larger
than 5”1 in radius. However, there is possible extended
ejecta toward position angles 180 to 270° in the smoothed
contours of the residuals, out to ~30".

(F) After scaling and subtracting 8 and 11 ZTF images from
the data taken on 2019 April 14 and 18 UTC,
respectively, we are unable to identify any source in the
residuals.

(G) Three baseline images, two r and one g, taken 2019 June
15 to 19 UTC, were scaled and subtracted from the first
outburst image taken on 2019 July 4 UTC in the g band.
The image of the ejecta is noisy, but residuals are
detected out to 18"

Two of the outbursts have color measurements on the night
of the outburst discovery: 0.47 +0.04 mag for C and
0.50 + 0.05 mag for E. The g — r colors of these events are
within 1o of the mean coma color within 5” radius photometric
apertures.

3.4. Search for Fragments

We used the HST images of comet Wirtanen obtained on
December 13 to look for evidence of any fragments that might
have been ejected in the December 11/12 outburst. The close
proximity of the comet (0.08 au) and pixel scale of the HST
WEC3 images (0”704 pixel ") allowed us to investigate the
region within a projected distance of around 2300 km of the
nucleus for any lingering material. Our observations consist of
sequences obtained between 11:32 and 16:18 UTC on
December 13 (approximately 35 to 40 hours after the onset
of the outburst). Our search utilized four images obtained with
the F689M filter and five images with the F845M filter, each
with exposures short enough for the comet to be untrailed. We
used the drizzle-processed (DRZ) images, registered on the
comet optocenter and rotated so that north was up and east to
the left.

The greatest complication of the search is the large number
of cosmic rays that impact the HST observations, mimicking
the types of features that we are looking for. Thus, we used
cosmic ray cleaned data in addition to using the (uncleaned)
DRZ images. Although this improved the situation somewhat,
a significant number of cosmic rays still remained. Ultimately,
we investigated both versions, in case the cosmic ray removal
was also removing fragments. We also enhanced the images
with two different techniques, applying an azimuthal average
and a (Gaussian) unsharp mask that removes the bright central
peak of the comet and improves the contrast of any fragments.

In order to constrain our search, we assumed that any
fragments must be moving slowly enough to remain in the field
of view for 40 hours (the time from the onset of the outburst to
the last HST observation in this set), setting an upper limit on
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the proper motion of 25 pixelhr™' (a projected velocity of
16ms™ at the comet). We also assumed that particles large
enough to be detected will not accelerate significantly during
the 5 hr window of the HST images, and thus any candidates
will move along a line with spacing proportional to the
intervals in the observation times.

For each combination of filter/enhancement, we blinked the
sequence of images to look for candidate particles with
acceptable motions. In another approach, we co-added the
sequences from each filter (and processed as needed), allowing
us to look for linear strings of particles that would represent a
moving fragment. In all of our searches, we found no
convincing evidence for fragments in the HST images.

Using the cosmic rays as a guide, we estimate that we should
have detected any point source or central condensation that
produces a signal of at least 2 x 10""* Wm 2 um~"' (F689M,
0.5electrons s '). If we assume an inactive spherical shape
with 4% albedo, then our detection limit suggests that we
should see any fragment larger than ~2 m in radius, or a mini-
comet with a dust cross-sectional area of ~12m?” (These
estimates ignore issues such as phase effects, but those are
small relative to other uncertainties.)

4. Analysis
4.1. Ejecta Expansion, Grain Size

Our general assumption is that all outbursts are brief events,
lasting < 1 day, and that the ejecta can continue to be observed
well after the outburst is over. This assumption is consistent
with the analysis of 30 minute cadence observations of outburst
B with the Transiting Exoplanet Survey Spacecraft (TESS) by
Farnham et al. (2019), who found coma brightening ceased
after 8 hr. Short outburst timescales, <1 hr, are also consistent
with the high spatial resolution observations of outbursts at 9P/
Tempel 1 by Deep Impact (Farnham et al. 2007) and at 67P/
Churyumov-Gerasimenko by Rosetta (Knollenberg et al. 2016;
Vincent et al. 2016; Agarwal et al. 2017; Bockelée-Morvan
et al. 2017; Rinaldi et al. 2018). Therefore, most outbursts
sampled with a cadence of one to three days and a small
aperture will have an observation near or after the peak.

The fact that event E does not have a distinct photometric
peak suggests the peak occurred within the 3.9 day gap in data,
and that ejecta have moved outside our nominal (5”)
photometric aperture. In Section 3, we identified faint extended
emission in the outburst residuals, up to ~30” from the nucleus,
consistent with this possibility. To illustrate, an expansion
speed of 50m s~ and a projected distance of 30” correspond to
an outburst time 2.6 days before the first observation of event
E, comfortably within the 3.9 day gap in photometry.

For outburst C, we showed motion in the ejecta over a 6.65
hr period. Of the two features identified in Figure 7, the anti-
sunward feature is brighter and easier to measure. In Figure 8,
we plot the surface brightness of the ejecta measured in a box
five pixels wide along the anti-sunward direction in the Lowell
and ZTF r-band data. Each profile is nearly linear in log-log
space closest to the nucleus, then falls with respect to this line
at farther distances. We use the break point (manually
estimated in profiles multiplied by p; see Figure 8, right) to
measure the motion of the material. For break points at 6”38,
1977, and 29”5, and assuming one-pixel uncertainties, the
expansion speed based on a linear fit is 55.1 £3.1ms "', and
the outburst age is 21.3 + 0.9 hr in our first image. This places



THE PLANETARY SCIENCE JOURNAL, 2:131 (18pp), 2021 August

. —— 02:07 UTC
g 16 06:35 UTC
0 i —— 08:46 UTC
o -
© 1 —
o 18
s ]
E
2 20
) ]
C
-~ .|
Ny
o )
B 22—_
o ]
(9]
g 4
5 24
a ]
10° 10! 102

Offset (arcsec)

Kelley et al.
= 14.0
U 1 — o02:07UTC
b ] 06:35 UTC
2145 — o846 UTC
o 1
© 4
€ 15.0
Q 1
< 1
n 15.5 7
w0
Q T Py
5 . /
€ 16.0
o ]
—_
S 1
U 16.5
© i
t 4
@ 17.0 —
10° 10! 102

Offset (arcsec)

Figure 8. (Left) Outburst C ejecta surface brightness based on Lowell 0.8 m and ZTF images. The images are sampled with a line five pixels wide along the anti-
sunward direction, i.e., along the horizontal feature in Figure 7. (Right) Surface brightness profiles multiplied by distance to the nucleus (p). Vertical lines mark our

estimates of the leading edge.

an approximate outburst onset at December 11 04:49 UTC (*}9
hr). The reduced x? statistic is 3.8, but with only one degree of
freedom, there is a 5% probability of having reduced x> > 3.8
(Bevington & Robinson 1992). Thus, we conclude a nonlinear
expansion is possible but not strongly supported by our data.

An upper limit on the outburst C ejecta speed can be
estimated from the extent of the residuals in the ZTF image
(400") and the estimated start time of the outburst. Together,
they yield an expansion speed of 250 ms™'.

The lack of outburst ejecta in the HST images suggests a
lower limit to the expansion speed, assuming any slowly
moving material is not too diffuse to identify. Given the 26 hr
gap between the last Lowell 0.8 m image and the first HST
image, and that the comet is about 40” from the image edge in
the anti-sunward direction, the slowest ejecta moved faster than
~23ms ' in projection on the sky.

For the anti-sunward material in outburst C, we can consider
the effects of radiation pressure and estimate a lower limit on
the grain size assuming the material is in linear expansion.
Burns et al. (1979) present the acceleration due to solar
radiation pressure, a,,q4, on a dust grain as

Qpr L © G
drrtem ’

1)

Arad =

where Q,, is the grain radiation pressure efficiency averaged
over the solar spectrum, L. is the Sun’s total luminosity
(nominal value 3.828 x 10%° W; Pria et al. 2016), G is the grain
geometric cross sectional area, c is the speed of light, and m is
the mass of the grain. For simplicity, we take Q,.= 1. The
projected acceleration on the sky is a,,q attenuated by sin(#),
where 6 is the Sun—target—observer angle. Grains are
accelerated (5.3 a")ms " hr ! in the anti-sunward direction,
projected onto the plane of the sky, where a is the grain radius
in pm. This acceleration corresponds to a total displacement of
(144 a— ') km between the ZTF and second Lowell 0.8 m epoch
(06:35 and 08:46 UT), or at about the level of the seeing
(59 kmarcsec™!') for 1pum grains. Therefore, the optically
dominant grains in this feature are likely at least 1 pm in radius.
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4.2. Total Geometric Cross-sectional Area and Outburst Mass

Converting the observational data into physical quantities
allows us to make meaningful comparisons between each
outburst and the ambient coma. However, this conversion relies
upon several unknown quantities, and therefore will be
dependent on our adopted parameters and assumptions. First,
we assume a dust V-band geometric albedo of A,(V) =4.00%.
Given our measured colors, the corresponding albedos are 3.82,
4.19, and 4.22% at g, r, and i, respectively. Ignoring the
dependence of scattering efficiency on grain size, the total
geometric cross-sectional area, G, within a photometric
aperture is

7 A2

— 10—().4(m—m‘9)’
A,D(0)

@)

where A is the observer—comet distance in units of length, ®(6)
is the coma phase function evaluated at phase angle 0, m is the
apparent magnitude of the dust, and m. is the apparent
magnitude of the Sun at lau in the same bandpass and
magnitude system. For r, expressed in units of au, G will carry
the units of A% The coma and outburst photometry are
converted to G and listed in Tables 1 and 2, respectively.
Converting cross-sectional area to dust mass is more
uncertain. Here, we require assumptions on the grain densit;/
and grain size distribution. For density, we take 1000kgm™",
which allows for some porosity in the grains. Power-law size
distributions roughly approximate the grain size distributions
observed in situ by spacecraft dust instruments and impacts on
the Stardust collector (McDonnell et al. 1987; Green et al.
2004; Price et al. 2010; Fulle et al. 2016; Merouane et al.
2017). We assume a differential size distribution, dn/da, with a
power-law slope of k= — 3.5, which is within the estimated
time-averaged value of —3.3 +0.3 derived by Fulle (2000)
from 46P’s coma morphology. It is also the crossover point for
mass estimates based on observed brightness, i.e., for
values > — 3.0, the largest particles dominate the estimated
mass, whereas for < — 4.0, the smallest particles dominate the
mass. Finally, we assume the dust grain radii span from 0.1 pum
to 1 mm. For these parameters, we convert the outburst
geometric cross-sectional area estimates to total mass and
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Figure 9. Estimated outburst mass (nominal grain parameters) vs. time elapsed since last outburst. The x symbol marks the location of outburst G if lightcurve
anomaly F (Figure 2) was considered to be an outburst. (Inset) Mass versus solar radiant exposure since last outburst. The exposure is calculated for the subsolar point

and for a source at —20° latitude.

provide them in Table 2. The masses range from 3 x 10* to
5 x 10°kg. For k= — 3, increase the mass estimate by a factor
of 10; for k = — 4, decrease the estimate by a factor of 10 (e.g.,
see Tubiana et al. 2015).

4.3. Lack of Boulders in Outburst Ejecta

In the HST images, there was no evidence for ejecta from
outburst C, including point sources. The lack of boulder-sized
ejecta may be because: none were ejected, they were smaller
than ~2 m in radius, they moved faster than 23 ms~! in the
plane of the sky, or they disintegrated before Hubble Space
Telescope could observe them. Whether or not any fragments
larger than 2 m were ejected is difficult to assess. The mass of a
2 m radius chunk of nucleus would be 2 x 10* kg, assuming a
density of 500kgm > for the nucleus (similar to comet 67P;
Jorda et al. 2016), well within the mass budget of the outburst
(nominally 2 x 10°kg, Table 2). However, fragments may be
no larger than ~10m, which have a mass of 2 x 10°kg. Note
that these arguments assume a constant power law from small
grains to macroscopic fragments.

Fragments with sizes near 10 m in radius have been observed
in cometary comae, with substantially long lifetimes. An outburst
of fragment B of comet 73P/Schwassmann-Wachmann 3 in 2006
produced mini-comets up to R~ 10-100m with lifetimes of
at least a month (Fuse et al. 2007; Ishiguro et al. 2009), and
small (R<30m) fragments of comet 332P/Ikeya-Murakami
survived for at least a few months (Jewitt et al. 2016). We can
estimate the lifetime of meter-size fragments by considering
the effects of sublimation: erosion and rotational spin-up to
fragmentation.

The sublimation rate of water ice at 1.0 au in contact with
low-albedo material (Bond albedo of 5%, i.e., a cometary
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surface) is 3.6 x 10'” molecules s~ ' cm 2 for a slowly rotating
sphere (estimated following Cowan & A’Hearn 1979). Assum-
ing an ice-to-dust mass ratio of 0.2 (e.g., Rotundi et al. 2015),
and a 1:1 mixture of silicates (3300 kg m>) and carbonaceous
dust (1500 kg m73) (Bardyn et al. 2017; Woodward et al.
2021), the mean erosion rate is 9cm dayfl. This estimate
assumes a 100% active fraction (water production rate / water
ice sublimation rate), whereas comet active fractions are
typically 10% or less (A’Hearn et al. 1995), reducing the
erosion rate to 9 mm day_l. Thus, the lifetime of a meter-sized
fragment due to erosion driven by water ice may be about 100
days, but not much less than 10 days.

Rotational spin-up of mini-fragments to disintegration has
been previously considered. Jewitt et al. (2020) estimate a few
hours to a day for a 1 m object at r, =1 au, based on the
(scaled) torque imparted on the nucleus of 9P/Tempel 1, as
estimated by Belton et al. (2011). Steckloff & Jacobson (2016)
use the YORP formalism to estimate the sublimation-driven
spin-up to disintegration in order to describe the formation of
tail striae. Based on their approach, we compute a timescale of
at least 75 days for a 2 m object at 1 au. While it is possible that
large fragments could have disintegrated in the 35—40 hr after
ejection from the nucleus, we could not identify any ejecta
material in the HST images at all, whether produced by the
outburst itself or by the subsequent fragmentation of cometary
boulders. Our preferred conclusion is that no large (>2 m)
boulders were ejected.

4.4. Outburst Frequency

The six outbursts occur throughout the observed period.
Neglecting the significant gaps in the lightcurve where small
events may have taken place (especially near —40, 480, and
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4160 days), we list the time elapsed between each outburst,
At, in Table 2 and plot ejecta mass versus At in Figure 9. There
is an intriguing correlation between Ar and the amount of
material ejected. Pearson’s correlation coefficient calculated for
At and log;, M is 0.89, indicating a strong significance.

In an attempt to better understand the cause of the apparent
correlation, we estimated the solar radiant exposure, H, based on
the comet—Sun distance over the time periods between outbursts,
and list them in Table 2 (assuming a solar luminosity of
3.828 x 10%° W; Prfa et al. 2016). The correlation is not as good
(0.58), as seen in Figure 9. All five outbursts occur within a
narrow range of radiant exposures, from 2 to 6 x 109Jm72,
despite spanning two orders of magnitude in mass / cross-
sectional area. However, our radiant exposure calculation does not
consider the source location, pole orientation, or local topography.

With a pole solution and the assumption of a spherical
nucleus, we can explore if a single source illuminated by the
Sun could be responsible for all six outbursts. The best pole
solutions of Knight et al. (2021) indicate a high obliquity, with
equinox near perihelion. Thus, a near-equatorial source could
be illuminated during each outburst. For their best pole
solution, RA, Dec = 319°, —5° (obliquity of 70°), we find that
planetocentric latitudes from —20° to +30° are illuminated
during outbursts A through G (5° steps were tested).

We recalculated the solar radiant energy, this time considering
a single source region on a rotating spherical nucleus with the
pole orientation of 46P from Knight et al. (2021) and latitudes
from -20° to +30°. We searched for solutions that would
improve the mass—energy correlation. More southern latitudes
greatly reduced the amount of energy received before outburst E
occurred. We show a latitude of —20° in Figure 9 as an example.
Due to the change in energy for event E, the correlation
coefficient between log,, M and log,, H increased from 0.58 to
0.79. However, the scatter between events B, C, D, and G was
not improved. This exercise does not demonstrate that these
events are all physically connected, but assuming that they are,
insolation is likely not responsible for the correlation between
ejecta mass and time since the last event.

5. Discussion
5.1. Other Observations of Wirtanen’s Outbursts

Farnham et al. (2019) and Farnham et al. (2021) observed
outbursts B, C, and D. Farnham et al. (2019) analyzed TESS
observations of outburst B. They found dust expansion speeds
of a few tens of ms™!, based on the size of their photometric
aperture (25,000 km radius) and the centrally condensed
appearance in the images (7900 km pixel ') that lasted up to
20 days. Farnham et al. (2021) observed outbursts C and D in
ground-based images with a cadence near 1 hr, allowing
them to estimate dust expansion speeds of 68+5 and
162+ 15ms™ !, respectively. Our temporal resolution is
coarser than that of Farnham et al. (2021), but our estimated
expansion speed for the anti-sunward ejecta in outburst C,
55+3ms ', is in agreement. The fast-moving material in
outburst C (250 ms~!) is less than a factor of two faster than
the Farnham et al. (2021) measurement of outburst D.

Combi et al. (2020) and Combi (2020) analyzed SOHO/
SWAN observations of comet Wirtanen’s atomic hydrogen
coma in order to estimate water production rates, and identified
two post-perihelion outbursts in the 2002 apparition, with
peaks at 15 and 36 days after perihelion. The effective water
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production rates increased by a factor of 4 to 5, but note that the
photometric aperture is large (8° radius) and includes ~2-3
days of activity. Assuming 2 days of averaging, the effective
number of water molecules from each of the outbursts is about
~1 x 10**, or about 3 x 10®kg. These are significantly larger
then what we observed in 2018 by two to three orders of
magnitude. The frequency of these large events over the
observed 75 day period is 0.027 day ', compared to our rate of
6 in 352 days (0.017 day ). However, if we consider the entire
SOHO data set, which has good temporal coverage for 209
days spread out over four perihelion passages (1997, 2002,
2008, and 2018), the rate becomes 0.009 6 dayfl, or about one
large event per perihelion passage.

Unfortunately, none of our outbursts are covered by their 2018/
2019 data set. There are three anomalously high (~2¢) points in
the 2018 water production rate time series near 29.15 to 31.15
days after perihelion. Our single photometry point (a 2.3¢ outlier)
at 30.32 days does not confirm any dust outburst at that time.

The large outburst frequency based on the SOHO data
(~1 per perihelion passage) is borne out in optical lightcurves
of comet Wirtanen: Kidger (2008) reports a —2 mag outburst in
a 10” radius aperture (1.2 x 10*km) 103 days after perihelion,
with good temporal coverage over 220 days; in the assembled
lightcurve by Yoshida (2013), a ~—4mag outburst’' is
apparent 29 days after the 2002 perihelion (this is likely the
same as the second event observed by SOHO); Kidger (2004)
have sparsely sampled data in 2002, but suggest another
possible outburst near 215 days after perihelion (observed after
a ~70 day gap in coverage). This may be coincident with our
outburst G, except it is separated in time by two orbital periods.

5.2. Mini-outbursts of Wirtanen and Other Comets

In terms of mass, the outbursts of comet Wirtanen are similar
to the mini-outbursts of comet 9P/Tempell and 67P/
Churyumov-Gerasimenko. At comet 67P, the ejecta mass
estimates are of order 10 to 107 kg, based on the analysis of 34
outbursts by Vincent et al. (2016). They also reanalyzed the
2005 July 02 outburst of comet 9P, and with the same
assumptions and techniques, estimated a mass of 5 x 10° kg.
Other mini-outbursts of 9P are the same order of magnitude or
smaller (Farnham et al. 2007). With the grain parameters of
Vincent et al. (2016), dn/da = a=*° for 1-50 pm in radius, we
recalculated the ejecta masses of the Wirtanen outbursts:
5.9 x 10* t0 9.3 x 10°kg (events E and G, respectively). Thus,
the Wirtanen outbursts are the same order of magnitude to one
order larger than the events at 9P and 67P.

Vincent et al. (2016) estimated the source locations for the
67P mini-outbursts, and found they were correlated with
regional boundaries, especially near steep scarps or cliffs.
Indeed, Griin et al. (2016) correlated an outburst to sunrise on a
cliff, Pajola et al. (2017) directly connected an outburst to an
observed cliff collapse, and Agarwal et al. (2017) associated an
outburst with the collapse of an overhanging wall.

At comet 9P, a correlation with areas of high topographical
relief or pits has been suggested by Belton et al. (2008). The
relationship is intriguing but uncertain. Belton et al. (2008)
analyzed broad ejecta patterns back to planetocentric coordi-
nates of an unresolved nucleus, whereas Vincent et al. (2016)
worked with nucleus-resolved data and in some circumstances

31 First observed by K. Kadota (Ageo, Japan): https: //groups.io/g/comets-
ml/message/2585.
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Table 3
Summary of Mini-outburst Frequencies
Comet f A f/A References
(day™") (km?) (day~' km™?)
67P /Churyumov-Gerasimenko 0.8 46.9 0.02 Vincent et al. (2016); Jorda et al. (2016)
9P/Tempel 1 1.2 108 0.011 Belton et al. (2008); Thomas et al. (2013a)
46P /Wirtanen 0.017 3.94 0.004 3 Boehnhardt et al. (2002); This work
103P/Hartley 2 <0.02 5.24 <0.004 A’Hearn et al. (2011); Meech et al. (2011); Thomas et al. (2013b); This work

Note. Here, f denotes outburst frequency, and A is nuclear surface area.

could visually pinpoint the outburst source to the pixel level.
The techniques of Belton et al. (2008) inherently assume the
nucleus is spherical and the outburst ejected normal to the
surface. However, 9P is faceted, and many of these facets face
the same direction. Therefore, the projection of planetocentric
coordinates to the shape model is multivalued, and the source
regions for the 9P mini-outbursts are uncertain.

No outburst equivalent to those seen at 67P, 9P, and 46P was
observed at 103P/Hartley 2. Meech et al. (2011) note an
outburst of 103P on 2010 September 16 based on water
production rates but without additional details, and the event
was not seen in SOHO observations of the Ho coma (Combi
et al. 2011). Lin et al. (2013) tentatively associate a relative
change in jet brightness in processed data with an outburst, but
also consider changes in grain properties as a possibility. We
note that the comet’s lightcurve, as observed by Deep Impact,
has a three-peak pattern during this period (A’Hearn et al.
2011; Bodewits et al. 2018), and that the time of the change
observed by Lin et al. (2013) corresponds to the brightest of the
three peaks.

We take the analyses of the 67P mini-outbursts as a guide,
and assume most or all mini-outbursts are related to steep
scarps, cliffs, and other features of high topography. If true,
then the differences in outburst frequency between 67P, 9P,
and 103P are related to differences in terrain. That is, the
paucity of large cliffs, etc., on the nucleus of 103P results in a
lack of mini-outbursts by that comet. We compare the surface
area normalized observed frequency of mini-outbursts at
comets 67P, 9P, 46P, and 103P in Table 3 (references to
outburst rates and nuclear surface area are contained therein).
An upper limit to the outburst frequency of comet 103P is
based on the lack of outbursts observed for this comet during
the 2010 perihelion. No outbursts were observed over the 180
day lightcurve of Meech et al. (2011). If 103P had the same rate
of mini-outbursts as 46P, two to three events could have been
seen, but details on whether or not they would have been
detected depend on observing circumstances and cadence.
Perhaps the most sensitive monitoring was executed with the
Deep Impact spacecraft over a period of approximately three
months (A’Hearn et al. 2011), but without any reported events
(one to two would have been expected). Thus, we estimate
103P’s mini-outburst rate to be no more than that of 46P, or
<0.004 day ' km 2. We find that comet 67P and 9P have
outburst frequencies two orders of magnitude larger than those
of 46P and 103P. Most of this difference is due to the large
nuclear surface areas of 67P and 9P. However, the area
normalized rates are still ~3 to 5 times larger than those of 46P
and 103P. If 46P had the same area-normalized outburst
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frequency as 67P, then we could have seen 27 outbursts in our
data set.

Vincent et al. (2017) identified a correlation between nuclear
surface topography and insolation at comet 67P. Based on an
analysis of cliff heights (~10-100 m scale), they found that
regions exposed to more sunlight have fewer large cliffs, and
proposed that the erosion of surfaces relaxes their topographies.
They continued by analyzing the surfaces of other comets
visited by spacecraft, and suggested an evolutionary sequence
from comets 81P/Wild2 and 67P (roughest), to 9P (inter-
mediate), and finally to 103P (smoothest). Kokotanekova et al.
(2018) hypothesized a similar sequence, based on a correlation
between nuclear phase function and albedo. We build upon
these results, adding the correlation between outbursts and
cliffs and steep scarps at 67P, and propose that the frequency of
mini-outbursts is also correlated with topography. With respect
to surface topography and erosion, comet 46P appears to be in
a evolutionary state intermediate to 103P and 9P. The
interpretation that 46P is similar to 103P in terms of surface
topography and evolution relies on the assumption that comet
9P’s outbursts are related to steep topography, and that 103P’s
lack of outbursts is due to its smoother terrain. In other words,
we assume that the mini-outbursts of 67P are representative of
mini-outbursts on all comets. It is possible that 46P’s outbursts
are instead caused by another mechanism (Section 1). In
Section 4.4, we attempted to understand whether the outbursts
could be caused by a single physically connected system driven
by insolation, but we could not account for the apparent
correlation between ejecta mass and time delay. However, we
can only approximate the illumination conditions of the surface
with a spherical nucleus, so our energy calculations may not be
relevant. Furthermore, there may be nonlinear effects, where a
small amount of input energy releases a substantial amount of
stored energy. An example of this latter point may be found in
the study of a mini-outburst observed at 67P by Agarwal et al.
(2017). They found that a cliff collapse or crack formation
likely initiated the event, but that the dust mass loading and
speed was inconsistent with free sublimation of ices. They
posited that a subsurface pressurized gas bubble or the
exothermic amorphous-to-crystalline phase transition of water
ice provided additional energy to the event. The kinetic energy
per unit mass has been used as a metric to test the origins of
cometary outbursts. Ishiguro et al. (2016) found that the kinetic
energy per unit mass for outbursts of 15P/Finlay, 17P/Holmes,
and 332P/Tkeya-Murakami are ~10* Jkg ™', suggesting similar
causes. Thus, studying the energetics and/or dust-to-gas ratio
of the 46P outbursts may help discern the driving mechanisms.
However, for small outbursts, acceleration from the ambient
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Figure 10. Relative outburst discoverability (Equation (3)) versus time from perihelion (7' — T},) for four comets. Discoverability is normalized to that of 46P at
perihelion in 2018, thus the same dust cross section that produces a —1 mag outburst at 46P at perihelion would produce an approximately —0.07 mag outburst at 67P
at perihelion in 2021. Comets and their perihelion years: 364P/PanSTARRS (2023), 46P/Wirtanen (2018), 67P/Churyumov-Gerasimenko (2021), and 81P/Wild 2
(2022). Observability of each target, e.g., solar elongation and brightness, has been ignored.

gas may need to be accounted for (some considerations for
ambient coma are given by Gicquel et al. 2017).

What remains to be addressed is the difference between the
circumstances of discovery for the mini-outbursts. Comet 67P’s
and 9P’s mini-outbursts were primarily observed by spacecraft.
However, two events were observed from the Earth: the 2005
June 14 outburst of 9P observed by Lara et al. (2006) and
Feldman et al. (2007) (see also the summary by Meech et al.
2005), and a tentative outburst on 2015 August 23 at comet
67P identified by Boehnhardt et al. (2016). The lack of events
observed at 67P from the Earth, despite the intensive
photometric monitoring of that comet (Snodgrass et al.
2017), can be explained by observing geometry and quiescent
activity levels. Setting aside the dependence on observation
cadence, the discoverability of an outburst, D, is inversely
proportional to the scattering cross-sectional area of dust in an
aperture, i.e., the Af term in Afp. Outbursts are also more
readily discovered at high spatial resolution, which reduces the
amount of ambient coma in favor of the point-source-like
outburst ejecta. Let p be inversely proportional to observer—
comet distance A (i.e., fixed angular sized apertures). Then, the
discoverability of outbursts is

p 1

Dox —ox ——.
Afp  AAfp

For the observational parameters of both comets near
perihelion, 1.8au and 1000cm for 67P (Snodgrass et al.
2017) and 0.08 au and 300 cm for 46P (this work), the ratio is
D(46P)/D(67P) =75. A —1 mag outburst of 46P at perihelion
in 2018 (i.e., outburst C) would correspond to a —0.03 mag
outburst of 67P in 2015 at its perihelion, assuming the same

3)
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dust physical parameters and photometric aperture angular
radius.

5.3. Potential for Future Mini-outburst Studies

The hypothesis that mini-outburst frequency is correlated
with surface topography could be tested with comet 81P/
Wild 2, which has many cliffs, pits, and rough surface features
and a surface area similar to 67P (Brownlee et al. 2004;
Vincent et al. 2017). Therefore, this comet may have a mini-
outburst every few days. However, comet 46P/Wirtanen in
2018/2019 provided favorable circumstances for the study of
cometary mini-outbursts, and we expect that outbursts of 81P at
perihelion in 2022 would be ~50 to ~70 times more difficult to
detect (based on the Afp measurements of 81P by Farnham &
Schleicher 2005), which may require creative solutions in order
to execute such a study. Close approaches to Earth are great
opportunities for mini-outburst discovery, but 81P will be no
closer than 0.65 au from the Earth in the next 100 years (JPL
Horizons orbit solution K162/9). The next expected cometary
close approach to Earth with a distance similar to 46P will be
364P/PanSTARRS in April 2023 (0.12 au, via the Center for
Near-Earth Object Studies’®), but low solar elongations
(minimum 45°) will affect the post-approach observability.
To illustrate the differences, we plot the relative discoverability
of outbursts at comets 67P in 2021/2022, 81P in 2022/2023,
46P in 2018/2019, and 364P in 2023, for 360 days about
perihelion in Figure 10. A() fp values and their variation with
heliocentric distance are approximated from results in the
literature (Farnham & Schleicher 2005; Pozuelos et al. 2014;

32 https://cneos.jpl.nasa.gov/ca/
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Boehnhardt et al. 2016; Snodgrass et al. 2017), except for
364P, which we based on the Minor Planet Center photometry
database (A(0°)fp=25cm for p=10", approximates small-
aperture photometry reported near perihelion).

Outbursts are common events with a wide range of strengths
(Ishiguro et al. 2016). Discoveries of outbursts have become
more prevalent in recent years, due to our increased ability to
monitor comets (both in the professional and amateur
communities), and with the increased efficiencies of survey
telescopes and precise all-sky photometric catalogs (e.g., PS1
and SkyMapper; Tonry et al. 2018b; Wolf et al. 2018).
Together, these advances increase our discovery efficiencies
and allow us to identify fainter events. We expect that current
and future cometary outburst surveys will continue to reveal
information about cometary behavior and the evolution of
cometary surfaces.

6. Summary

We identified six outbursts in a year-long lightcurve of
comet 46P/Wirtanen, with brightnesses ranging from —0.2 to
—1.6 mag with respect to the quiescent trend of the coma, as
measured in 5” radius apertures. The total geometric cross-
sectional area of dust in the ejecta ranged from 3 to 390 km?,
assuming sunlight scattered according to the Schleicher-Marcus
phase function. These areas correspond to 10°-10° kg of dust,
but with a factor of 10 uncertainty due to the unknown grain
size distribution. The mass estimates are similar to or one order
of magnitude larger than the mini-outbursts observed at comets
9P/Tempel 1 and 67P/Churyumov-Gerasimenko.

The expansion speed of material ejected by an outburst near
perihelion was at least 55+3ms ' and up to 250ms ",
projected to the plane of the sky. Hubble Space Telescope
images taken <2 days after the start of this outburst lack any sign
of macroscopic fragments (~2 m lower limit radius), or any
ejecta at all, indicating a minimum ejection speed of 23 ms ™.

The time difference between outbursts ranged from 26 to
124 days, and there appears to be a correlation between the
time elapsed and ejecta mass (or rather, cross-sectional area).
We attempted to account for the correlation with the amount of
insolation received at the surface by a single outburst source,
but our simplified model could not adequately explain the
correlation. More information about the geological or topo-
graphic circumstances, as well as the mechanism(s) of the
outbursts, may be needed to further consider this correlation.

The mini-outbursts of comet 67P are linked to steep scarps
and cliffs, and in some circumstances can be directly connected
to the collapse of such features (Vincent et al. 2019, and
references therein). Extending this relationship to the mini-
outbursts of comets 9P/Tempel 1, 103P/Hartley 2, and 46P,
suggests that 46P has fewer cliffs per area than 67P and 9P, and
is more similar to 103P. This comparison is in agreement with
the evolutionary sequence of Vincent et al. (2017), which is
based on a correlation between low topographical relief and
insolation on the surface of 67P.

Future studies of mini-outbursts and their relationship to
topography would help us understand cometary behavior and
nuclear surface evolution. Comet 81P/Wild 2 potentially may
have frequent mini-outbursts, but observational circumstances
from the Earth are less favorable for discovery than 46P at the
time of our study. However, comet 364P/PanSTARRS may
present an opportunity to study mini-outbursts in 2023
(A >0.12au). Furthermore, all spacecraft missions to
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cometary nuclei should consider observational campaigns
dedicated to outburst discovery.
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Lister 2019).

ORCID iDs

Michael S. P. Kelley © https: //orcid.org/0000-0002-
6702-7676

Tony L. Farnham @ https: //orcid.org/0000-0002-4767-9861
Jian-Yang Li Z=#1% © https: //orcid.org/0000-0003-
3841-9977


https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-6702-7676
https://orcid.org/0000-0002-4767-9861
https://orcid.org/0000-0002-4767-9861
https://orcid.org/0000-0002-4767-9861
https://orcid.org/0000-0002-4767-9861
https://orcid.org/0000-0002-4767-9861
https://orcid.org/0000-0002-4767-9861
https://orcid.org/0000-0002-4767-9861
https://orcid.org/0000-0002-4767-9861
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977
https://orcid.org/0000-0003-3841-9977

THE PLANETARY SCIENCE JOURNAL, 2:131 (18pp), 2021 August

Dennis Bodewits @ https: //orcid.org/0000-0002-2668-7248
Colin Snodgrass @ https: //orcid.org/0000-0001-9328-2905
Eric C. Bellm ® https: //orcid.org/0000-0001-8018-5348
Michael W. Coughlin @ https: //orcid.org,/0000-0002-
8262-2924

Dmitry A. Duev © https: //orcid.org/0000-0001-5060-8733
Matthew J. Graham ® https: //orcid.org/0000-0002-3168-0139
Thomas Kupfer @ https: //orcid.org /0000-0002-6540-1484
Frank J. Masci @ https: //orcid.org/0000-0002-8532-9395
M. Dominik ® https: //orcid.org/0000-0002-3202-0343

U. G. Jgrgensen @ https: //orcid.org/0000-0001-7303-914X
A. E. Andrews @ https: //orcid.org/0000-0001-7900-065X
V. Bozza © https: //orcid.org/0000-0003-4590-0136

M. J. Burgdorf ® https: //orcid.org/0000-0002-5854-4217
J. Campbell-White ® https: //orcid.org/0000-0002-3913-3746
S. Dib @ https: //orcid.org/0000-0002-8697-9808

Y. L. Fujii © https: //orcid.org/0000-0002-3648-0507

T. C. Hinse © https: //orcid.org/0000-0001-8870-3146

M. Hundertmark @ https: //orcid.org /0000-0003-0961-5231
E. Khalouei ® https: //orcid.org/0000-0001-5098-4165

P. Longa-Pefia © https: //orcid.org/0000-0001-9330-5003
M. Rabus @ https: //orcid.org/0000-0003-2935-7196

S. Rahvar @ https: //orcid.org/0000-0002-7084-5725

S. Sajadian ® https: //orcid.org,/0000-0002-2859-1071

J. Skottfelt @ https: //orcid.org/0000-0003-1310-8283

J. Tregloan-Reed ® https: //orcid.org/0000-0002-9024-4185

References

Agarwal, J., Della Corte, V., Feldman, P. D, et al. 2017, MNRAS, 469, s606

A’Hearn, M. F. 2017, RSPTA, 375, 20160261

A’Hearn, M. F., Belton, M. J. S., Delamere, W. A, et al. 2005, Sci, 310, 258

A’Hearn, M. F., Belton, M. J. S., Delamere, W. A, et al. 2011, Sci, 332, 1396

A’Hearn, M. F., & Cowan, J. J. 1975, AJ, 80, 852

A’Hearn, M. F., Millis, R. L., Schleicher, D. G., Osip, D. J., & Birch, P. V.
1995, Icar, 118, 223

A’Hearn, M. F., Schleicher, D. G., Millis, R. L., Feldman, P. D., &
Thompson, D. T. 1984, AJ, 89, 579

A’Hearn, M. F., Vincent, J. B. & Osiris Team 2016, LPSC, 47, 2678

Astropy Collaboration, Price-Whelan, A. M., Sip6cz, B. M., et al. 2018, AJ,
156, 123

Barbary, K. 2016, JOSS, 1, 58

Bardyn, A., Baklouti, D., Cottin, H., et al. 2017, MNRAS, 469, S712

Bellm, E. C., Kulkarni, S. R., Barlow, T., et al. 2019b, PASP, 131, 068003

Bellm, E. C., Kulkarni, S. R., Graham, M. J., et al. 2019a, PASP, 131, 018002

Belton, M. J. S., Feldman, P. D., A’Hearn, M. F., & Carcich, B. 2008, Icar,
198, 189

Belton, M. J. S., Meech, K. J., Chesley, S., et al. 2011, Icar, 213, 345

Bevington, P. R., & Robinson, D. K. 1992, Data reduction and Error Analysis
for the Physical Sciences (2nd edn.; New York: McGraw-Hill)

Bockelée-Morvan, D., Rinaldi, G., Erard, S., et al. 2017, MNRAS, 469, S443

Bodewits, D., Farnham, T., & A’Hearn, M. 2018, EPOXI MRI-VIS 103P/
Hartley 2 Encounter Photometry Collection, NASA Planetary Data System,
https://pdssbn.astro.umd.edu/holdings /pds4-epoxi_mri:hartley2_
photometry-v1.0/SUPPORT /dataset.shtml

Boehnhardt, H. 2004, in Comets II, ed. M. C. Festou, H. U. Keller, &
H. A. Weaver (Tucson, AZ: Univ. Arizona Press), 301

Boehnhardt, H., Delahodde, C., Sekiguchi, T., et al. 2002, A&A, 387, 1107

Boehnhardt, H., Riffeser, A., Kluge, M., et al. 2016, MNRAS, 462, S376

Bonamente, E., Christian, D. J., Xing, Z., et al. 2020, PSJ, submitted

Bradley, L., Sip6cz, B., Robitaille, T., et al. 2021, astropy/photutils, 1.0.2,
Zenodo, doi:10.5281/zenodo.4453725

Brownlee, D. E., Horz, F., Newburn, R. L., et al. 2004, Sci, 304, 1764

Buie, M. W. 2010, AdAst, 2010, 130172

Burns, J. A., Lamy, P. L., & Soter, S. 1979, Icar, 40, 1

Combi, M. 2020, SOHO SWAN Derived Cometary Water Production Rates
Collection v2.0, NASA Planetary Data System, https://pdssbn.astro.umd.
edu/holdings/pds4-soho:swan_derived-v1.0/SUPPORT /dataset.shtml

Combi, M. R., Bertaux, J.-L., Quémerais, E., Ferron, S., & Mikinen, J. T. T.
2011, ApJL, 734, L6

17

Kelley et al.

Combi, M. R., Harris, W. M., & Smyth, W. H. 2004, in Comets II, ed.
M. C. Festou, H. U. Keller, & H. A. Weaver (Tucson, AZ: Univ. Arizona
Press), 52

Combi, M. R., Mikinen, T., Bertaux, J. L., et al. 2020, PSJ, 1, 72

Cowan, J. J., & A’Hearn, M. F. 1979, Moon Planet, 21, 155

Farnham, T. L., Kelley, M. S. P., Knight, M. M., & Feaga, L. M. 2019, ApJL,
886, L.24

Farnham, T. L., Knight, M. M., Schleicher, D. G., et al. 2021, PSJ, 7, 2

Farnham, T. L., & Schleicher, D. G. 2005, Icar, 173, 533

Farnham, T. L., Wellnitz, D. D., Hampton, D. L., et al. 2007, Icar, 191, 146

Feldman, P. D., McCandliss, S. R., Route, M., et al. 2007, Icar, 187, 113

Fink, U. 2009, Icar, 201, 311

Fink, U., Hicks, M. D., Fevig, R. A., & Collins, J. 1998, A&A, 335, L37

Fink, U., & Rubin, M. 2012, Icar, 221, 721

Fulle, M. 2000, Icar, 145, 239

Fulle, M., Marzari, F., Della Corte, V., et al. 2016, ApJ, 821, 19

Fuse, T., Yamamoto, N., Kinoshita, D., Furusawa, H., & Watanabe, J.-I1. 2007,
PASJ, 59, 381

Gennaro, M. et al. (ed.) 2018, WFC3 Data Handbook, v4.0 (Baltimore, MD:
STScl)

Gicquel, A., Rose, M., Vincent, J. B., et al. 2017, MNRAS, 469, S178

Ginsburg, A., Sip6cz, B. M., Brasseur, C. E., et al. 2019, AJ, 157, 98

Giorgini, J. D., Yeomans, D. K., Chamberlin, A. B., et al. 1996, BAAS,
28, 1158

Graham, M. J., Kulkarni, S. R., Bellm, E. C., et al. 2019, PASP, 131, 078001

Green, S. F., McDonnell, J. A. M., McBride, N., et al. 2004, JGRE, 109,
E12S04

Griin, E., Agarwal, J., Altobelli, N., et al. 2016, MNRAS, 462, S220

Haberreiter, M., Scholl, M., Dudok de Wit, T., et al. 2017, JGRA, 122, 5910

Hughes, D. W. 1990, QJRAS, 31, 69

Ishiguro, M., Kuroda, D., Hanayama, H., et al. 2016, AJ, 152, 169

Ishiguro, M., Usui, F., Sarugaku, Y., & Ueno, M. 2009, Icar, 203, 560

Jacob, J. C., Katz, D. S., Berriman, G. B., et al. 2010, Montage: An
Astronomical Image Mosaicking Toolkit, ascl:1010.036

Jeschke, E., Inagaki, T., & Kackley, R. 2013, in ASP Conf. Ser. 475,
Astronomical Data Analysis Software and Systems XXII, ed. D. N. Friedel
(San Francisco, CA: ASP),319

Jewitt, D., Kim, Y., Mutchler, M., et al. 2020, ApJL, 896, L39

Jewitt, D., Mutchler, M., Weaver, H., et al. 2016, ApJL, 829, L8

Jorda, L., Gaskell, R., Capanna, C., et al. 2016, Icar, 277, 257

Joye, W. A., & Mandel, E. 2003, in ASP Conf. Ser. 295, Astronomical Data
Analysis Software and Systems XII, ed. H. E. Payne, R. I. Jedrzejewski, &
R. N. Hook (San Francisco, CA: ASP), 489

Kelley, M. S. P., Bodewits, D., Ye, Q., et al. 2019a, RNAAS, 3, 126

Kelley, M. S. P., Bodewits, D., Ye, Q., et al. 2019b, in ASP Conf. Ser. 523,
ADASS XXVIII, ed. P. J. Teuben et al. (San Francisco, CA: ASP),471

Kelley, M. S. P., & Lister, T. 2019, calviacat: Calibrate star photometry by
comparison to a catalog, 1.0.2, Zenodo, doi:10.5281/zenodo.2635841

Kidger, M. R. 2004, A&A, 420, 389

Kidger, M. R. 2008, Comet 46P/Wirtanen:
theastronomer.org /tacirc/2008 /¢2446.txt

Knight, M. M., Schleicher, D. G., & Farnham, T. L. 2021, PSJ, 2, 104

Knollenberg, J., Lin, Z. Y., Hviid, S. F., et al. 2016, A&A, 596, A89

Kokotanekova, R., Snodgrass, C., Lacerda, P., et al. 2018, MNRAS, 479, 4665

Kronk, G. W., Meyer, M., & Seargent, D. A. J. 2017, Cometography: A
Catalog of Comets, Vol. 6 (Cambridge: Cambridge Univ. Press), 1983

Laher, R. R., Gorjian, V., Rebull, L. M., et al. 2012, PASP, 124, 737

Lamy, P. L., Toth, L, Jorda, L., Weaver, H. A., & A’Hearn, M. 1998, A&A,
335, L25

Lara, L. M., Boehnhardt, H., Gredel, R., et al. 2006, A&A, 445, 1151

Lin, Z.-Y., Lara, L. M., & Ip, W.-H. 2013, AJ, 146, 4

Masci, F. J., Laher, R. R., Rusholme, B., et al. 2019, PASP, 131, 018003

McCully, C., Crawford, S., Kovacs, G., et al. 2018, astropy/astroscrappy:
v1.0.5, Zenodo, doi:10.5281/zenodo.148

McDonnell, J. A. M., Evans, G. C., Evans, S. T., et al. 1987, A&A, 187, 719

Meech, K. J., Ageorges, N., A’Hearn, M. F., et al. 2005, Sci, 310, 265

Meech, K. J., A’Hearn, M. F., Adams, J. A., et al. 2011, ApJL, 734, L1

Merouane, S., Stenzel, O., Hilchenbach, M., et al. 2017, MNRAS, 469, S459

Miles, R. 2016, Icar, 272, 356

Minor Planet Center 2019, Minor Planet Circulars/Minor Planets and Comets
(Cambridge, MA: Minor Planet Center, Smithsonian Astrophysical
Observatory), https://www.minorplanetcenter.net/iau/ECS/MPCArchive/
2019/MPC_20190518.pdf

Mommert, M., Hora, J. L., Harris, A. W., et al. 2014, ApJ, 781, 25

Pajola, M., Hofner, S., Vincent, J. B., et al. 2017, NatAs, 1, 0092

Patashnick, H. 1974, Natur, 250, 313

Outburst, http://www.


https://orcid.org/0000-0002-2668-7248
https://orcid.org/0000-0002-2668-7248
https://orcid.org/0000-0002-2668-7248
https://orcid.org/0000-0002-2668-7248
https://orcid.org/0000-0002-2668-7248
https://orcid.org/0000-0002-2668-7248
https://orcid.org/0000-0002-2668-7248
https://orcid.org/0000-0002-2668-7248
https://orcid.org/0000-0001-9328-2905
https://orcid.org/0000-0001-9328-2905
https://orcid.org/0000-0001-9328-2905
https://orcid.org/0000-0001-9328-2905
https://orcid.org/0000-0001-9328-2905
https://orcid.org/0000-0001-9328-2905
https://orcid.org/0000-0001-9328-2905
https://orcid.org/0000-0001-9328-2905
https://orcid.org/0000-0001-8018-5348
https://orcid.org/0000-0001-8018-5348
https://orcid.org/0000-0001-8018-5348
https://orcid.org/0000-0001-8018-5348
https://orcid.org/0000-0001-8018-5348
https://orcid.org/0000-0001-8018-5348
https://orcid.org/0000-0001-8018-5348
https://orcid.org/0000-0001-8018-5348
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0002-8262-2924
https://orcid.org/0000-0001-5060-8733
https://orcid.org/0000-0001-5060-8733
https://orcid.org/0000-0001-5060-8733
https://orcid.org/0000-0001-5060-8733
https://orcid.org/0000-0001-5060-8733
https://orcid.org/0000-0001-5060-8733
https://orcid.org/0000-0001-5060-8733
https://orcid.org/0000-0001-5060-8733
https://orcid.org/0000-0002-3168-0139
https://orcid.org/0000-0002-3168-0139
https://orcid.org/0000-0002-3168-0139
https://orcid.org/0000-0002-3168-0139
https://orcid.org/0000-0002-3168-0139
https://orcid.org/0000-0002-3168-0139
https://orcid.org/0000-0002-3168-0139
https://orcid.org/0000-0002-3168-0139
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-6540-1484
https://orcid.org/0000-0002-8532-9395
https://orcid.org/0000-0002-8532-9395
https://orcid.org/0000-0002-8532-9395
https://orcid.org/0000-0002-8532-9395
https://orcid.org/0000-0002-8532-9395
https://orcid.org/0000-0002-8532-9395
https://orcid.org/0000-0002-8532-9395
https://orcid.org/0000-0002-8532-9395
https://orcid.org/0000-0002-3202-0343
https://orcid.org/0000-0002-3202-0343
https://orcid.org/0000-0002-3202-0343
https://orcid.org/0000-0002-3202-0343
https://orcid.org/0000-0002-3202-0343
https://orcid.org/0000-0002-3202-0343
https://orcid.org/0000-0002-3202-0343
https://orcid.org/0000-0002-3202-0343
https://orcid.org/0000-0001-7303-914X
https://orcid.org/0000-0001-7303-914X
https://orcid.org/0000-0001-7303-914X
https://orcid.org/0000-0001-7303-914X
https://orcid.org/0000-0001-7303-914X
https://orcid.org/0000-0001-7303-914X
https://orcid.org/0000-0001-7303-914X
https://orcid.org/0000-0001-7303-914X
https://orcid.org/0000-0001-7900-065X
https://orcid.org/0000-0001-7900-065X
https://orcid.org/0000-0001-7900-065X
https://orcid.org/0000-0001-7900-065X
https://orcid.org/0000-0001-7900-065X
https://orcid.org/0000-0001-7900-065X
https://orcid.org/0000-0001-7900-065X
https://orcid.org/0000-0001-7900-065X
https://orcid.org/0000-0003-4590-0136
https://orcid.org/0000-0003-4590-0136
https://orcid.org/0000-0003-4590-0136
https://orcid.org/0000-0003-4590-0136
https://orcid.org/0000-0003-4590-0136
https://orcid.org/0000-0003-4590-0136
https://orcid.org/0000-0003-4590-0136
https://orcid.org/0000-0003-4590-0136
https://orcid.org/0000-0002-5854-4217
https://orcid.org/0000-0002-5854-4217
https://orcid.org/0000-0002-5854-4217
https://orcid.org/0000-0002-5854-4217
https://orcid.org/0000-0002-5854-4217
https://orcid.org/0000-0002-5854-4217
https://orcid.org/0000-0002-5854-4217
https://orcid.org/0000-0002-5854-4217
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-3913-3746
https://orcid.org/0000-0002-8697-9808
https://orcid.org/0000-0002-8697-9808
https://orcid.org/0000-0002-8697-9808
https://orcid.org/0000-0002-8697-9808
https://orcid.org/0000-0002-8697-9808
https://orcid.org/0000-0002-8697-9808
https://orcid.org/0000-0002-8697-9808
https://orcid.org/0000-0002-8697-9808
https://orcid.org/0000-0002-3648-0507
https://orcid.org/0000-0002-3648-0507
https://orcid.org/0000-0002-3648-0507
https://orcid.org/0000-0002-3648-0507
https://orcid.org/0000-0002-3648-0507
https://orcid.org/0000-0002-3648-0507
https://orcid.org/0000-0002-3648-0507
https://orcid.org/0000-0002-3648-0507
https://orcid.org/0000-0001-8870-3146
https://orcid.org/0000-0001-8870-3146
https://orcid.org/0000-0001-8870-3146
https://orcid.org/0000-0001-8870-3146
https://orcid.org/0000-0001-8870-3146
https://orcid.org/0000-0001-8870-3146
https://orcid.org/0000-0001-8870-3146
https://orcid.org/0000-0001-8870-3146
https://orcid.org/0000-0003-0961-5231
https://orcid.org/0000-0003-0961-5231
https://orcid.org/0000-0003-0961-5231
https://orcid.org/0000-0003-0961-5231
https://orcid.org/0000-0003-0961-5231
https://orcid.org/0000-0003-0961-5231
https://orcid.org/0000-0003-0961-5231
https://orcid.org/0000-0003-0961-5231
https://orcid.org/0000-0001-5098-4165
https://orcid.org/0000-0001-5098-4165
https://orcid.org/0000-0001-5098-4165
https://orcid.org/0000-0001-5098-4165
https://orcid.org/0000-0001-5098-4165
https://orcid.org/0000-0001-5098-4165
https://orcid.org/0000-0001-5098-4165
https://orcid.org/0000-0001-5098-4165
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0001-9330-5003
https://orcid.org/0000-0003-2935-7196
https://orcid.org/0000-0003-2935-7196
https://orcid.org/0000-0003-2935-7196
https://orcid.org/0000-0003-2935-7196
https://orcid.org/0000-0003-2935-7196
https://orcid.org/0000-0003-2935-7196
https://orcid.org/0000-0003-2935-7196
https://orcid.org/0000-0003-2935-7196
https://orcid.org/0000-0002-7084-5725
https://orcid.org/0000-0002-7084-5725
https://orcid.org/0000-0002-7084-5725
https://orcid.org/0000-0002-7084-5725
https://orcid.org/0000-0002-7084-5725
https://orcid.org/0000-0002-7084-5725
https://orcid.org/0000-0002-7084-5725
https://orcid.org/0000-0002-7084-5725
https://orcid.org/0000-0002-2859-1071
https://orcid.org/0000-0002-2859-1071
https://orcid.org/0000-0002-2859-1071
https://orcid.org/0000-0002-2859-1071
https://orcid.org/0000-0002-2859-1071
https://orcid.org/0000-0002-2859-1071
https://orcid.org/0000-0002-2859-1071
https://orcid.org/0000-0002-2859-1071
https://orcid.org/0000-0003-1310-8283
https://orcid.org/0000-0003-1310-8283
https://orcid.org/0000-0003-1310-8283
https://orcid.org/0000-0003-1310-8283
https://orcid.org/0000-0003-1310-8283
https://orcid.org/0000-0003-1310-8283
https://orcid.org/0000-0003-1310-8283
https://orcid.org/0000-0003-1310-8283
https://orcid.org/0000-0002-9024-4185
https://orcid.org/0000-0002-9024-4185
https://orcid.org/0000-0002-9024-4185
https://orcid.org/0000-0002-9024-4185
https://orcid.org/0000-0002-9024-4185
https://orcid.org/0000-0002-9024-4185
https://orcid.org/0000-0002-9024-4185
https://orcid.org/0000-0002-9024-4185
https://doi.org/10.1093/mnras/stx2386
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469S.606A/abstract
https://ui.adsabs.harvard.edu/abs/2017RSPTA.37560261A/abstract
https://doi.org/10.1126/science.1118923
https://ui.adsabs.harvard.edu/abs/2005Sci...310..258A/abstract
https://doi.org/10.1126/science.1204054
https://ui.adsabs.harvard.edu/abs/2011Sci...332.1396A/abstract
https://doi.org/10.1086/111821
https://ui.adsabs.harvard.edu/abs/1975AJ.....80..852A/abstract
https://doi.org/10.1006/icar.1995.1190
https://ui.adsabs.harvard.edu/abs/1995Icar..118..223A/abstract
https://doi.org/10.1086/113552
https://ui.adsabs.harvard.edu/abs/1984AJ.....89..579A/abstract
https://ui.adsabs.harvard.edu/abs/2016LPI....47.2678A/abstract
https://doi.org/10.3847/1538-3881/aac387
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://ui.adsabs.harvard.edu/abs/2018AJ....156..123A/abstract
https://doi.org/10.21105/joss.00058
https://ui.adsabs.harvard.edu/abs/2016JOSS....1...58B/abstract
https://doi.org/10.1093/mnras/stx2640
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469S.712B/abstract
https://doi.org/10.1088/1538-3873/ab0c2a
https://ui.adsabs.harvard.edu/abs/2019PASP..131f8003B/abstract
https://doi.org/10.1088/1538-3873/aaecbe
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8002B/abstract
https://doi.org/10.1016/j.icarus.2008.07.009
https://ui.adsabs.harvard.edu/abs/2008Icar..198..189B/abstract
https://ui.adsabs.harvard.edu/abs/2008Icar..198..189B/abstract
https://doi.org/10.1016/j.icarus.2011.01.006
https://ui.adsabs.harvard.edu/abs/2011Icar..213..345B/abstract
https://doi.org/10.1093/mnras/stx1950
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469S.443B/abstract
https://pdssbn.astro.umd.edu/holdings/pds4-epoxi_mri:hartley2_photometry-v1.0/SUPPORT/dataset.shtml
https://pdssbn.astro.umd.edu/holdings/pds4-epoxi_mri:hartley2_photometry-v1.0/SUPPORT/dataset.shtml
https://ui.adsabs.harvard.edu/abs/2004come.book..301B/abstract
https://doi.org/10.1051/0004-6361:20020494
https://ui.adsabs.harvard.edu/abs/2002A&A...387.1107B/abstract
https://doi.org/10.1093/mnras/stw2859
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462S.376B/abstract
https://doi.org/10.5281/zenodo.4453725
https://doi.org/10.1126/science.1097899
https://ui.adsabs.harvard.edu/abs/2004Sci...304.1764B/abstract
https://doi.org/10.1155/2010/130172
https://ui.adsabs.harvard.edu/abs/2010AdAst2010E..32B/abstract
https://doi.org/10.1016/0019-1035(79)90050-2
https://ui.adsabs.harvard.edu/abs/1979Icar...40....1B/abstract
https://pdssbn.astro.umd.edu/holdings/pds4-soho:swan_derived-v1.0/SUPPORT/dataset.shtml
https://pdssbn.astro.umd.edu/holdings/pds4-soho:swan_derived-v1.0/SUPPORT/dataset.shtml
https://doi.org/10.1088/2041-8205/734/1/L6
https://ui.adsabs.harvard.edu/abs/2011ApJ...734L...6C/abstract
https://ui.adsabs.harvard.edu/abs/2004come.book..523C/abstract
https://doi.org/10.3847/PSJ/abb026
https://ui.adsabs.harvard.edu/abs/2020PSJ.....1...72C/abstract
https://doi.org/10.1007/BF00897085
https://ui.adsabs.harvard.edu/abs/1979M&P....21..155C/abstract
https://doi.org/10.3847/2041-8213/ab564d
https://ui.adsabs.harvard.edu/abs/2019ApJ...886L..24F/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...886L..24F/abstract
https://doi.org/10.3847/PSJ/abd091
https://ui.adsabs.harvard.edu/abs/2021PSJ.....2....7F/abstract
https://doi.org/10.1016/j.icarus.2004.08.021
https://ui.adsabs.harvard.edu/abs/2005Icar..173..533F/abstract
https://doi.org/10.1016/j.icarus.2006.10.038
https://ui.adsabs.harvard.edu/abs/2007Icar..191S.146F/abstract
https://doi.org/10.1016/j.icarus.2006.07.027
https://ui.adsabs.harvard.edu/abs/2007Icar..187..113F/abstract
https://doi.org/10.1016/j.icarus.2008.12.044
https://ui.adsabs.harvard.edu/abs/2009Icar..201..311F/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...335L..37F/abstract
https://doi.org/10.1016/j.icarus.2012.09.001
https://ui.adsabs.harvard.edu/abs/2012Icar..221..721F/abstract
https://doi.org/10.1006/icar.1999.6321
https://ui.adsabs.harvard.edu/abs/2000Icar..145..239F/abstract
https://doi.org/10.3847/0004-637X/821/1/19
https://ui.adsabs.harvard.edu/abs/2016ApJ...821...19F/abstract
https://doi.org/10.1093/pasj/59.2.381
https://ui.adsabs.harvard.edu/abs/2007PASJ...59..381F/abstract
https://doi.org/10.1093/mnras/stx1441
https://ui.adsabs.harvard.edu/abs/2017MNRAS.469S.178G/abstract
https://doi.org/10.3847/1538-3881/aafc33
https://ui.adsabs.harvard.edu/abs/2019AJ....157...98G/abstract
https://ui.adsabs.harvard.edu/abs/1996BAAS...28.1158G/abstract
https://ui.adsabs.harvard.edu/abs/1996BAAS...28.1158G/abstract
https://doi.org/10.1088/1538-3873/ab006c
https://ui.adsabs.harvard.edu/abs/2019PASP..131g8001G/abstract
https://doi.org/10.1029/2004JE002318
https://ui.adsabs.harvard.edu/abs/2004JGRE..10912S04G/abstract
https://ui.adsabs.harvard.edu/abs/2004JGRE..10912S04G/abstract
https://doi.org/10.1093/mnras/stw2088
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462S.220G/abstract
https://doi.org/10.1002/2016JA023492
https://ui.adsabs.harvard.edu/abs/2017JGRA..122.5910H/abstract
https://ui.adsabs.harvard.edu/abs/1990QJRAS..31...69H/abstract
https://doi.org/10.3847/0004-6256/152/6/169
https://ui.adsabs.harvard.edu/abs/2016AJ....152..169I/abstract
https://doi.org/10.1016/j.icarus.2009.04.030
https://ui.adsabs.harvard.edu/abs/2009Icar..203..560I/abstract
http://www.ascl.net/1010.036
https://ui.adsabs.harvard.edu/abs/2013ASPC..475..319J/abstract
https://doi.org/10.3847/2041-8213/ab99cb
https://ui.adsabs.harvard.edu/abs/2020ApJ...896L..39J/abstract
https://doi.org/10.3847/2041-8205/829/1/L8
https://ui.adsabs.harvard.edu/abs/2016ApJ...829L...8J/abstract
https://doi.org/10.1016/j.icarus.2016.05.002
https://ui.adsabs.harvard.edu/abs/2016Icar..277..257J/abstract
https://ui.adsabs.harvard.edu/abs/2003ASPC..295..489J/abstract
https://doi.org/10.3847/2515-5172/ab3fb4
https://ui.adsabs.harvard.edu/abs/2019RNAAS...3..126K/abstract
https://ui.adsabs.harvard.edu/abs/2019ASPC..523..471K/abstract
https://doi.org/10.5281/zenodo.2635841
https://doi.org/10.1051/0004-6361:20035877
https://ui.adsabs.harvard.edu/abs/2004A&A...420..389K/abstract
http://www.theastronomer.org/tacirc/2008/e2446.txt
http://www.theastronomer.org/tacirc/2008/e2446.txt
https://doi.org/10.3847/PSJ/abef6c
https://ui.adsabs.harvard.edu/abs/2021PSJ.....2..104K/abstract
https://doi.org/10.1051/0004-6361/201527744
https://ui.adsabs.harvard.edu/abs/2016A&A...596A..89K/abstract
https://doi.org/10.1093/mnras/sty1529
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.4665K/abstract
https://ui.adsabs.harvard.edu/abs/2017come.book.....K/abstract
https://doi.org/10.1086/666883
https://ui.adsabs.harvard.edu/abs/2012PASP..124..737L/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...335L..25L/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...335L..25L/abstract
https://doi.org/10.1051/0004-6361:20053833
https://ui.adsabs.harvard.edu/abs/2006A&A...445.1151L/abstract
https://doi.org/10.1088/0004-6256/146/1/4
https://ui.adsabs.harvard.edu/abs/2013AJ....146....4L/abstract
https://doi.org/10.1088/1538-3873/aae8ac
https://ui.adsabs.harvard.edu/abs/2019PASP..131a8003M/abstract
https://doi.org/10.5281/zenodo.1482019
https://ui.adsabs.harvard.edu/abs/1987A&A...187..719M/abstract
https://doi.org/10.1126/science.1118978
https://ui.adsabs.harvard.edu/abs/2005Sci...310..265M/abstract
https://doi.org/10.1088/2041-8205/734/1/L1
https://ui.adsabs.harvard.edu/abs/2011ApJ...734L...1M/abstract
https://doi.org/10.1093/mnras/stx2018
https://doi.org/10.1016/j.icarus.2015.12.053
https://ui.adsabs.harvard.edu/abs/2016Icar..272..356M/abstract
https://www.minorplanetcenter.net/iau/ECS/MPCArchive/2019/MPC_20190518.pdf
https://www.minorplanetcenter.net/iau/ECS/MPCArchive/2019/MPC_20190518.pdf
https://doi.org/10.1088/0004-637X/781/1/25
https://ui.adsabs.harvard.edu/abs/2014ApJ...781...25M/abstract
https://doi.org/10.1038/s41550-017-0092
https://doi.org/10.1038/250313a0
https://ui.adsabs.harvard.edu/abs/1974Natur.250..313P/abstract

THE PLANETARY SCIENCE JOURNAL, 2:131 (18pp), 2021 August

Ponomarenko, V., Chiuryumov, K., & Sergeev, O. 2018, BTSNU, 58, 6

Pozuelos, F. J., Moreno, F., Aceituno, F., et al. 2014, A&A, 571, A64

Prialnik, D., & Bar-Nun, A. 1990, ApJ, 363, 274

Price, M. C., Kearsley, A. T., Burchell, M. J., et al. 2010, M&PS, 45, 1409

Prsa, A., Harmanec, P., Torres, G., et al. 2016, AJ, 152, 41

Rinaldi, G., Bockelée-Morvan, D., Ciarniello, M., et al. 2018, MNRAS,
481, 1235

Rotundi, A., Sierks, H., Della Corte, V., et al. 2015, Sci, 347, aaa3905

Schleicher, D. G., & Bair, A. N. 2011, AJ, 141, 177

Snodgrass, C., A’Hearn, M. F., Aceituno, F., et al. 2017, RSPTA, 375,
20160249

Snodgrass, C., Fitzsimmons, A., Lowry, S. C., & Weissman, P. 2011,
MNRAS, 414, 458

Sosey, M. 2017, Imexam Version 0.8.0 Release, 0.8.0, Zenodo, doi:10.5281/
zenodo.1042809

Steckloff, J., & Melosh, H. J. 2016, AAS Meeting, 48, 206.06

18

Kelley et al.

Steckloff, J. K., & Jacobson, S. A. 2016, Icar, 264, 160

Thomas, P., A’Hearn, M., Belton, M. J. S, et al. 2013a, Icar, 222, 453

Thomas, P. C., A’Hearn, M. F., Veverka, J., et al. 2013b, Icar, 222, 550

Tonry, J. L., Denneau, L., Flewelling, H., et al. 2018b, ApJ, 867, 105

Tonry, J. L., Denneau, L., Heinze, A. N., et al. 2018a, PASP, 130, 064505

Tubiana, C., Snodgrass, C., Bertini, L, et al. 2015, A&A, 573, A62

van Dokkum, P. G. 2001, PASP, 113, 1420

Vincent, J.-B., A’Hearn, M. F., Lin, Z.-Y., et al. 2016, MNRAS, 462, S184

Vincent, J.-B., Farnham, T., Kiihrt, E., et al. 2019, SSRv, 215, 30

Vincent, J. B., Hviid, S. F., Mottola, S., et al. 2017, MNRAS, 469, S329

Willmer, C. N. A. 2018, ApJS, 236, 47

Wolf, C., Onken, C. A., Luvaul, L. C., et al. 2018, PASA, 35, e010

Woodward, C. E., Wooden, D. H., Harker, D. E., et al. 2021, PSJ, 2, 25

Yoshida, S. 2013, 46P/Wirtanen, (2002), http://www.aerith.net/comet/
catalog/0046P/2002.html

Zheltobryukhov, M., Zubko, E., Chornaya, E., et al. 2020, MNRAS, 498, 1814


https://ui.adsabs.harvard.edu/abs/2018BTSNU..58....6P/abstract
https://doi.org/10.1051/0004-6361/201424331
https://ui.adsabs.harvard.edu/abs/2014A&A...571A..64P/abstract
https://doi.org/10.1086/169339
https://ui.adsabs.harvard.edu/abs/1990ApJ...363..274P/abstract
https://ui.adsabs.harvard.edu/abs/2010M&PS...45.1409P/abstract
https://doi.org/10.3847/0004-6256/152/2/41
https://ui.adsabs.harvard.edu/abs/2016AJ....152...41P/abstract
https://doi.org/10.1093/mnras/sty2266
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.1235R/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.481.1235R/abstract
https://doi.org/10.1126/science.aaa3905
https://doi.org/10.1088/0004-6256/141/6/177
https://ui.adsabs.harvard.edu/abs/2011AJ....141..177S/abstract
https://ui.adsabs.harvard.edu/abs/2017RSPTA.37560249S/abstract
https://ui.adsabs.harvard.edu/abs/2017RSPTA.37560249S/abstract
https://doi.org/10.1111/j.1365-2966.2011.18406.x
https://ui.adsabs.harvard.edu/abs/2011MNRAS.414..458S/abstract
https://doi.org/10.5281/zenodo.1042809
https://doi.org/10.5281/zenodo.1042809
https://ui.adsabs.harvard.edu/abs/2016DPS....4820606S/abstract
https://doi.org/10.1016/j.icarus.2015.09.021
https://ui.adsabs.harvard.edu/abs/2016Icar..264..160S/abstract
https://doi.org/10.1016/j.icarus.2012.02.037
https://ui.adsabs.harvard.edu/abs/2013Icar..222..453T/abstract
https://doi.org/10.1016/j.icarus.2012.05.034
https://ui.adsabs.harvard.edu/abs/2013Icar..222..550T/abstract
https://doi.org/10.3847/1538-4357/aae386
https://ui.adsabs.harvard.edu/abs/2018ApJ...867..105T/abstract
https://doi.org/10.1088/1538-3873/aabadf
https://ui.adsabs.harvard.edu/abs/2018PASP..130f4505T/abstract
https://doi.org/10.1051/0004-6361/201424735
https://ui.adsabs.harvard.edu/abs/2015A&A...573A..62T/abstract
https://doi.org/10.1086/323894
https://ui.adsabs.harvard.edu/abs/2001PASP..113.1420V/abstract
https://doi.org/10.1093/mnras/stw2409
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462S.184V/abstract
https://doi.org/10.1007/s11214-019-0596-8
https://ui.adsabs.harvard.edu/abs/2019SSRv..215...30V/abstract
https://doi.org/10.1093/mnras/stx1691
https://doi.org/10.3847/1538-4365/aabfdf
https://ui.adsabs.harvard.edu/abs/2018ApJS..236...47W/abstract
https://doi.org/10.1017/pasa.2018.5
https://ui.adsabs.harvard.edu/abs/2018PASA...35...10W/abstract
https://doi.org/10.3847/PSJ/abca3e
https://ui.adsabs.harvard.edu/abs/2021PSJ.....2...25W/abstract
http://www.aerith.net/comet/catalog/0046P/2002.html
http://www.aerith.net/comet/catalog/0046P/2002.html
https://doi.org/10.1093/mnras/staa2469
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.1814Z/abstract

	1. Introduction
	2. Observations and Data
	2.1. Ground-based Observatories
	2.1.1. Palomar Observatory
	2.1.2. Lowell Observatory
	2.1.3. European Southern Observatory, La Silla
	2.1.4. Photometry

	2.2. Hubble Space Telescope

	3. Results
	3.1. Coma Color
	3.2. Quiescent Activity
	3.3. Outbursts
	3.4. Search for Fragments

	4. Analysis
	4.1. Ejecta Expansion, Grain Size
	4.2. Total Geometric Cross-sectional Area and Outburst Mass
	4.3. Lack of Boulders in Outburst Ejecta
	4.4. Outburst Frequency

	5. Discussion
	5.1. Other Observations of Wirtanen’s Outbursts
	5.2. Mini-outbursts of Wirtanen and Other Comets
	5.3. Potential for Future Mini-outburst Studies

	6. Summary
	References



