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Abstract
Comet 45P/Honda-Mrkos-Pajdušáková (45P), a Jupiter family comet, passed 0.08 au/32
lunar distances of Earth on 11 February 2017. This close approach to Earth enabled measurement of dust particle sizes in multiple wavelengths from ground-based telescopes as part
of a coordinated observing campaign. Studying the behavior of large ice and dust grains
(>2 cm) in the inner region of a comet coma helps us understand inner coma processes and
also constrain the processes that change nucleus geography. Visible wavelength observations
characterized the behaviors of micron-scale particles in the coma (Springmann et al., 2022;
Lejoly et al., 2022), and radar observations can constrain the distribution of particles larger
than 2 cm in diameter in the inner coma region. Radar observations of comet 45P were
taken over a period of eight days after perigee in February 2017 at Arecibo Observatory,
of the nucleus as well as the inner coma region. Analysis of the radar echoes showed 15%
depolarization, consistent with scattering off of 2 cm and larger particles in the coma. The
observations reveal changes during this time period in the radar albedo of the nucleus, and
the cross sections and polarization ratios of both the nucleus and coma. Additionally, radar
observations of the large-grain dust coma can help constrain the size-frequency distribution
and mass of large grains in the coma as well as particle ejection directions and velocities.
3.1. Introduction
Studying materials released from short-period Jupiter-family comets (JFCs) provides
an improved understanding of cometary near-surface processes and interaction with the
inner coma. The inner coma—the temporary envelope of molecules and dust approximately
10,000 km across that forms around the nucleus of a comet when it approaches the Sun—of
these JFCs reveals the most about cometary surface activity patterns and compositional
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uniformity. Studying the inner coma of comets as they approach Earth provides a rare
opportunity to study inner-coma processes at close range, processes typically obscured by
photodissociation product species of the outer coma. The inner coma is the region where
we see the most interaction with the nucleus with the coma, whether release of material by
jets or other processes into the coma, or re-condensation of icy grains from the inner coma
to the nucleus. High-resolution inner coma studies of comets require the comet to have a
close orbital approach to Earth for ground-based telescopic observations, or, a dedicated
spacecraft mission.
Due to accessibility of JFCs to spacecraft from regular forays into the inner Solar System,
several missions have visited this class of comets and have observed asymmetries in emissions
of volatile species into the inner coma from the nucleus. The Deep Impact spacecraft visited
comet 103P/Hartley 2 (103P) in 2011 as part of the EPOXI mission, observing different
source locations for the origin of several volatile species on the nucleus as well as a population
of large ice grains surrounding the comet (Hermalyn et al., 2013). Observations showed a
strong correlation between the spatial distribution of water ice, dust, and CO2 (Protopapa
et al., 2014). Comet 67P/Churyumov-Gerasimenko was visited by the Rosetta spacecraft
from 2015–2016, which observed dust grains in the inner coma region of this object (e.g. Lara
et al., 2015; Agarwal et al., 2016; Fulle et al., 2016; Lai et al., 2016) as well as the effects
of large grains on changing the surface topography of the comet, including retreating scarps
(Birch et al., 2019), formation of new scarps (Fornasier et al., 2019), ejection of decimetersized ice chunks by CO2 ice subliation (Fulle et al., 2020), and erosion of ice surrounding
pebble- to meter-sized water ice blocks (Ciarniello et al., 2022). For future flyby, orbital,
or sample-return missions to comets, it is important to characterize the near-nucleus grain
environments of these objects to reduce risk to spacecraft and increase the likelihood of
robust science observations.
Without a dedicated mission, ground-based observations of JFCs are our best tools for
understanding the inner coma of these objects at the distance they pass Earth. In February
2017, comet 45P/Honda-Mrkos-Pajdušáková (hereafter 45P) had a close approach of 0.08
au or 33 lunar distances to Earth. In addition to comet 45P, comets 41P/Tuttle-GiacobiniKresák (41P/TGK) and 46P/Wirtanen (Wirtanen) passed within 0.15 au/60 lunar distances
in the timespan of 2016–2019 (Harris et al., 2017). The next predicted close approach of
a comet is not until 2038. This was the last opportunity to compare similar JFCs at close
range, and and therefore at high spatial resolution, for decades.
The close approach of 45P to Earth in 2017 allowed for detailed study of its nucleus
and inner coma region high spatial and temporal resolutions from ground-based optical and
radar telescopes of their overall shapes, gas production, and dust environments as part of
the coordinated multiwavelength observing campaign. For comets that do not pass close
to Earth, the inner coma region is too far away from ground-based observers to resolve
spatial structures in the inner coma, or obscured by outer coma photodissociation products,
rendering it generally difficult to characterize this region.
Visible wavelength observations yield size information of micron-scale particles in the
coma; radar observations detect the ensemble properties of particles larger than 2 cm in
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diameter in the inner coma region, providing a range of dust particle sizes and properties.
Understanding the asymmetries in grain ejection from the surfaces of these comets, and
whether this corresponds to the presence of volatile species, gives a broader view of the
interaction of species at the surface and in the near-surface environment of comets. Observations of past comets from ground-based telescopes as well as spacecraft show not only
different spatial origins for volatile species in the inner coma from the nucleus, but also dust
emission following the sources of volatiles (Feaga et al., 2007; A’Hearn et al., 2011; Hässig
et al., 2015; Bockelée-Morvan et al., 2015; Fougere, N. et al., 2016; Migliorini et al., 2016).
In particular, studying large (radius >2 cm, the smallest size particles detectable with
S-band radar observations due to the Rayleigh criteria of 12.6 cm/2π ≈ 2 cm) dust grains
as they are ejected from the comet surface into the inner coma provides an opportunity to
understand large grain production and characteristics in the inner coma, grains that are
typically not detectable by optical-wavelength telescopes. Characterizing the behavior of
these large-grain particles is important for understanding the formation processes of smooth
terrains on comets, where centimeter- to decimeter-sized particles, after being ejected from
the surface, fall back onto the nucleus (Sunshine et al., 2016; Keller et al., 2017, and references
therein). What are less-well understood are the surface-modifying processes on comets,
particularly ones responsible for building vertical relief in terrain, not just smoothing out
or eroding of existing topography (Sunshine et al., 2016; Birch et al., 2019). Mechanisms
responsible for lofting large grains (up to 2 m for 103P, depending on optical scattering
properties, Kelley et al., 2013) from the surface of comets include gas drag from sublimation
of ices (Whipple, 1951; Tenishev et al., 2011; Fink et al., 2021) and other, more exotic,
mechanisms (Christou et al., 2020). Harmon et al. (2011) asserted that surface gas mass
fluxes of 0.01 kg m−2 s−1 can loft cm-sized grains to their escape velocities, and also lift meterand larger-sized boulders from the surface of the nucleus, where they may stick together,
refreeze, and fall back to the nucleus, undergoing processing themselves as they change the
comet’s surface.
Planetary radar is an effective tool for understanding the inner comæ of comets passing
close to Earth (section 3.2), and radar observations allow for studying wavelength-scale (12.6
cm) structures of the comet’s inner coma, including the properties of the grain population,
while the latter observations allow for precision measurement of distances along the comet
nucleus, at resolutions of 10s of meters.
Modeling large-grain dust behavior as observed by radar in the inner coma as it leaves
the nucleus helps constrain dust properties and nucleus composition, and whether largegrain dust emission follows jets observed in visible wavelengths of micron-scale dust as well
as volatile species. Harmon et al. (1989) observed comet IRAS-Araki-Alcock (C/1983 H1;
hereafter IAA) with radar and concluded that backscattering from centimeter-size grains
ejected via gas drag into the inner coma from the nucleus would explain the observations
they took. Further, Harmon et al. (1989) described a model to characterize the production
of the large-grain halos as observed by radar of IAA and other comets (e.g., Harmon et al.,
1997, 2011). This model makes simplistic assumptions regarding the structure of the cone
by superimposing two cones of different densities. Improvement on the physics of the exist3

ing Harmon model is possible by incorporating particle density distributions, breakdown of
larger particles into smaller particles, time-based particle production, and different outburst
jet morphologies to better constrain the nature of the outbursts and the behavior of the
dust particles. Using this model, comparison is possible with the distributions of cm-scale
dust grains observed at radar wavelengths with micron-scale dust as well as volatile species
observations taken in visible wavelengths (Springmann et al., 2022; Lejoly et al., 2022).
Recent work by Virkki et al. (2019) modeled the coma environment around fragmenting
comet 73P/Schwassmann-Wachmann 3 following disintegration of its nucleus in 2006, including the specific irregular shapes of particles in the coma. The Virkki et al. (2019) model
requires as inputs two wavelengths of radar data, typically, S-band from Arecibo Observatory
(12.6 cm/2.4 GHz) and X-band (3.5 cm/8.5 GHz) from Goldstone Solar System Radar. If
one wavelength is not available, the effectiveness of the model is reduced. Since the collapse
of Arecibo Observatory in 2020, only one facility remains with the capacity to transmit and
receive radar signals sufficient for scientific study of near-Earth objects such as comets. Thus,
further development and improvement of a model for studying inner coma behavior of large
grains as observed by radar that requires observations only in one wavelength is a necessity
in the post-Arecibo era to enable future understanding of comet radar observations.
This work begins with an overview of radar observations of comet 45P (section 3.2),
the methods used to analyze (section 3.3) and to model the data (section 3.4), results from
analysis of the observations (section 3.5), a discussion of the results (section 3.6), and finally
conclusions and future work (section 3.7).
3.2. Observations
Comet 45P was observed 1.5 months after its 31 December 2016 perihelion, two days
before its 11 February 2017 perigee on 09–10 February, on perigee 11 February, and six
days after from 12–17 February to provide temporal coverage to observe coma evolution and
possible changes in the rotation of the nucleus (e.g. Howell et al., 2018; Schleicher et al.,
2019).
3.2.1. Arecibo Observatory
Observations were taken with the planetary radar system at Arecibo Observatory in
Arecibo, Puerto Rico during February 2017 using the 305-m William E. Gordon Telescope.
A continuous, polarized 1 MW 12.6-cm (2.4 GHz, S-band) radio wave was transmitted at
the comets and returned echoes observed. The radar beam angular width is 2 arcminutes,
corresponding to 9,000 km across for 45P, illuminating >2 cm dust particles within the inner
coma region. The returned radar signal shows spectra echo power, proportional to crosssectional area of observed dust grains and the nucleus, versus Doppler frequency, proportional
to the velocity of the dust and the nucleus (Figure 3.1). The sharp spike in the spectrum
is the nucleus, rotating at a slower velocity than the surrounding dust grains are moving,
which have a smaller total cross section per frequency bin than the nucleus.
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Figure 3.1: Smoothed radar echoes from comet 45P on February 11, 2017 observed by the
Arecibo radar system. The solid line (OC) represents polarized signal, the dashed line (SC)
is depolarized signal. The ratio of depolarized to polarized signal is 15%, consistent with
scattering off non-spherical particles in coma. The sharp spike at 0 Hz represents the comet
nucleus, rotating more slowly than the velocity of large coma grains. The fastest particles
move at ±150 Hz, corresponding to v = ±30 m/s.

5

Figure 3.2: Radar echoes from comet 45P on February 11, 2017 observed by the Goldstone
Solar System Radar. The solid line (OC) represents polarized signal, the dashed line (SC)
is depolarized signal. The signal-to-noise ratio of the data is inadequate for analysis, except
to detect the nucleus signal spike at 0 Hz.
3.2.2. Goldstone Solar System Radar
Observations of 45P were conducted at the Goldstone Deep Space Communications Complex in California in February 2017 using the Goldstone Solar System Radar on the 70-meter
Deep Space Station 14 antenna. As with the Arecibo observations, a continuous, polarized
500 kW 3.5-cm (8.5 GHz, X-band) radio wave was transmitted at 45P and returned echoes
observed (Figure 3.2).
3.3. Data analysis
This section describes the analysis methods used to obtain the cross-sectional areas and
polarization ratios of the coma (subsection 3.3.1), as well as delay-Doppler maps of the
nucleus to constrain the shape of this object might be conducive to emission of large grains
(subsection 3.3.2), from radar observations. Radar signal returns reflect off of, in addition to
solid bodies such as the comet nucleus, populations of particles, such as ones in the comet
coma (and also Saturn’s rings Goldstein and Morris, 1973; Harmon et al., 1989).
3.3.1. Continuous wave observations
For continuous wave observations, returned signals from the nucleus and the coma are
separated to analyze the solid-body surface and the large-grain halo individually, including
cross sections for both the solid nucleus and the population of grains in the inner coma.
For both Arecibo and Goldstone radar systems, the transmitted radio waves are circularly
polarized. When a radio wave bounces once, or an odd number of times, off a surface its
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polarization changes to the opposite/orthogonal circular (OC) sense from the same circular
(SC) sense in which it was originally transmitted. When a wave bounces an even number
of times off of a surface, the polarization returns to the same sense (SC) as its initially
transmitted sense.
The detectability of a returned radar signal Preceived from an object depends on the
transmitter power Ptx , the target’s radar cross section σ, the effective aperture of the antenna
Aeff , the transmitter wavelength λ, and the target range R is
Preceived =

Ptx σAeff
.
λ2 4πR4

(3.1)

The radar cross section σ of a target has units of area, typically km2 , and is the power
that a perfectly reflecting sphere at the same distance of the target would have radiating
isotropically with the same power as the target Ostro (1978, 1993); Black (2002). The cross
section σ is measured by converting the received echo power in terms of signal-to-noise ratio,
then multiplying by a conversion factor to get σ.
To calculate the polarization ratio of same-sense to opposite-sense signal, or the SC/OC
ratio, we divide the SC cross-sectional area by that of the OC
µc =

σSC
σOC

(3.2)

where σ denotes the radar cross section for each circular polarization, both same and opposite.
The motions of particles and the nucleus relative to Earth create a spectrum of the
SNR of the returned signal versus Doppler frequency of the particles, or, when converted,
the cross-sectional area versus projected, or Doppler velocities, for the particles. Particles
moving with a positive projected velocity as seen from Earth have a positive frequency shift
from 0, and particles moving with a negative projected velocity have a negative frequency
shift from 0.
The radar albedo, or radar reflectivity, σ̂ is the total echo power measured from the
nucleus, and is calculated by taking the ratio of the OC radar cross section to the geometric
cross-sectional area of the nucleus
σ̂ =

σOC
Atarget

(3.3)

where σOC is the OC cross section and Atarget is the projected geometric area of the comet.
3.3.2. Delay-Doppler image map calculations
Delay-Doppler images are computed by calculating the travel time to points on the comet
surface and plotting distance (delay) versus frequency (Doppler) to obtain a projection of
the distance to points on the object’s surface and its rotational velocity (e.g. Naidu et al.,
2020).
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3.4. Large-grain coma modeling
Using continuous wave observations of comet IAA, Harmon et al. (1989) modeled the
shape of the Doppler spectrum from comets, first, to verify if it was consistent with a model
of radar signal backscatter from centimeter-scale grains ejected by gas drag away from the
nucleus and secondly to determine the spatial distribution of particles in the large-grain
coma.
To recreate the Harmon et al. (1989) model, I first focused on recreating the shape of the
continuous wave Doppler spectrum of the observed particles. Harmon et al. (1989) modeled
the observed radar spectrum as two superimposed cones of emission with uniformly ejected
particles over the angular width of the cone, centered in the direction of the Sun.
Initially, I incorporated into my model only particle size, emission direction, position, and
velocity of particles relative to nucleus and to Earth. Once the basic shape of the spectrum
was obtained using these three parameters, additional parameters such as production rate,
how the distribution changes with time, possible breakdown of large grains into smaller ones,
etc. can be incorporated into the model. The Harmon et al. (1989) model approximates the
Doppler spectrum σ(f ) in equation 15 as “the sum of spectral contributions from discrete
particle emission times and directions,” depending on the Doppler frequency of an individual
particle of size a, the emission direction at a particular time, the velocity and position vectors
of the particle relative to the comet nucleus and the nucleus position relative to Earth, the
production rate, and the particle size distribution.
Particles in the inner coma have projected velocities toward and away from the observer,
with the fastest particles in the positive and negative frequency directions at the greatest
distance from the nucleus. The motion of the particles creates a frequency shift f which
depends on the original transmitted frequency f0 , the projected velocity vproj of the object,
and the speed of light c (equation 13, Black, 2002)
2f0 vproj
.
(3.4)
c
There is a linear relationship between projected velocity as seen from Earth and the
Doppler frequency (Equation 3.4).
Rearranging the bandwidth equation (Equation 3.4) yields the projected velocity vproj of
a particle as a function of frequency shift f , speed of light c, and the initial transmitted
frequency of the radar waves f0 .
cf
vproj =
.
(3.5)
2f0
We can obtain velocities for slower particles in the distribution, by scaling the maximum
velocities measured from the data for the smallest particles to smaller velocities for larger
particles:
f=

V (a) ∝ a−1/2 .

(3.6)

I began by creating a spherical cone of particles uniformly distributed in space (section 3.7), centered on the comet nucleus and pointing in the direction of the Sun from the
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comet. The Harmon et al. (1989) model has two superimposed uniform cones with specified
angular widths and orientations relative to the comet, Sun, and observer to replicate the
observed comet spectrum, perhaps a way of creating a non-uniform particle density distribution within the particle cone. As modern computing tools allow for faster calculations, my
model will allow the uniformity of the particles in position and velocity can later be changed
by applying density functions to the position and/or velocities of the particles, as particles
are likely to be clustered near the center of the cone, and moving faster closer to the nucleus
and slower further from the nucleus.
3.5. Results
3.5.1. Nucleus
Delay-Doppler images of the nucleus show at the 15-m scale a 1.2-km diameter object
with near-surface topography1 and a possible bilobate shape (Figure 3.3). While forward
modeling to obtain a shape model of this object is ongoing, the delay-Doppler images show
a body that is neither smooth at the near-surface, nor uniform in shape. For the nucleus,
the OC cross-section is higher than the SC, and they both remain mostly constant, though
there may be some decrease in the OC cross-section.
The polarization ratios measured from the Arecibo data for the nucleus decrease from
0.4–0.3 over the period of observation (Figure 3.5). The Goldstone data show a polarization
ratio of 0.3 measured on February 11, though the noise of the data contributes to the large
uncertainty of this measurement. The nucleus radar albedo (Equation 3.3) decreases over
the days observed from ∼0.07–0.06 (Figure 3.4).
3.5.2. Coma
Across the timespan of continuous wave observations we see changes in the coma properties. Figure 3.1 shows returned echos in same and opposite sense polarizations of continuous
wave observations of 45P. The nucleus appears as a spike and a shallow distribution of
particles in the coma surrounding the slower-rotating nucleus.
The coma OC cross-section initially decreases then levels off, possibly increasing toward
the end of observations (Figure 3.13), while the SC cross-section stays constant. The nucleus
polarization ratio stays approximately constant at <0.15 (Figure 3.5)
3.5.3. Coma large-grain modeling
Following the methodology of Harmon et al. (1989) we attempted to model a distribution
of small particles in a cone moving away from the nucleus (section 3.4).
To validate my model, I sought to reproduce the shape of the spectra and model from Harmon et al. (2011) in analyzing the large-grain inner-coma environment of comet 103P/Hartley
2 since the data from this paper are still accessible for analysis and comparison purposes.
First modeling attempts involved creating a spherical cone of particles distributed in a
1

Transmitted radar waves can penetrate the surface of the target object up to several 12.6-cm wavelengths.
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Distance (resolution: 15 m/pixel)

Doppler shift (∆f = [] Hz)
Figure 3.3: Delay-Doppler projection of the 45P nucleus from Arecibo Observatory radar
observations taken on February 12, 2017. Vertical resolution is 15 m/pixel, showing in total
half of the 1.2-km diameter object.
random and uniform manner, all 2 cm in size with the same velocity of 30 m/s, with a cone
10 km in radius with a width of 90° (e.g., Figure 3.6), pointing θ = 90° away from the Earth
(not shown in the image). For simplicity, I initially oriented the cone perpendicular to the
plane of sky away from Earth, and measured the cross-sectional area of particles versus their
velocities, binning the total cross-sectional area of particles for a particular velocity to create
a cross section versus Doppler frequency spectrum (Figure 3.7).
To obtain particle velocities, I first calculated the maximum velocity from the continuous
wave observations of comet 103P (Figure 3.8) using the maximum Doppler shift of particles
moving in the inner coma. Using Equation 3.5 I calculated a maximum velocity of 30 m/s
for particles with a Doppler frequency shift of 470 Hz.
The resulting echo power distribution is centered with a maximum cross-section at f = 0
Hz, corresponding to a velocity of 0 m/s. Most of the particles will have a velocity component
parallel to the sky plane and perpendicular to line of sight, resulting in a Doppler velocity of
0 m/s, corresponding to 0 Hz on the spectrum. The angle between the observer, the nucleus,
and the particles moving at the closest edge of the cone to the observer is 45°, and 135° for
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Figure 3.4: Change in radar albedos over the period from 09–17 February 2017.
particles at the furthest edge of the cone moving away from the observer. For |vmax | = 30 m/s
the absolute value of the maximum Doppler velocity observed will be vmax cos 45° or 21 m/s,
corresponding to ±337 Hz. As there are no particles moving directly toward the observer,
there will be no particles traveling at the maximum velocity of 30 m/s, corresponding to
±476 Hz.
Similarly, for a cone oriented along the observer’s line of sight, with the same opening
angle, the distribution should be have a steep drop-off at the maximum particle velocity, in
this case, +30 m/s or +476 Hz, as no particles are moving faster than the maximum velocity,
and have a minimum value of v cos 45° or 21 m/s or +337 Hz increasing to the maximum
velocity (Figure 3.9).
Using the 110° offset angle of the observations of 103P I obtained a spectrum (Figure 3.10)
that did not resemble the published one (Figure 3.8). This distribution does not appear
similar in shape to the 103P one, meaning that the simplifying assumptions (one particle
size, uniform velocities, uniform particle distribution, cone offset angle) are inadequate to
reproduce the observed spectrum.
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Figure 3.5: Change in polarization ratio for the comet 45P nucleus and coma over the period
from 09–17 February 2017. The polarization ratio for the nucleus (blue) decreases from 0.4
to 0.34, and the polarization ratio for the coma (orange) stays approximately constant below
0.15.
I tried changing the velocity distribution to be randomly distributed from ± maximum
velocity, and obtained a distribution closer to being centered on 0 Hz, but with a distribution
shape not consistent with the 103P model (Figure 3.11).
I then tried to model the coma by (a) making a spherical cone of particles using sizefrequency distributions (SFDs) with particles ranging in size from 2–20 cm, following a
distribution of n(a) ∝ a−α with varying power law indices centered near α = 3.5, where
a is the radius of a particle, (b) changing the position density of particles in the cone, (c)
creating a series of spherical lenses with identical numbers of particles expanding in radius
distributed in space away from the comet nucleus Figure 3.12, (d) a number of smaller “δfunction” cones of particles following a SFD or of one size, superimposed on one another,
(e) rings of particles, and (f) overlapping cones of different particle densities. None of the
resulting plots reproduced the shape of the 103P spectrum (Figure 3.8 reproduced from
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Harmon et al., 2011).
3.6. Discussion
Comet 45P shows a variety of changes in its coma and nucleus over the course of eight
days of observations just before, at, and after perigee on February 11 in 2017. The observed
distribution of returned signal around the comet coma is consistent with scattering off of
large grains (Figure 3.1, Harmon et al., 1989). We see the cross sections (Equation 3.3.1;
Figure 3.13) decreasing for both OC and SC polarizations for both the coma and the nucleus.
The polarization ratio (Equation 3.2; ) of the coma shows a constant trend, implying a
population of grains maintaining their ratio of irregular shapes to more spherical grains.
The nucleus shows a decrease in polarization ratio from ∼0.44 to 0.34, which could be due
to the reflectivity of the nucleus changing from grains re-accreting on the surface resulting
inn smoother terrain, or a change in the observing geometry. The nucleus radar albedo
(Figure 3.4) also decreases from 0.08 to 0.55 during the observations, supporting a change
in nucleus surface properties becoming less reflective. Changes in the radar reflectivity of
comet 67P “can be associated with large-scale structural changes of the nucleus rather than
small-scale textural ones (Heggy et al., 2019), so we may be detecting similar large-scale
changes on the 45P nucleus. There could also be an accumulation of dust in the inner coma
that is difficult to distinguish from the nucleus when separating the nucleus and coma signals
from one another.
Comet 45P has a 7.61 ± 0.5 hour rotation period (Springmann et al., 2022), resulting
in 3.15 rotations between observing sessions, so we are receiving returned signal from a
portion of the comet’s surface or the large-grain cone that is approximately 15% ‘ahead’
of the previous day’s observations. The same phase of the nucleus is aligned with Earth
approximately every six days. The rapid daily change in observing geometry (Figure 3.14),
as well as different phases of the nucleus observed, could also contribute to the observed
decrease in nucleus albedo.
[There could also be a difference in our current understanding of surface properties as
measured by radar, similar to that of what was predicted for asteroid (101955) Bennu (Lauretta et al., 2015), but when the OSIRIS-REx spacecraft arrived it found surface properties
inconsistent with pre-encounter predictions (Lauretta et al., 2019).]
Unfortunately, attempts to model the large-grain coma to characterize properties of the
grains in the inner coma of comet 45P returned no results because of a failure to reproduce
the model of Harmon et al. (1989). The initial model the authors described involved the
superposition of two cones to replicate the observed radar return spectra, but whether this
overlap is used again is not mentioned in subsequent papers with results for either Hyakutake
(Figure 3.15; Harmon et al., 1997) using this model (Harmon et al., 1997, 2011). This was
a frustrating result, but provides more opportunities to find other methods for modeling
single-wavelength observations of particle distributions in the inner comæ of comets to better
understand large-grain behavior.
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3.7. Conclusions & Future Work
Observations of 45P were taken as part of a coordinated, multi-wavelength observing
campaign of three small JFCs including 41P/TGK and Wirtanen to provide broad views of
comet activity, particularly in the inner coma, and to connect behaviors seen in gas and dust
across several size regimes (molecule for gas, µm for dust observed the visible wavelengths,
and decimeter for the inner coma to 100’s of meters for the nucleus). This provided the
opportunity to see if behavior in visible wavelengths for one comet followed activity and
topography at radar wavelengths, and also for future comparison of these three comets to
one another.
Lifting the large grains we see in the coma of 45P requires getting these cm-sized grains
to velocities on the order of 10 m/s requires adequate surface gas mass fluxes. Indeed, gas
fluxes of > 0.01 kg m−2 s−1 have been measured at other comets and can lift meter- and
larger-sized boulders from comet nuclei (Harmon et al., 2004; Nolan et al., 2006; Molina,
2010; Hermalyn et al., 2013).
Other observations of 45P during its 2017 apparition report production rates of 2 × 1028
molecules/second, corresponding to ∼600 kg/s mass loss rate for water (DiSanti et al., 2017;
Lovell et al., 2017). This translates into losing 1 m of material from a 1200-m diameter
object in the course of one month. The lofting of small grains observed in the coma is
consistent with the gravitational cutoff in simple gas-drag theories of particle ejection, and
verifying whether these production rates are adequate to lift large grains is important for
understanding what causes these grains to leave the nucleus surface.
Comparing observations between the three JFCs observed in this campaign with respect
to dust, total gas production, asymmetries in jet features, and trends with respect to gasto-dust ratio and radial symmetry will provide a broader picture of these comets as three
individual objects within a larger population of JFCs. Further, comparing the three comets
from this campaign with spacecraft observations provides an opportunity to extend what we
consider to be “ground truth” for these objects, where we can use spacecraft data to interpret
ground-based observations, and use ground-based observations to provide more context to
future mission datasets.
The reduced ability to take simultaneous radar and visible/near-IR observations in the
future due to the loss of Arecibo Observatory is a loss to comet science. The Goldstone Solar
System Radar has 1/18 of the sensitivity of Arecibo Observatory, and lacks the scheduling
flexibility of Arecibo. Rebuilding a planetary radar-focused telescope must be a priority in
the post-Arecibo era, as orbital, surface, and coma characterization of comets and asteroids
is not just important for scientific research, but also for potential hazard mitigation.
As we expect no JFCs to be well-positioned for ground-based observations until 2038, the
extensive, multi-wavelength data from this campaign will provide many chances for analyzing
and understanding individual comet behavior, as well as that of this trio of objects. The
inner coma is a fascinating environment and rich in opportunities to study how gas and dust
and ice grains of a range of sizes interact and show how these objects evolve during their
passages through the inner portion of our Solar System.
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Appendix - Generating a spherical cone of uniform points
To create a spherical cone with particles uniformly distributed, I made an initial sphere
of randomly positioned particles and sliced out a cone from the spherical distribution. When
selecting random points within a sphere, choosing an elevation angle φ on the interval π2 , π2
and azimuth angle θ on the interval [0, 2π) yields a distribution of points clustered near the
poles of the sphere (Weisstein, 2022).
To prevent such polar “bunching” we need to generate points within a sphere that are
uniformly distributed. To do so, following the method of Knuth (1998) we create sets of
random numbers u, representing random numbers from -1, 1, and v which represents random
numbers from 0 to 1. While azimuth angles φ are uniformly distributed between 0 and 2π,
elevation angles θ between − π2 and π2 are not uniformly distributed.
φ = 2πv

(3.7)

θ = sin−1 (u)

(3.8)

Radii r of points within the sphere are on the interval (0, rmax ) and are not uniformly
distributed, again, to prevent bunching at the origin.
r = rmax v −1/3

(3.9)

This produces a sphere of uniformly distributed points where we know the positions of all
particles (Figure 3.16).
To create the cone, I used a vector describing the desired orientation of the cone, and the
angular half-width of the cone. I specified a unit vector pointing along the cone’s orientation,
and selected the positions of particles along the direction of that vector and within the
angular width of the cone.
To verify these particles were within the cone, I took the dot product of points in the
cone and the direction of the cone vector and checked that these values were less than half
of the total opening angle of the cone.
I then binned the particles by projected velocity and summed the surface area of all the
particles moving within a particular projected velocity bin to create a cross-section versus
projected velocity/Doppler frequency spectrum, which I then smoothed.
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Figure 3.6: A 3D spherical cone of 14,586 uniformly distributed particles (blue) with identical
velocity vectors (red), 10,000 km in radius with an overall opening angle of 90°, with x-, y-,
and z-axes labeled. The particles are all 2 cm in size.
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Figure 3.7: Cross-sectional area (arbitrary units) versus Doppler frequency (Hz) for a spherical cone of 14,586 particles with radius 10,000 km and an overall opening angle of 90° with
an offset angle of 90° from the observer. The particles are all 2 cm in size.
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Figure 3.8: Comet 103P coma data with nucleus signal removed showing OC (bold solid line)
and SC (thin solid line) polarizations, and OC signal coma model (dashed line). Reproduced
from Harmon et al. (2011).

18

Figure 3.9: Cross-sectional area (arbitrary units) versus Doppler frequency (Hz) for a spherical cone of 14,586 particles with radius 10,000 km and an overall opening angle of 90° with
an offset angle of 0° from the observer. The particles are all 2 cm in size.
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Figure 3.10: Cross-sectional area (arbitrary units) versus Doppler frequency (Hz) for a spherical cone of 14,586 particles with radius 10,000 km and an overall opening angle of 90° with
an offset angle of 110° from the observer (similar to the geometry of comet 103P, Harmon
et al., 2011). The particles are all 2 cm in size.
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Figure 3.11: Cross-sectional area (arbitrary units) versus Doppler frequency (Hz) for a spherical cone of 14,586 particles with radius 10,000 km and an overall opening angle of 90° with
an offset angle of 0° with the velocity distribution randomly distributed. The particles are
all 2 cm in size.
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Figure 3.12: A series of spherical lenses with identical numbers of particles and relative
angular positions expanding in radius distributed in space away from the comet nucleus.
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Figure 3.13: Change in cross sections from radar returns for opposite-sense (OC) and samesense (SC) polarizations for both the coma and nucleus over the period from 09–17 February
2017. The OC polarization for the coma (blue) decreases from 0.43–0.36, and the SC polarization for the coma (orange) stays constant near 0.05. The OC polarization for the nucleus
(yellow) decreases from 0.14 to 0.13, and the SC polarization for the nucleus (purple) decreases from 0.05 to 0.04.
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Echo power (standard deviations)

Figure 3.14: Oblique view of the portion of comet 45P’s orbit around perigee (11 February
2017), viewed from 20°above the ecliptic plane. The black circle and Earth symbol (⊕)
denote the comet’s and Earth’s positions, respectively, at perigee. The position of the Sun is
marked ( ) at the center of the dotted lines denoting x-, y-, and z-axes. Tick marks at 15 day
intervals show the orbit’s position above or below the ecliptic plane. The Earth-comet plane
viewing angle is -44.7°. Figure and caption adapted from University of Maryland Comet
Campaign (2017).

Doppler frequency (Hz)
Figure 3.15: Comet Hyakutake Doppler OC low-resolution (19.5 Hz) observations for 24
March 1996, with model coma spectrum overplotted (dotted curve). The spectrum is integrated over the indicated timespan, 04:48–06:54 UT. The total receive-integration time is
smaller than this span, and equals 45 minutes. The sharp spike to the right of 0 Hz is the
nucleus; the broad distribution of signal below 3 standard deviations is radar returns from
coma particles. Adapted from Figure 2 (A), Harmon et al. (1997).
24

Figure 3.16: Uniform sphere of radius 10,000 km with 104 particles (blue circles) generated
using methods of Knuth (1998) and Weisstein (2022).
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