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Long-period Comet C/2013 A1 (Siding Spring) will experience a close encounter with Mars on 2014 Octo-
ber 19. As of 2013 October 21, the distance of closest approach between the two is projected to be
between 89,000 km and 173,000 km, with a nominal value of 131,000 km. Thus, a collision between
the comet and the planet has been ruled out, but the comet’s coma may very well envelop Mars and
its man-made satellites. We present a simple analytic model of the dust component of cometary comae
that describes the spatial distribution of cometary dust and meteoroids and their size distribution. We

Iézm igdsd:ust find that this model successfully reproduces, to within an order of magnitude, particle fluxes measured
Meteor; by spacecraft Giotto in the coma of 1P/Halley and by spacecraft Stardust in the coma of 81P/Wild 2. We

Mars apply our analytic model to C/2013 A1 (Siding Spring) and compute the expected total fluence of poten-
tially damaging particles at Mars at the time of closest approach between the two bodies; we obtain a
nominal fluence of 0.15 particles per square meter. We conduct numerical simulations of particle ejection
from the comet’s nucleus and compare the resulting spatial distribution with that of our analytic model,
and conclude that our spherically symmetric analytic model is adequate for order-of-magnitude fluence

estimates.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Comet C/2013 A1 (Siding Spring) was discovered by astronomer
Rob McNaught at Siding Spring observatory; using additional
observations and prediscovery images from the Catalina Sky Sur-
vey, the comet was determined to be in a nearly parabolic orbit
(McNaught et al., 2013). As of 2013 October 21, the JPL Small-Body
Database classifies the orbit as hyperbolic for recent epochs but
with an eccentricity of 0.99996 (relative to the Solar System bary-
center) before entering the Solar System.'

Siding Spring is notable in that it is projected to have a close
encounter with Mars on 2014 October 19 at 18:34 + 9 (TDB; Bary-
centric Dynamical Time). A collision between the comet and the
planet has been ruled out and the close approach distance is cur-
rently estimated at 131,000 km, with a minimum of 89,000 km
and a maximum of 173,000 km. Furthermore, Siding Spring shows
activity in the earliest prediscovery images, dating back to 2012
October 4 when the comet was at a heliocentric distance of
7.2 au. Thus, by the time the comet encounters Mars it will have
been producing dust and meteoroids for at least 2 years; as a

* Corresponding author.
E-mail address: althea.moorhead@nasa.gov (A.V. Moorhead).

! Readers can obtain up-to-date orbital parameters and close-approach data at
http://ssd.jpl.nasa.gov/sbdb.cgi?sstr=2013+A1.

0019-1035/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
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result, we expect the comet to have a sizable cometary coma capa-
ble of engulfing Mars.

Mars has three operational manmade satellites in orbit: NASA’s
Mars Reconnaissance Orbiter, NASA’s Mars Odyssey, and ESA’s
Mars Express. One additional satellite, NASA’s MAVEN (Mars
Atmosphere and Volatile EvolutioN), is scheduled to arrive at Mars
roughly one month prior to the Siding Spring close approach.? By
virtue of their proximity to Mars, all four spacecraft will pass within
140,000 km of the comet. Hence, characterizing the dust environ-
ment is crucial for assessing the risk posed to these satellites by
meteoroids in the comet’s coma. During its flyby of 1P/Halley, the
Giotto spacecraft detected particles at cometocentric distances as
large as 287,000 km (McDonnell et al., 1987), which is twice the
close approach distance between Siding Spring and Mars.

In this analysis, we compute the total fluence of dust particles
419 x 10°% g or larger along a straight trajectory (i.e., a chord)
through the spherical coma. We select this mass threshold because
it is near the 107 g mass at which particles are generally consid-
ered potentially damaging (McNamara et al., 2004) and because,
for a density of 1 g/cc, it corresponds to a spherical grain with a ra-
dius of 100 um, the size at which particles are often considered
potentially damaging (see, for instance, Kerley, 2013). The exact
mass threshold at which particles become dangerous to spacecraft

2 http://mars.jpl.nasa.gov/programmissions/missions/future/maven/.
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will depend on the spacecraft itself, its properties, and the impact
speed (which will in this case be similar to the relative encounter
speed of Siding Spring and Mars; i.e., 56 km/s). While we present
results for particles 4.19 x 10 g or larger, the analytic model
we present enables recalculation of the fluence for the desired par-
ticle mass range. This fluence can then be combined with satellite
parameters to obtain a risk of impact.
Our algorithm is as follows:

1. We obtain or extrapolate the total brightness of the coma at the
time of close encounter from current or past observations
(Section 2.1).

2. We translate this brightness into a total dust surface area using
the dust albedo (Section 2.2).

3. We translate dust surface area into dust number density via an
assumed particle size distribution (Section 2.3).

4. We integrate along the spacecraft’s trajectory through the coma
to obtain the total fluence, assuming a spherically symmetric
dust distribution (Section 2.4).

In order to model the coma dust environment, we rely on sev-
eral observational studies, particularly data taken in the coma of
1P/Halley by the Giotto spacecraft’s Dust Impact Detection System
(DIDSY), presented by McDonnell et al. (1986) and further ana-
lyzed by Fulle et al. (2000). 1P/Halley is a Halley-type comet with
a perihelion distance half that of Siding Spring; therefore, we limit
our reliance on 1P/Halley to the general form of the dust size dis-
tribution and spatial distribution. We then supplement this with
quantizations of dust physical properties (for instance, density)
from other studies.

The Giotto spacecraft recorded numerous dust and meteoroid
impacts along its route through the coma of 1P/Halley. Addition-
ally, several post-Giotto missions have also recorded cometary
dust and meteoroid impacts: Deep Impact recorded four particle
impacts during its encounter with Tempel 1 (A'Hearn et al.,
2008), and Stardust recorded numerous particle impacts during
its passage through the comae of Tempel 1 (Economou et al.,
2013) and Wild 2 (Tuzzolino et al., 2004). These mission data pres-
ent an opportunity for validating our model. In Section 3.1 we
reproduce the dust flux as a function of cometocentric distance
measured by Giotto and in Section 3.2 we reproduce the number
of observed dust impacts near Wild 2 as summarized by Tuzzolino
et al. (2004).

After validating our model using comets Halley and Wild 2, we
apply our model to Siding Spring to estimate the total meteoroid
fluence at Mars during the comet’s close encounter with that pla-
net. The analytic approach described above allows us to estimate
the particle fluence, to within an order of magnitude, without sim-
ulating the coma dynamics. This simplified method is desirable be-
cause it illustrates the dependence of the total fluence on
observables and, most importantly, enables quick recalculation of
the expected fluence as new observations are made.

We also pair this analytical approach with dynamical simula-
tions of particles ejected from the nucleus of Siding Spring. The to-
tal number of particles simulated is essentially a free parameter
and does not provide a check on the total fluence. Instead, these
simulations illustrate the degree to which the coma of Siding
Spring deviates from the perfect sphere described by our analytic
model. We also use simulation results to determine the time and
duration of the meteor shower the comet will produce at Mars.

2. Analytic model

In this section we describe our analytic, spherically symmetric
cometary coma model, in which we relate the size and spatial

distribution of solids in the coma to comet brightness. We then
derive an expression for the total dust or meteoroid fluence along
a chord through the coma.

2.1. Cometary magnitude

The apparent magnitude of small bodies, including comets, fol-
lows the relation

m=M1+5logA+2.5nlogh, (1)

where m is the apparent magnitude, M1 is the absolute magnitude, A
is the distance, in au, between the object and the observer, and h is
the heliocentric distance, also in au. The coefficient n parametrizes
the dependence of comet brightness on heliocentric distance. Below,
we relate the absolute magnitude to dust abundance in the coma.

First, we express the apparent magnitude relative to apparent
solar magnitude at 1 au:

m—megqau = —2.5 log Ff,h.A (2)

Fs,lau )

F.n.4 represents the light flux of the comet at the observer’s location,
while F 14, is the light flux of the Sun at 1 au. At 1 au, the Sun has
an apparent magnitude mg, 1,y = —26.74.

The reflectivity of asteroids and comets is measured in terms of
the geometric albedo, or reflectance at zero phase angle. This
reflectance is expressed relative to the geometric albedo of a Lam-
bertian disk - the intensity of light reflected by a perfectly diffusive
Lambertian disk at zero phase angle is four times that of an isotro-
pic reflector such as a metallic sphere (van de Hulst, 1981; Barbieri,
2007). Hence, the flux at zero phase angle for such an object is
Iioe /7 tather than Iy, /4.

Because a comet’s brightness is due to reflected solar light, we
can express the flux as seen from zero phase angle as follows:
Tl a(h) = o aA(h) G)

nA?(h/1au)®

where a is the geometric albedo and A(h) is the illuminated area, or
total cross-section. A comet produces a coma in response to solar
irradiation; as it nears the Sun, volatiles sublimate and accelerate
dust particles away from the nucleus. As a result, the total dust
cross section is a function of heliocentric distance. If we take an ap-
proach similar to that of Sanzovo et al. (1996) and assume
A(h) = Ag(h/1 au)”, the above equation becomes

F. _

Fepa = ”’1;" -aAg(h/1 au) *P. (4)
TTA

Insertion of the above relation into Eq. (2) yields

M = M0 + 5108 A +2.5(2 + f) log (%) ~25

a
x log <% -A0>. (3)
Noting that n = 2 + 8, we thus recover the form of Eq. (1), where
a
M1 = .1 — 2.5l0g (—- Ao ), (6)

and Ay has units of au?.

The default value of n is 4 for comets (Green et al., 2001); this
translates to 8 ~ 2, or that the illuminated area of a comet follows
an inverse-square law - i.e., to first order, the production of coma
material is proportional to the intensity of solar radiation incident
on the comet.

Comet activity and dust production is usually constrained using
the observable quantity [af p],” where a is albedo, f is filling factor,

3 [Afp] is the more common notation, but we use a here in order to avoid confusion
with our area parameter, A.
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and p is cometocentric distance (A'Hearn et al.,, 1984). Efforts to
measure [af p] for Siding Spring are underway and would help con-
strain the quantity of particles in the coma; however, this quantity
has yet to be measured. Thus, we rely on the more readily available
total cometary magnitude to estimate particle abundance.

Note that we have assumed zero phase angle for our derivation;
we make this choice for several reasons. First, while Siding Spring
has not been observed at zero phase, the Sun-target-observer angle
was 11.4° on the last used observation date (2013 October 18), fall-
ing within the < 20° range often characterized as a “low” phase
angle (Meech et al., 2005; Joshi et al., 2010). Second, there is no
standard phase correction for comets (Hosek et al., 2013) that we
can employ, nor has one been measured for Siding Spring. Third,
as Kelley et al. (2013) point out, this is complicated by the fact that
large and small particles will scatter light differently. For these rea-
sons, we do not incorporate phase into our model; however, if fu-
ture observations constrain the phase dependence of Siding
Spring’s coma, this dependence could be incorporated into our
model via a multiplicative factor in a manner similar to that of
Kelley et al. (2013).

2.2. Cross-sectional area of solids

We now again rearrange Eq. (6) in order to determine the total
cross section of coma particles:

Ay = g%1070'4(M1’m*““>au2. )

We have introduced a factor, g, to represent the fractional dust con-
tribution to the comet’s total brightness. We set this value to be
unity for most of this analysis but retain g in our expressions. Fulle
et al. (2000) found that for certain values of density and albedo, dust
particles within Giotto’s range of sensitivity could account for the
total brightness of the coma (g ~ 1), but for large dust material den-
sity (p =1 g/cc), g ~ 0.5 provided a better fit to the data. Techni-
cally, the above total area includes the nucleus, but the
contribution of the nucleus to comet brightness and thus surface
area is negligible and can be ignored for the purposes of this model.

2.3. Dust size distribution

We adopt a simple power law with exponent k for the size dis-
tribution function, f, (Fulle et al., 2000; Kelley et al., 2013),

fis)y=Cs", (8)

where s represents dust particle radius and C is a normalization
parameter. Then, the total cross-sectional area, Ay, and total num-
ber, Ny, of particles in the coma can be expressed in terms of f(s):

A= /S"‘ax s*f(s)ds 9)

~ >min
Smax

No= [ f(s)ds (10)

Smin

Next, we equate Eqgs. (7) and (9) to determine the constant C:

g 0.4(M1-M, 120) 4112 -k
c== 10 g2 > % a1
ahﬂ S?nalf( - Sr3mrlf

The coefficient of the particle size distribution function, C, enables
calculation of the total number and total surface area of dust parti-
cles. In the next section, we combine it with a spatial distribution to
calculate total fluence along a trajectory.

2.4. Particle fluence

In order to calculate the number density, v, of dust particles, we
assume a constant outward flux of dust particles. Thus,

v(r) = Dr 2. (12)

One expects an inverse-square dependence on cometocentric dis-
tance, r, if the comet steadily emits particles with a constant ejec-
tion velocity distribution; in this case, the coma size is
determined by ejection speed and the duration of the comet’s per-
iod of activity. In actuality, ejection velocity will be a function of
heliocentric distance (Whipple, 1951; Jones, 1995; Crifo and Rodio-
nov, 1997) and ejection is by no means steady and isotropic. How-
ever, v 12 is a reasonable first order approximation that fits
comet observations (A'Hearn et al., 1984; Fulle et al., 2000).

We can determine the constant D by equating the volumetric
integral of Eq. (10) to Eq. (12) and substituting Eqs. (11) and (12)
for fand C:

C Srlna’;( _ S:nllri 3
D=Comra—k (13)

Here, rmax = 1 describes the radius of the coma. Determination of
the coefficient of the spatial number density, D, also permits the cal-
culation of flux or fluence.

We calculate the fluence of particles along a straight trajectory
through the coma. We express this fluence, o, in terms of impact
parameter, or distance of closest approach, b:

o(b) = /x X)dx = 2D/ dx 2D =~ cos™! (B>, (14)

X2 + b2 Te
where v is the number density (see Eq. 12) and the parameters x;
and x, are the endpoints of the integration path.

2.5. Parameters

In order to apply the above model to Siding Spring, we must
adopt a number of physical parameters for the comet, many of
which cannot be measured without a spacecraft mission (parame-
ters are summarized in Table 1). The number of unmeasured
parameters motivated the decision to develop an analytic model;
as new observations are made and new models constructed, we
can quickly obtain new up-to-date fluence estimates. In this sec-
tion we discuss our nominal parameter choices and express the flu-
ence in terms of comet and particle properties.

We have adopted the dust size distribution model of Fulle et al.
(2000), which was developed using impact data obtained from the
flight of Giotto through the coma of 1P/Halley. Giotto probed dust
masses ranging from 7.71 x 10™° to 31.0 g (Fulle et al., 2000). In
the case of Siding Spring, we restrict our fluence calculations to
dust particles for which m > m. = 4.19 x 107° g or larger (which
corresponds to a radius of 215 um for a density p = 0.1 g/cc);
above this threshold, particles pose a potential threat to spacecraft
(McNamara et al., 2004). Thus, we replace the lower size limit in
Eq. (13) with m,. With these substitutions, and combining Egs.
(11),(13), and (14), we obtain the relation:

1
_gﬂj 2\ P\ oA m. ) 2
o £ (2) (510 a“

3k (mis03 _ b3\ cos1(b/r.) 15
1=k 3 k)/ _mG-3 * b "

min

From the above equation we can see that the fluence of large parti-
cles has a simple dependence on most of our parameters; for in-
stance, fluence is inversely proportional to particle albedo.
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Table 1

Key orbital and physical parameters for Comet C/2013 A1 (Siding Spring), our default values, and sources.
Parameter Symbol Default value Reference
Total magnitude M1 52 JPL
Heliocentric distance h=q 1.4 au JPL
Radial dependence exponent p=n-2 24 JPL
Approach distance b 131,000 km JPL
Albedo a 0.04 Fulle et al. (2000)
Density P 0.1 g/cc Fulle et al. (2000)
Dust contribution fraction g 1 Fulle et al. (2000) and Kelley et al. (2013)
Size distribution exponent k 2.6 Fulle et al. (2000)
Minimum dust mass Mpmin 771x10°%¢g Fulle et al. (2000)
Maximum dust mass Mmax 310¢g Fulle et al. (2000)
Coma radius Tc Variable NA

The dependence on the exponent, k, of the size distribution is
more complex, as seen in Eq. (8). For large negative values of k,
large particles dominate the dust contribution to coma brightness,
and o, xm_2,. For large positive values of k, we instead see
0. « (M, /M) %, which goes to zero as k — co. We plot the behav-
ior of g, relative to k for intermediate values in Fig. 1. The depicted
range, 1 < k < 5, encompasses all values over which the fluence is
enhanced relative to the fluence for our nominal value of k (2.6,
Fulle et al., 2000). This range includes size distribution indices cor-
responding to catastropic fragmentation, k = 4.3, collisional cas-
cade, k=3.49, and collisionally relaxed, k =3.01 (Jenniskens,
2006). It is also possible for the size index to fall short of or exceed
this range. For instance, Kelley et al. (2013) find a much steeper
size distribution for comet Hartley 2, with 4.7 < k < 6.6, and Vau-
baillon and Reach (2010) argue for a shallow particle size distribu-
tion (k = 0.52) in the coma of Schwassmann-Wachmann 3.

The k range depicted in Fig. 1 was chosen to cover the range
over which o, 2 g.(k=2.6) this range includes not only the
k = 2.6 value of Fulle et al. (2000) but also includes, for instance,
the larger k ~ 3.8 value that Kelley et al. (2013) measure for Hart-
ley 2. We note that the fluence has a maximum at k = 3.27, at
which ¢ is enhanced by a factor of 2.5 relative to the fluence at
our nominal choice of k =2.6.

3. Results
3.1. 1P/Halley
While our goal is to quantify the risk that Siding Spring, a long-

period, Oort cloud comet, poses to Martian spacecraft, Comet 1P/
Halley is the only comet for which numerous impacts of large coma

251 -

o(k)/o(2.6)

0.5 -

Fig. 1. Normalized fluence as a function of k. The fluence plotted is relative to the
nominal value at k = 2.6, where k is the exponent of the dust size distribution. Note
that variation in k can, at most, enhance the fluence by a factor of 2.5 relative to that
obtained using our default value.

particles have been recorded. For this reason, we rely on models of
1P/Halley for particle properties.

For the same choice of albedo, dust size distribution, and den-
sity, the ratio of total number of particles in the coma of Siding
Spring during the Mars encounter to the total number of particles
in the coma of Halley during the Giotto encounter should be equal
to the ratio of the total cross section of the particles. Using 3.88 for
the absolute magnitude and 0.9024 au for the heliocentric distance
of Halley’s comet at the time of the Giotto flyby (Hughes, 1988), we
obtain:

A h2—0.4r1<15
—=—=—0—x 107" TR =0.
AS h; sar: < 10 04MIs-M1u) _ 9 12 16
; :
H

We now apply our model to 1P/Halley to test for self-consistency,
using Egs. (12) and (13) to calculate the flux encountered by Giotto
and comparing with observations. In its journey through Halley’s
coma, Giotto recorded thousands of dust impacts, with the first im-
pact occurring at a cometocentric distance of 287,000 km and the
last occurring at a distance of 202,000 km (McDonnell et al.,
1986). The dust distribution was observed to be asymmetrical,
but within 100,000 km Fulle et al. (2000) find that the dust abun-
dance is inversely proportional to the square of the cometocentric
distance, which is consistent with our simple model in Eq. (12).
Fig. 2 gives the dust flux, ¢, as a function of distance from the
nucleus of 1P/Halley as recorded by Giotto’s dust impact detector
(DID); we compare these data with the dust flux from our model:

&(r) = vg - v(1), (17)

1000

100 |

£m™2s7h)

0.1

001 L L L T | L L L T L
10° 104 10°

7 (km)

Fig. 2. Dust flux, &, as a function of cometocentric distance, r. Black data points and
error bars are reproduced from Fulle et al., 2000. We calculate the expected dust
flux using Eq. (17) and overlay it in blue on the Giotto data; the upper limit of the
blue region represents flux values for a coma radius of 100,000 km, and the lower
limit corresponds to a coma radius of 200,000 km. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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where v; = 68.4 km/s is the velocity of the Giotto spacecraft rela-
tive to 1P/Halley (McDonnell, 1987). In calculating v, we use the
same parameters as in Eq. (16), and assume a coma radius of
r. = 100,000—200,000 km (Fulle et al., 2000; Xie and Mumma,
1996; Hodges, 1990).

While particles were detected at distances larger than
200,000 km, the distribution was observed to be asymmetrical
and the relative error on the flux distribution at large radii is quite
large. Thus, we consider our model to have successfully (i.e., within
an order of magnitude) reproduced the dust flux encountered by
Giotto near Halley. Note that in this case, we have calculated the to-
tal flux of all dust particles within the range 7.71 x 10°°g—31.0g,
while for Siding Spring we are interested in the flux of potentially
hazardous large (> 4 x 107° g) particles.

3.2. 81P/Wild 2

On 2004 Jan 2, NASA’s Stardust spacecraft flew within 300 km of
Comet 81P/Wild 2, 98 days after the comet’s perihelion passage.
Stardust carried two dust impact sensors with different effective
areas and multiple detection thresholds (see Table 2 of Tuzzolino
et al., 2004). Although at most one particle larger than 4 x 10 % g
was detected by Stardust, we apply our coma model to Wild 2
and compare the fluence of smaller particles.

With a 2 km nuclear radius (Schmude, 2010), Wild 2 is signifi-
cantly smaller than 1P/Halley, and at a heliocentric distance of
1.86 au during the Stardust encounter, much less active than Halley
was during the Giotto encounter. Observations of Wild 2 shortly
after its 1997 perihelion passage (Farnham and Schleicher, 2005)
show a coma radius of 24,000 km at a heliocentric distance of 1.7
au. Schmude (2010) calculates an average absolute magnitude of
6.9 over several perihelion passages and a radial dependence
parameter f§ = 3.4. We adopt these values for r., M1, and 8 and cal-
culate the fluence for Stardust’s close approach distance of
236.4 km for each mass threshold; sensor properties including
cross sectional area, mass thresholds, and number of impacts are
listed in Table 2. We multiply these fluences by the relevant sensor
surface area (Tuzzolino et al., 2004) and compare with the ob-
served number of impacts (excluding the post-600 s spike in im-
pacts); Fig. 3 compares the measured number of impacts with
our predictions. We adjust the minimum mass of our particle dis-
tribution to match Stardust’s lowest detection threshold of
9.8 x 107" g; particles at the low end of the mass spectrum con-
tribute very little to the total brightness and thus the resulting flux
changes by a mere 3%, which is negligible compared to the effect of
other properties such as coma radius and magnitude.

In contrast with Giotto’s 3 m? dust impact detector, Stardust’s
0.02 and 0.002 m? detectors are quite small. Additionally, Wild 2
has a smaller and less active coma than Halley. Nearly all particles
detected by Stardust were smaller than 4 x 1078 g, while our
assumption of spherical symmetry is reasonable for large particles,

Table 2
Impact data from Tuzzolino et al., 2004 for both detectors on the Stardust spacecraft
during its flyby of 81P/Wild 2.

Sensor Channel Mass threshold Impacts before +600 s
Small ml 98x10 % g 1709
(20 cm?) m2 12x100g 60
m3 43x10°%¢g 21
m4 63x107"g 0
Large M1 85x10%g 20
(200 cm?) M2 17x10°%g 1
M3 14x107°g 0
M4 15x107%g 0

1000 £ ml E
9 100) 4
= L |
B 3 m3 1
g I P i |
= 10F
l |- .
| \M\zwuu\ L1l L1l
1 10 100 1000
N (model)

Fig. 3. Dust impacts recorded by the Stardust spacecraft near Wild 2. The number of
impacts per sensor channel (see Table 2) recorded by Stardust during its flyby of
81P/Wild 2 is plotted against the number of impacts predicted by our analytic
model. /N error bars are included, and the unity line is shown in blue for reference.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

such small particles are more subject to radiative forces and less
likely to be symmetrically distributed around the nucleus. Images
of the coma of Wild 2 after perihelion display less spherical sym-
metry than those occurring before perihelion (Farnham and Schlei-
cher, 2005) and Stardust recorded short bursts of impacts,
indicating that the spacecraft crossed through thin, dense sheets
of ejecta (Sekanina and Chodas, 2012). In short, a sphere is a poor
approximation to the shape of Wild 2’s coma. To partially account
for this, we have excluded a massive burst of small impacts re-
corded more than 600 s after close approach (see the rightmost
column of Table 1 of Tuzzolino et al., 2004). We exclude these data
because the existence of this burst indicates a high degree of spa-
tial asymmetry for the smallest particles, which is not modeled by
our spherical coma.

Despite these limitations, our model reproduces Stardust data to
within an order of magnitude, with the exception of impacts in the
m1 channel, which has the lowest mass detection threshold. It is
possible to obtain closer agreement between Stardust data and
our model by adjusting the particle size distribution (for instance,
using a larger value of k), the particle bulk density (Tuzzolino et al.,
2004 favor p = 0.5 g/cc), or the coma radius (if we assume the ra-
dius is smaller at 1.86 au than at 1.7 au). However, we have re-
frained from fitting six data points with as many parameters.

3.3. (/2013 A1 (Siding Spring)

Having verified our model using existing particle impact mea-
surements for both Halley and Wild 2, we turn our attention to Sid-
ing Spring. While some of the comet’s properties have been
measured or constrained, including absolute magnitude and close
approach distance, others, such as dust material density, are diffi-
cult to probe without a spacecraft mission. Additional coma prop-
erties may be measured later; for instance, measurement of [af p]
(albedo x filling factor x cometocentric distance, A'Hearn et al.,
1984) would provide a useful probe of dust quantity and
distribution.

In light of these uncertainties, we use available information for
comet Siding Spring and supplement where necessary with typical
physical cometary properties (Table 1). In Fig. 4, we investigate the
variation of fluence with close approach distance and coma radius.
The total number of particles in our model is determined by total
cometary magnitude; therefore, a more compact coma results in
a higher fluence but a smaller sphere of influence. Over all choices
of coma radius, the maximum fluence of 4.19 x 107 g or larger
particles at Siding Spring and Mars’s close approach distance is



18 A.V. Moorhead et al./Icarus 231 (2014) 13-21

0.15 particles per square meter (Fig. 4). While this close approach
distance is larger than the 100,000 km radius of Halley’s coma, Sid-
ing Spring is a new, highly active Oort cloud comet and a large
coma radius is likely. We adopt 0.15, which corresponds to a coma
radius of approximately 200,000 km, as our nominal fluence in or-
der to provide a rough idea of the possible risk posed to Martian
spacecraft. We expect the coma radius to be measured or con-
strained as more detailed observations of the comet are made;
for instance, the multi-aperture observations described in Hosek
et al. (2013) could, if repeated for Siding Spring, constrain both
[af p] and coma radius. Once the radius has been better measured,
an updated fluence can be obtained using Eq. (15).

As noted in our discussion of Eq. (15), this fluence may be en-
hanced or diminished if parameters differ from those in Table 1.
This enhancement is bounded in one case - a different value of k
can, at most, enlarge ¢ by a factor of 2.5 - but is in most cases un-
bounded. To illustrate these dependencies, we express the fluence
at by3; = 131,000 km in terms of the values of physical parameters
relative to their nominal values:

(p— a \!
0.(bi) < 0.15 m 7 fg(1.4) 29 (2

2
14 3 —0.4(M1-52)
x (70_1 g/cc) 10 , (18)

where fi = o(k)/o(k = 2.6) < 2.5. Eq. (18) illustrates the mathemat-
ical dependence of the fluence on various physical parameters; in
the next two sections, we discuss possible choices of these
parameters.

3.3.1. Dust properties

Although a “typical” cometary albedo is about 0.04 (e.g., Fulle
et al., 2000), much smaller values have been measured. For in-
stance, Sekanina and Chodas (2012) determined the albedo of dust
in the coma of Comet 17P/Holmes to be 0.006, and Fernandez
(2000) measured the albedo of fellow Oort cloud comet Hale-Bopp
at 0.01. For the same magnitude, a lower albedo corresponds to a
higher fluence. If, however, multiple reflections occur between par-
ticles in the coma, as suggested by Larson and A’Hearn (1984), the
effective dust albedo could be higher, resulting in a low fluence de-
spite a low true albedo.

100 3 Coma Radius
i | == 300,000 km
| = 250,000 km
10 | 200,000 km
o | 150,000 km
= | 100,000 km
= 1 | = 50,000 km
I |
1 1
8-
0.01

f |
0 50 100 150 200 250 300
b (10° km)

Fig. 4. Fluence as a function of close approach distance, b. Fluences for smaller
coma radii are overlaid onto fluences for larger coma radii; i.e., red
(re =5 x 10" km) on top of orange (r. = 10° km). The solid black curve marks the
maximum fluence at every value of b, obtained by varying r.. The dotted purple
curve depicts the fluence for our largest choice of coma radius, 300,000 km. The
vertical dashed line marks the expected distance of closest approach between C/
2013 A1 (Siding Spring) and Mars, which the JPL Small Body Database lists as
131,000 km as of 2013 October 21. The horizontal dashed line marks the fluence at
this distance (¢ = 0.15) given our choices of physical parameters, assuming a coma
radius of ~200,000 km.

If the dust particles are simultaneously denser (say, p =1 g/cc)
and less reflective (a = 0.01), the fluence could be as large as a
few particles per m?. However, models predict a correlation be-
tween albedo and density, with lower albedos occurring for more
porous, less dense particles (Hage and Greenberg, 1990). If, as as-
sumed by Fulle et al. (2000), p/a is a constant 2.5 g/cc, fluence will
have a shallower dependence on density (g, « p~1/3); in this case,
a larger density actually produces a lower fluence. According to
Fulle et al. (2000), at some point this constant ratio breaks down.
They assert that a value p =1 g/cc is not accompanied by a simi-
larly large value of albedo and the dust cannot completely account
for the brightness of the coma. We note that choosing p =1 g/cc,
a = 0.04, and g = 0.5 produces a 2.3-fold increase in fluence.

Kelley et al. (2013) also argue in favor of low density; Deep Im-
pact detected significant numbers of large ( = 1 cm) particles in the
coma of 103P/Hartley 2 and the authors noted significant asymme-
try in the spatial distribution of these particles. Kelley et al. (2013)
argue that radiative forces are not capable of redistributing such
large particles unless these particles have low density
(p <£0.1 g/cc). Additionally, the same study argues in favor of a
steep particle size distribution (4.7 < k < 6.6). According to
Fig. 1, the adoption of a k value in this range results in a lower dust
fluence in our model.

3.3.2. Cometary properties

The uncertainty in fluence due to dust properties pales in com-
parison to that resulting from uncertainty in the comet’s orbit. For
instance, Fig. 4 demonstrates that if the comet passes within a few
thousand kilometers of Mars and its satellites, the result will be
hundreds of impacts rather than 0.15 per square meter.

The magnitude may also deviate from the current estimate. Sid-
ing Spring is currently at a heliocentric distance of 4.7 au (accord-
ing to JPL Horizons® as of 2013 October 21). Thus, the current
estimate for absolute cometary total magnitude, M1, is extrapolated
from observations made early during the comet’s approach. JPL Hori-
zons cites an uncertainty of M1 = 5.2 4 0.4. Using Eq. (18), we deter-
mine that if the magnitude is at the brighter end of this range (i.e.,
M1 =4.8), the dust abundance will increase by 50%.

The possible variation in fluence due to the combined effects of
cometary properties and dust properties together spans orders of
magnitude. In the next section, we perform numerical simulations
in order to probe the true spatial distribution of the coma and the
corresponding effect on fluence.

4. Numerical simulations

Our coma model assumes spherical symmetry, yet cometary co-
mae are asymmetric (Schwarz et al., 1997, de Val-Borro et al., 2012,
Vincent et al., 2013, Kelley et al., 2013, among others). In order to
determine the degree to which Siding Spring’s coma deviates from
a sphere, we perform numerical simulations which take into ac-
count both gravitational effects and radiative forces. As the comet
nears the Sun, it develops an extended tail in addition to a coma.
However, this dust tail is not a distinct dynamical feature; there
is a continuum between coma and tail in which the degree of
spherical asymmetry depends on factors such as heliocentric dis-
tance and particle size. We take the entire dust component of the
coma and tail continuum into account by simulating the ejection
and evolution of dust particles from comet Siding Spring.

Our simulations include the eight planets with initial positions
and velocities taken from the JPL DE405 ephemeris (Standish,
1998), with the Earth and Moon represented by a single particle
at the Earth-Moon barycenter. The orbital elements for the comet

4 http://ssd.jpl.nasa.gov/?horizons.
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Table 3

Orbital elements used in the simulation of
Comet C2013A1 Siding Spring (J2000). These
elements are for JD 2456320.5 (2013 January
28.0) when the comet was at a heliocentric
distance of 7 au.

Element Value

q (au) 1.39958

e 1.00036

i(°) 129.0223

Q(°) 300.9648

w (°) 2.4307

Tperi 2456956.05 (JD)

2014 October 25 (TDB)

were taken from the JPL Small-Body Database on 2013 March 21
and are listed in Table 3. The system of planets, comet, and mete-
oroids were integrated with the RADAU method (Everhart, 1985)
with a time step of 1 day used in all cases.

The comet was first observed on 2012 October 4 at a heliocen-
tric distance of 7.2 au and was already active. This onset of activity
well-beyond 3 au is characteristic of new Oort-cloud comets like
Siding Spring (see, for example, for a summary Meech and Svoren,
2004). In order to capture any early activity, the position of the co-
met was initially integrated back in time 400 days to 25 December
2011 in order to place it at 10 au at the start of simulated activity.
The comet was then integrated forward while producing
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meteoroids according to the modified Whipple method (Brown
and Jones, 1998), in which particles are ejected uniformly over
the sunlit side of the comet, until its close encounter with Mars
on 19 October 2014.

Particles with radii ranging from 10~ to 10 cm (107 to 0.1 m)
were simulated. Lacking more detailed information about the co-
met, some assumptions had to be made about the comet’s proper-
ties. The comet nuclear Bond albedo was taken to be 0.05, the
nuclear density to be 1 g/cc, the meteoroid density to be 0.1 g/cc,
and the nuclear radius to be 1000 m. The simulation included the
effects of radiation pressure. The ratio of solar radiation pressure
to gravity, B, iS given by

5.7 x107°
ﬁrad =

s (19)

where p is density in g/cc and s is particle radius in cm (Burns et al.,
1979; Weidenschilling and Jackson, 1993). The simulation can com-
pute trajectories for particles on unbound orbits with respect to the
Sun as well as for particles for which radiation pressure exceeds
gravity (i.e., particles smaller than 5.7 x 10 c¢m for a density of
0.1 g/cc). In the latter case, f,,; > 1 and the particles are pushed
out of the Solar System.

Simulation of the entire set of ejected particles, which number
in the quadrillions, is prohibitively computationally expensive. In-
stead, we simulate the behavior of a representative number of par-
ticles and apply the following normalization factor:

-300 -200 -100

-300 -200 -100

x (103 km)

Fig. 5. Particle fluence maps at Mars due to Siding Spring. Predictions from our spherical model are on the left, and simulation results, renormalized to match the total
number particles larger than 4.16 x 10~° g (top) and 4.16 x 10~ g (bottom) in this model, are on the right. Colors depict the total fluence per square meter as a function of
location in a plane perpendicular to the velocity vector of C/2013 A1 (Siding Spring) relative to Mars. The planet Mars is located at the origin and marked with a white X. The y
axis points toward Martian North and the x axis toward Martian East, which is the sunward direction.
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N et eamimg (3K (st st
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min

where Ny, represents the total number of particles simulated be-
tween sizes s; and s,.

As the particles pass Mars, they are projected onto a target
plane whose normal is defined by the comet’s velocity relative to
that planet. In Fig. 5, we compare model and simulation fluence
results for two different mass regimes: m > 4.19 x 10 g (which
corresponds to a grain radius of 215 um at a density of 0.1 g/cc)
and m>4.19x 103 g (which corresponds to 2.15mm). The
upward and right axes are taken to be Martian North and East
respectively. The density of particles passing through the target
plane yields the expected total fluence of particles in the planet’s
reference frame as the comet passes.

We can clearly see the effects of radiative forces on the particle
distribution in Fig. 5, particularly in the top-right plot. Small parti-
cles are pushed anti-sunward (left, or Martian West, in our plots)
and, as a result, sparsely fill a large region of space. Our analytic
model does not include the extended coma, and thus underesti-
mates the fluence at distances larger than our chosen coma radius.
However, the fluence of 4.19 x 107° g or larger particles near Mars
varies by a mere factor of 2 between the two maps.

The difference between our spherical model and the results of
our simulations is less significant for large (> 4.19 x 102 g) parti-
cles; the primary difference is a slight flattening of the spatial
distribution.

We find that the relative inaccuracy incurred by assuming
spherical symmetry (roughly a factor of two near Mars) is small
in comparison to orders-of-magnitude differences resulting from
a change in close approach distance. We therefore recommend
the use of our spherically symmetric analytic coma model for rapid
re-estimation of the fluence near Mars as additional observations
are made and comet properties are better measured or con-
strained. Using our nominal parameter values, our analytic model
and numerical simulations both support an estimated impact
probability of roughly 10-20% per square meter of spacecraft for
4.19 x 107° g particles.

Our numerical simulations yield additional information about
the timing and duration of the meteor shower. We find that time
of peak particle flux is nearly identical to the time of closest ap-
proach between Mars and Siding Spring, and that the bulk of the
particle impacts will occur within an hour of the peak.

5. Conclusions

We have developed an analytic model of the dust abundance in
cometary comae that can be used to obtain order-of-magnitude
estimates of impact risk. This model relies on observables such
as total cometary magnitude to estimate the brightness of the
coma; this brightness is then combined with typical dust proper-
ties to generate a dust distribution. Finally, integration along a tra-
jectory yields the total fluence of particles, which, for small
fluences, is approximately the risk of impact.

This model can be applied to Comet C/2013 A1 (Siding Spring),
which is projected to make a close approach to Mars on October 19,
2014. The close approach distance, 131,000 km, is sufficiently
small that the comet is likely to engulf Mars and its natural and
man-made satellites in the coma. We use the close approach dis-
tance and cometary magnitude to model the fluence of
4.19 x 107° g particles at Mars during the encounter. We find that
while the exact number of expected impacts varies with comet and
dust properties, our nominal value for the total fluence is 0.15 im-
pacts per square meter.

We rely on studies of dust impact data recorded by the
spacecraft Giotto on its route through Comet 1P/Halley’s coma to
constrain dust properties, but not dust quantity. To check for
self-consistency, we model the coma of 1P/Halley itself and extract
the fluence along Giotto’s trajectory. We perform an additional
check on our model by reproducing impact numbers as recorded
by Stardust in the coma of Comet 81P/Wild 2. In both cases, our
model agrees with the data at the order-of-magnitude level.

We check our assumptions regarding the spatial distribution
(i.e., that it is spherically symmetric) by comparing our spherical
model with simulations. These simulations produce an asymmetric
coma and the fluence is reduced by a factor of 2 near Mars relative
to our spherical model. We conclude that our analytic model sacri-
fices less than an order of magnitude in accuracy by neglecting par-
ticle dynamics and radiation pressure for particles larger than
419x10%g

Comets are notoriously unpredictable; the magnitude of Siding
Spring may very well change significantly as it moves inward
through the Solar System. Additionally, neither the start of activity
nor the size of the nucleus has been measured. Thus, we have ex-
pressed our results in parametrized form throughout this analysis,
and our estimates can thus be easily updated as additional obser-
vations of C/2013 A1 (Siding Spring) are made.
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