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ABSTRACT

We present a study of the newly discovered main-belt comet P/2008 R1 (Garradd), an object with the dynamical
characteristics of an asteroid and the physical characteristics of a comet. Photometry sets a limit to the effective
radius of the nucleus at r, < 0.7 km (red geometric albedo 0.05 assumed). The coma shows a secular fading in our
data caused by the escape of dust particles from the near-nucleus environment. The optical reflection spectrum is a
nearly neutral continuum devoid of gaseous emission lines, from which we derive a limit to the cyanide (CN) radical
production rate of Qcn < 1.4 x 10?® s7! and infer a mass-loss rate <1.5 kg s~! at the time of our observations.
Unlike the first-reported main-belt comets, P/2008 R1 is not dynamically stable. The nearby 8:3 mean-motion
resonance with Jupiter induces dynamical instability on timescales 20-30 Myr. Hence, we conclude that P/2008 R1
has recently arrived from a more stable source elsewhere. The high Tisserand parameter of the orbit (in fact, with
T; = 3.216 it is the highest of any comet) points to a source in the asteroid belt itself, instead of in the Kuiper belt
(putative source of the Jupiter family comets). We infer that P/2008 R1 is an icy body from the outer asteroid belt

in which sublimation has been triggered by rising temperatures resulting from a decreasing perihelion distance.

Key words: comets: general — Kuiper Belt — minor planets, asteroids — solar system: formation

Online-only material: color figures

1. INTRODUCTION

The Tisserand parameter with respect to Jupiter provides a
simple way to discriminate dynamically between asteroids and
comets (Kresak 1982; Kosai 1992). It is defined by
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where a, e, and i are the semimajor axis, eccentricity, and
inclination of the orbit, and a; is the semimajor axis of Jupiter.
Jupiter has T; = 3.0, the main-belt asteroids have T; > 3,
while comets have T; < 3. The T; parameter is a constant of
the motion in the circular, restricted three-body (Sun—Jupiter—
object) problem (Carusi et al. 1995). However, the assumptions
of the circular, restricted three-body problem are not exactly
met: Jupiter’s orbit is inclined, is not circular and objects
other than the Sun and Jupiter can exert significant dynamical
influence on the motions of comets and asteroids. Therefore,
while Equation (1) is broadly useful, it can be ambiguous as a
dynamical discriminant particularly for values of the parameter
very close to T; = 3.0.

Observationally, comets and asteroids are distinguished by
the presence or absence of a coma (gravitationally unbound at-
mosphere) or tail. A small body which shows a coma at any
time is, by the observational definition, a comet (Jewitt 2004).
This observational distinction is also imperfect, because the
observational ability to detect a coma is a function of the in-
strumental sensitivity and resolution. Nevertheless, it is note-
worthy that most objects classified dynamically as comets by
Equation (1) show distinctive cometary morphologies. The op-
posite is also true: most objects which are dynamically asteroidal

* Some data were obtained at the W. M. Keck Observatory, a scientific
partnership run by the California Institute of Technology, the University of
California, and the National Aeronautics and Space Administration. The
Observatory was made possible by the generous financial support of the W. M.
Keck Foundation. Some data were collected at the Subaru Telescope, which is
operated by the National Astronomical Observatory of Japan.
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are also judged as asteroids by their point-like appearances. This
agreement between the dynamical and observational definitions
reflects a sharp compositional difference between refractory ob-
jects formed at high temperatures in the inner regions of the
protoplanetary disk and ice-rich bodies formed at larger dis-
tances beyond the snow-line.

However, some objects which are dynamically comets (7, <
3) are perpetually devoid of comae and tails, the principal
indicators of cometary activity. Of these, some appear to
be former main-belt asteroids that have escaped from their
original orbits and are being multiply scattered by Jupiter and
the terrestrial planets into eccentric, comet-like orbits. Others
are inferred to be inactive comets in which the near-surface
supply of volatiles has been depleted by past sublimation losses
(Hartmann et al. 1987; Bottke et al. 2002). In support of the latter
inference is the observation that 7; and albedo are correlated,
such that inactive objects with 7; < 3 are statistically more
likely to have low, comet-like albedos than objects with 7; > 3
(Fernandez et al. 2005). Presumably, this is because a substantial
fraction of the T; < 3 “asteroids” are deactivated comets which
retain their distinctive, low albedos. The ratio of original comets
to original asteroids in the 7; < 3 population is uncertain but
may be near 50% (Ferndndez et al. 2005).

Recent work has revealed a second and completely differ-
ent class in which the dynamical and morphological classifica-
tions disagree (Hsieh & Jewitt 2006). The “main-belt comets”
(hereafter MBCs) have asteroid-like semimajor axes and Tis-
serand parameters, but they also display comet-like mass loss,
manifested optically as resolved comae and tails. The proto-
type MBC is 133P/Elst-Pizarro (7; = 3.184; Hsieh et al. 2004)
and two other examples, P/2005 Ul (Read) (T; = 3.153) and
176P/Linear (T; = 3.166), are well established (Hsieh &
Jewitt 2006). As with the “normal” comets from the Oort cloud
and Kuiper belt, mass loss from the MBCs is compatible with
being driven by the sublimation of near-surface ice and it is
appropriate to think of the MBCs as “icy asteroids.”
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It is very unlikely that the MBCs have been recently captured
into the main-belt from sources in the Oort cloud or Kuiper belt
(Fernandez et al. 2002; Levison et al. 2006). The dynamical
reason is that the aphelia lie so far from Jupiter that the MBCs
are decoupled from the very object needed to effect their capture.
Some objects might have been captured from the Kuiper belt
into the main-belt during a hypothesized, dynamically chaotic
phase about 0.8 Gyr after solar system formation (Gomes et al.
2005). However, the most likely explanation is that the MBCs
formed in situ at a time when the snow-line was closer to the
Sun than ~3 AU. Models suggest that this condition prevailed
over a wide range of accretion parameters in the first few Myr
of the solar system (Garaud & Lin 2007).

Here, we present observations of the newly discovered
MBC P/2008 R1 (Garradd) starting only 2 days after its
announcement on UT 2008 September 24 (Garradd et al. 2008).
Equation (1), with a = 2.726 AU, ¢ = 0.342, and i = 1529,
gives Ty = 3.216, clearly above the nominal dividing line
separating the comets and asteroids and higher even than the
T; parameters of the other MBCs. Based on these results, we
initiated a program of optical observations of P/2008 R1 that
form the basis of the current work.

2. OBSERVATIONS

Observations were taken using three telescopes located on
Mauna Kea, Hawaii. The University of Hawaii 2.2 m telescope
was used with a Tektronix 2048 x 2048 pixel charge-coupled de-
vice (CCD) camera, an image scale of 00219 pixel~! and BVRI
filters approximating the Kron—Cousins set. At the Keck 10 m
telescope, we used the two-channel LRIS imaging camera (Oke
et al. 1995) with scale 07211 pixel ™! on the red side (VRI filters)
and 0”135 pixel ™! on the blue side. Spectra were also secured at
Keck by using LRIS in its dispersive mode. The Subaru 8 m tele-
scope was used with the FOCAS 4096 x4096 pixel CCD imager
binned 2 x 2 to give an image scale 07208 pixel ! through BVRI
filters (Kashikawa et al. 2002). The observations were taken with
the telescopes tracked at nonsidereal rates to follow the motion
of P/2008 R1, using a range of integration times from 60 s to
300 s with multiple images in each filter. All images were pho-
tometrically calibrated using observations of nearby standard
stars having Sun-like optical colors from the list by Landolt
(1992). Images from UT 2008 September 26 were taken through
cloud and calibrated using subsequent observations of field stars
taken on a photometric night. The other nights were photo-
metric to within ~0.05 mag, or better. The low declination of
P/2008 R1, especially before mid-October, severely limited the
nightly observing window and forced observations to be taken
at larger than normal airmasses (typically 2.0-2.2).

A journal of observations is given in Table 1, while an image
showing the cometary appearance on UT 2008 September 30
is given in Figure 1. A tail extends primarily along the pro-
jected Sun—comet radius vector and has the diffuse appearance
expected of a particle tail swept back from the nucleus by ra-
diation pressure. The comet retained the appearance shown in
Figure 1 throughout the observations reported here.

3. ANALYSIS
3.1. Photometry

We took photometry using a circular projected aperture of
272 angular radius, and measured the sky brightness from a
surrounding annulus having inner and outer radii of 4/4 and
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Table 1
Observational Geometry

UT Date R(AU®  A(AU)® o (deg)* Teld Work®
2008 Sep 26 1.853 1.092 26.5 UH22m R
2008 Sep 30 1.861 1.125 27.1 Keck 10m  BVRI, Sp
2008 Sep 30 1.861 1.125 27.1 UH22m BVR
2008 Oct 01 1.863 1.133 27.3 UH22m BVR
2008 Oct 02 1.865 1.142 274 UH22m BVRI
2008 Oct 03 1.867 1.150 27.6 UH2.2m BVRI
2008 Oct 22 1.910 1.334 29.5 Subaru 8 m BVRI
2008 Nov 11 1.963 1.562 30.0 UH2.2m R
Notes.

2 Heliocentric distance in AU at the mid-time of the observations.
b Geocentric distance in AU at the mid-time of the observations.
¢ Phase angle (degrees) at the mid-time of the observations.

d Telescope.

¢ BVRI denotes broadband imaging, Sp denotes optical spectra.

10”
—>

-Sun

~
.

Figure 1. R-band, 90 s image taken UT 2008 September 30 at the Keck telescope.
A tail of material extends to the northeast from the nucleus of P/2008 R1. The
north and south cardinal directions are marked, as is the projected Sun—comet
radius vector (marked “-Sun”).

8!8, respectively. We found by experimentation that substan-
tially smaller sky annuli overlap the coma unacceptably while
substantially larger annuli give less reliable estimates of the sky
brightness in the vicinity of the comet. The comet tail crosses
the sky annulus. We checked that, since we employ the median
pixel value within the annulus as our best estimate of the sky, the
resulting sky brightness is unaffected by the comet tail. Images
in which the comet was overlapped by field stars and galaxies
were rejected from further analysis. The apparent magnitudes
(averages of several measurements per filter per night), are listed
in Column 2 of Table 2.

The apparent brightness of P/2008 R1 (Table 2) fades
by about 1.5 mag from the first observation to the last. To
account for the effects of viewing geometry in the photometry,
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Table 2
Optical Photometry
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UT Date mg® HgP re (km)© B-V V—R R—1
2008 Sep 26 19.69 + 0.05 16.96 1.03 e e -
2008 Sep 30 19.88 + 0.03 17.06 0.99 0.81 £ 0.05 0.33 4 0.05 0.35 £+ 0.05
2008 Sep 30 19.93 £ 0.03 17.11 0.96 .. e
2008 Oct 01 19.86 + 0.02 17.02 1.00 - e -
2008 Oct 02 19.90 + 0.03 17.04 0.99 0.60 £ 0.05 0.42 % 0.05 0.41 £0.05
2008 Oct 03 20.17 + 0.06 17.28 0.89 0.62 £ 0.07 0.41 £ 0.05 0.52 £ 0.07
2008 Oct 22 21.09 £ 0.04 17.77 0.71 0.50 & 0.05 0.31 % 0.05 0.36 £ 0.05
2008 Nov 11 21.21 £ 0.10 17.48 0.81

Mean color 0.63 £ 0.03 0.37 & 0.03 0.39 £ 0.03
Solar colord 0.63 0.36 0.33

Notes.

4 Apparent red magnitude within a 272 radius aperture.

b R-band magnitude corrected to unit heliocentric and geocentric distances and to zero phase angle, as described

in the text.

¢ Effective radius computed under the assumption of albedo 0.05.
d Colors of the Sun, from Hardorp (1982), Hartmann et al. (1990), and Tueg & Schmidt-Kaler (1982).

we corrected the apparent magnitudes of the comet to unit
heliocentric and geocentric distances and to zero degrees phase
angle. We assumed an R™2A~2 inverse-square law brightness
variation, as is strictly applicable to photometry of a point
source. However, P/2008 R1 is an extended object and the
volume of the coma sampled by fixed-aperture photometry (as
in Table 2) grows with increasing geocentric distance, tending
to make measurements at large A too bright relative to ones
at small A, all else being equal (Jewitt 1991). The magnitude
of this “aperture effect” depends upon the radial variation of
the surface brightness (Jewitt 1991). For example, we estimate
an additional ~0.3 mag fading in Hg between the first and
last observations (see Table 2), tending to steepen the line in
Figure 2. The important point is that this aperture effect always
increases the amount of fading so that the latter cannot be
an artifact of the presence of coma. We next used the “HG”
formalism (Bowell et al. 1989) to correct for the phase-angle
dependence of the scattered flux density, with the dimensionless
scattering parameter G = 0.15 as appropriate for C-type objects.
The correction to 0° phase angle with this G is Amg = 1.27 mag
for G = 0.15. If we had chosen instead to assume G = 0.25
(more appropriate for a high albedo, S-type surface), we would
obtain a phase correction Amyg = 1.14 mag. The difference is
not important relative to the size of the variations in brightness
recorded in Table 2. Of course, P/2008 R1 is an extended
object and there is no guarantee that its phase function is
well represented by the “HG” model, regardless of the G-value
selected. Empirically, the back-scattering phase functions of
active comets are approximately linear with gradients 0.02 mag
deg™! to 0.04 mag deg~' (Millis et al. 1982; Meech & Jewitt
1987). For P/2008 R1 (Table 1), these gradients correspond to
phase corrections Amp = 0.6—1.2 mag giving a measure of the
uncertainty implicit in the phase correction. For definiteness,
in this work we assumed G = 0.15, consistent with the low
albedos derived from optical /thermal infrared measurements of
MBCs 133P (red geometric albedo pg = 0.05 + 0.02) and 176P
(pr = 0.07 £ 0.02; Hsieh et al. 2009) and we note that the phase
correction could be smaller by ~0.6 mag, corresponding to a
factor of ~1.7. Resulting values of Hg, are listed in Column 3 of
Table 2.

The coma of P/2008 R1 limits our ability to study the nucleus
directly. In principle, the surface brightness of the coma can be
extrapolated inwards to the nucleus and then subtracted from
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Figure 2. Absolute red magnitude (i.e., corrected to unit heliocentric and
geocentric distances and to zero phase angle) of P/2008 R1 as a function of date
(measured in days from UT 2008 October 1). Error bars denote photometric
errors, principally due to sky background uncertainty.

the data to estimate the nucleus contribution. In practice, this
exercise is fraught with uncertainty. In particular, reliable results
cannot be obtained when the combined cross-sections of the dust
grains within the projected seeing disk are large compared to the
geometrical cross-section of the nucleus. An examination of the
surface brightness profile of P/2008 R1 shows no clear evidence
for any central excess that can be unambiguously associated
with the presence of an underlying nucleus. For this reason,
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we have not attempted to constrain the nucleus size using the
surface brightness profile. For the same reason, we can place
no meaningful constraint on the shape of the nucleus or its
rotational period based on our data.

Instead, we use the faintest absolute magnitude from Table 2,
namely Hg = 17.77, to set a limit to the absolute nuclear
magnitude. The inverse-square law

prrl =2.25 x 10'010%4me=Hrl )

where mg = —27.1 is the R-band magnitude of the Sun, then
gives an upper limit to the effective radius of the nucleus, r,
(km), as

re < 0.7(0.05/ pr)'/>. 3)

A ~0.6 mag fainter absolute magnitude (caused by a sig-
nificantly flatter phase correction, as above) would result in a
derived radius about 30% smaller, or r, ~ 0.5 km.

The absolute magnitude shows a secular decline of about
0.5 mag (i.e., a fading of about 40%) from the first observation
to the last (Figure 2; Table 2). The fading results from a net loss
of near-nucleus dust particles projected within the photometry
aperture, presumably due to radiation pressure sweeping (the
272 aperture radius corresponds to about 1800 km at 1.1 AU).
Unfortunately, the Earth never rises far above the plane of the
orbit of P/2008 R1 (on UT 2008 September 30, this angle was
928) leading to strong projection effects that limit the useful
application of Finson—Probstein-type dust models.

Instead, we obtain a crude estimate of the particle coma
mass-loss rate from the photometry, as follows. The largest and
smallest effective radii in Table 2 are r.(max) = 1.03 km (UT
2008 September 26) and r,(min) = 0.71 km (UT 2008 October
22), respectively. The loss in dust cross-section between these
dates amounts to AC = 7 (r,(max)> — r.(min)?) = 1.75 km?,
assuming that the dust particles in the coma have the same albedo
and scattering function as the nucleus). For spherical particles
of density p (kg m~) and average radius a (m), the mass and
cross-section are related by AM ~ paAC (kg). Witha = 10 um
(Hsieh et al. 2004) and p = 10° kg m—3, we find that the coma
lost AM = 1.8 x 10* kg between September 26 and October 22,
corresponding to an average loss rate of ~1072 kg s~!. For
comparison, mass-loss rates estimated from detailed modeling
of the MBC prototype 133P are (1-10)x 1073 kg s~! (Hsich et al.
2004) while most active comets are 3 to 6 orders of magnitude
more productive. Strictly, our estimate gives only the dust mass-
loss rate from the coma (i.e., the difference between the rate of
supply from the nucleus and the rate of loss by dissipation into
space) so it is difficult to attach an estimate of uncertainty to it.
An independent constraint on the gas production rate, given in
the following section, depends upon fewer assumptions and is
correspondingly more robust.

The optical colors of P/2008 R1 are given in Table 2, mea-
sured within a 2”2 radius aperture using an observing cadence
designed to mitigate against the possible effects of rotational
brightness variations. Within the measurement uncertainties, the
colors from different nights are in broad agreement except that
the B — V measurement from UT 2008 September 30 is signifi-
cantly redder than B — V on later dates. We can find no reason
to reject this measurement. Therefore, we have retained all the
data in the table in the computation of the weighted mean col-
ors within each band, listed in Table 2, together with the colors
of the Sun from Hardorp (1982) and Hartmann et al. (1990).
The mean and Solar colors are the same within the errors of
measurement and consistent with the nearly neutral reflection
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spectra of C-type asteroids. The mean colors are inconsistent
with the redder P- and D-types that are common in the Trojan
asteroids (Fornasier et al. 2007; Roig et al. 2008) and there is
no evidence for the ultrared matter observed to coat the sur-
faces of many Kuiper belt objects and Centaurs (Jewitt 2002).
The physical interpretation of the colors is limited, however,
by the knowledge that they refer primarily to scattering from
near-nucleus dust and not from the underlying nucleus. The
scattering properties of coma dust grains can, in principle, be
quite different from those of the solid nucleus surface, espe-
cially if the particles are small compared to the wavelength. We
searched for spatial gradients in the colors that might provide
evidence for a nucleus different in color from the surrounding
coma. In the Keck data from UT 2008 September 30 and the
UH 2.2 m data from UT 2008 October 3 no spatial variations in
color were found. The optical continuum reflectivity gradients
of nine active comets vary from 5% = 2 to 18% =+ 2%/1000 A
(Jewitt & Meech 1986), corresponding to V — R = 0.41-0.54.
The V — R color of P/2008 R1 is near the bluest of the measured
cometary coma colors but is not otherwise remarkable.

3.2. Spectrum

A spectrum was recorded at the Keck telescope on UT 2008
September 30 in order to search for evidence of emission lines
from gas. To obtain the spectrum, P/2008 R1 was first identi-
fied in the Keck guider camera from its distinctive nonsidereal
motion and then placed within a 170 wide slit. Spectral dis-
persion was obtained using the 400/3400 grism with the 460
dichroic, giving a dispersion of 1.07 A pixel~' and a resolu-
tion of approximately 5 A. An atmospheric dispersion com-
pensator was used and the orientation of the slit was further
held fixed perpendicular to the horizon in order to obviate ef-
fects from differential atmospheric refraction. A total of 1710 s
of data were obtained from four integrations on the comet.
Three Solar analog (G2V-type) reference stars (HD202561,
HD206416, and HD211132) were observed in order to can-
cel features from the photospheric spectrum of the Sun. We
selected these stars on the basis of their (nominal) G2V classi-
fications but also on the basis of their proximity in the sky to
the target MBC. Owing to its large negative declination (—41°)
at the time of observation, the comet spectra were necessarily
obtained at airmasses 2.05-2.08. The G-type stars were ob-
served immediately after P/2008 R1 at airmasses in the range
2.03-2.20. Therefore, effects of differential extinction between
the comet and the stars should be negligible. Wavelength cal-
ibration and quartz lamp flat-fields were taken for calibration
purposes.

The ~3700 A to ~4300 A portion of the spectral image,
prior to sky-subtraction, is shown in Figure 3. The cometary
continuum is evident as a horizontal band crossed by emission
lines from the night sky and by absorption bands in the
spectrum of the Sun, visible in reflection from dust in the
Zodiacal cloud. The latter include the prominent Ca H and
K lines at 3933 A and 3966 A, marked near the middle of
Figure 3. Cometary emission bands, if they were present, would
appear in Figure 3 as vertical bands brightest at the location
of the continuum and fading with distance above and below
it. The brightest expected cometary species in this wavelength
range is the cyanide (CN) Av = 0 band, which occupies a
range of wavelengths from roughly 3830 A to the bandhead at
3883 A. Neither CN Av = 0 nor any other cometary bands are
evident.
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Figure 3. Keck spectrum of P/2008 R1 taken on UT 2008 September 30, before sky subtraction, with a wavelength scale in A at the bottom. The Solar Calcium H
and K absorptions (back-scattered from Zodiacal dust) are shown and the position of the CN bandhead at 3883 A is indicated.

Figure 4 shows the spectrum extracted from the data using
a section of the slit centered on the continuum and 38 in
length, with the sky emission subtracted from flanking boxes
extending 5” to 8” from the comet. The extracted spectrum has
been divided by the spectrum of G2V star HD202561 and the
result has been further divided by a linear function in order to
remove a slight residual slope (of unknown origin, but possibly
resulting from an imperfect analog) in the computed spectral
ratio. Although the Ca H and K lines (locations are marked in
Figure 4) are neatly cancelled by the division by the G-type
star, residuals in the ratio spectrum, especially near 3820 A,
show that HD202561 is not a perfect analog of the Sun. The
other two G-stars also gave imperfect line cancellations, with
resulting ratio spectra similar to the one shown in Figure 4.
The CN line is not apparent in the extracted spectrum of
P/2008 R1.

We estimate a limit to the flux density in the CN band
(Figure 4) as follows. The B filter (central wavelength 4500 A)
magnitude of P/2008 R1 is mp = 21.02 + 0.03 (Table 2),
which corresponds to a flux density at band center of fz =
2.5%107"7 erg cm2 s=! A~! (Drilling & Landolt 2000). The
reflectivity spectrum of P/2008 R1 is essentially independent of
wavelength (as shown by the nearly neutral broadband colors in
Table 2). Therefore, the continuum flux density of P/2008 R1
at the wavelength of CN Av = O s just fCCN = fal f3s30/fBlo in
which [ f3s80/fs]lo = 0.52 is the ratio of the flux densities in the
Solar spectrum at the wavelengths of CN and the B-filter center
(Alrvoeseln et al. 1969). This gives fCCN = 1.3x107" erg cm™2
s AT

To quantify a limit to the possible strength of the CN band, we
examined the standard error on the mean of the ratio spectrum
in Figure 4 over 50 A wavelength bins on either side of the
expected CN emission band. In the wavelength bands from
3780 A to 3830 A, 3900 A to 3950 A, and 3950 A to 4100 A,
we measured the standard error on the mean of the normalized
reflectivity (Figure 4) as 0 = 0.06, 0.04, and 0.03, respectively.
To be conservative, we select the largest (o = 0.06) as the best
measure of the uncertainty in the data and consider the practical
limit to the CN band flux as 5o = 0.30. This limit is plotted as
a horizontal line in Figure 4. Expressed as a flux in the AA =
50 A wide band occupied by CN, this limit becomes fox = 0.3
AAfy =2.0x1071% erg cm =2 s~! and we employ this value to
calculate the CN production rate limit.

The CN band is produced by resonance fluorescence of
sunlight, in which cometary molecules scatter photons randomly
in direction but without change in energy. When the coma is
optically thin, the scattered flux, foy (erg cm™2 s~!), received
at distance A (cm) is simply proportional to the number of CN
molecules, N, in the section of the slit from which the spectrum
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Figure 4. Spectrum of P/2008 R1 taken on UT 2008 September 30 at the
Keck 10 m telescope. This is the composite of four spectra (total integration
time 1710 s) that have been sky-subtracted, extracted from a region 170 wide
by 3”8 long, and divided by the spectrum of a nearby Solar analog to cancel
photospheric absorption lines. The wavelengths of the Ca H and K lines are
marked to show that they have been well canceled by the Solar analog star and
a horizontal line denotes the adopted upper limit to the CN AV = 0 band.
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The constant of proportionality in Equation (4) is called the
resonance fluorescence efficiency, g(R) (erg s~! molecule ™).
It is conventionally evaluated at heliocentric distance R = 1 AU
and scaled to other distances using g(R) = g(1)/R>. At a given
R, the fluorescence efficiency of CN can vary by a factor of ~1.5,
owing to the Doppler shift between cometary lines and the Solar
spectrum (the so-called Swings effect). On UT 2008 September
30, P/2008 R1 had radial velocity dR/dt = 3.4 km s -1 for
which the fluorescence efficiency is g(1) = 2.8 x 10~3 (erg s~!
molecule™") (work by M. Mumma quoted in A’Hearn 1982).

Substituting fox = 2x 107! erg cm™2 s~!, and with R and
A drawn from Table 1 for UT 2008 September 30, we obtain
N = 8.4x10%* CN molecules in the 1.0x 38 projected slit. To
estimate the production rate from emission line data, we used
the Haser model, in which the parent of CN decays with a length
scale (at R = 1 AU) £p = 1.3x10* km and the CN daughter
itself is photo-destroyed on the length scale £; = 2.1x10° km
(A’Hearn et al. 1995). We integrated the Haser number density
model over a rectangular area 820 km x 3940 km, which is
the size of the spectrograph slit projected to the distance of P/
2008 R1. We assumed that the outflow speed of the sublimated
gas is v = 0.75 km s~!, consistent with measurements in comet
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Figure 5. Semimajor axis (AU) vs. orbital eccentricity plane showing asteroids
(black dots) and MBCs (color-coded as marked). Orbital elements are from
the JPL database. The arcs show the loci of orbits having perihelia equal to
the aphelion distance of Mars and aphelia equal to the perihelion distance of
Jupiter. The box around P/2008 R1 shows the region of a vs. e space in which
dynamical stability is explored (see Figure 6).

(A color version of this figure is available in the online journal.)

C/Hale-Bopp at about this heliocentric distance (Biver et al.
2002). The resulting limit to the production rate of CNis Qcn <
1.4x10% 71,

In other comets, the average ratios of the production rates of
CN to OH and of OH to H,O are Qon/Qcn ~ 320 and Qogn/
Qmn,0 = 0.9, respectively, giving Qpn,0/Qcn ~ 360 (A’Hearn
et al. 1995). If this ratio applies to P/2008 R1, our CN limit
implies On,0 < 5 x 10% 57!, corresponding to <1.5 kg s™!.
This estimate, which is crude but probably good to an order of
magnitude, lies at the low end of the range of CN production
rates of other well-measured comets (A’Hearn et al. 1995) but
is consistent with the dust mass-loss rate earlier estimated from
the photometry.

The nondetection of gas in an active comet is unsurprising
in the context of observations of other comets taken in the
2-3 AU region and beyond. In fact, the visibility of spectral
lines, relative to the dust continuum, declines systematically
as the heliocentric distance increases. Many active Jupiter
family comets (JFCs), for example, show prominent dust comae
but lack measurable gas emission, just as in the case of P/
2008 R1. This is in part because the scattering cross-section
of small dust particles is intrinsically large but also because
the residence time of dust (leaving the nucleus at speeds 1—
10 m s7!) is 10>~10° times larger than the residence time of
gas (speeds ~1 km s~'), when measured within an aperture of
fixed radius. This difference in the residence times of gas and
dust is potentially even more important in P/2008 R1, where the
observed secular fading proves that a nonsteady state prevails.
Our observations are consistent with a scenario in which most of
the gas has already left the vicinity of the nucleus, leaving behind
a dissipating coma consisting largely of slow-moving dust
particles.

3.3. Dynamics

As is obvious in Figure 5, the orbit of P/2008 R1 is quite
distinct from the orbits of the first three MBCs in having
a smaller semimajor axis (2.7 AU versus 3.2 AU), a larger
eccentricity (0.35 versus 0.2) and a much larger inclination
(16° versus ~1°). We explored the stability of P/2008 R1
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Figure 6. Grid of clones in the semimajor axis vs. eccentricity plane for which
the dynamical lifetime was calculated. P/2008 R1 is shown as a red circle. The
gray band shows the location and width of the 8:3 mean-motion resonance with
Jupiter. The lifetimes of the clones are shown with different colors.

(A color version of this figure is available in the online journal.)

by integrating its orbit using the Bulirsch—Stoer integrator in
the Mercury N-body integration package (Chambers 1999).
We found that the orbit of P/2008 R1 becomes unstable in
approximately 20 Myr, a time very short compared to the
4.5 Gyr age of the solar system. This dynamical instability
is unsurprising because the semimajor axis of P/2008 Rl
(2.727 AU) lies close to the 8:3 mean-motion resonance with
Jupiter (at 2.706 AU; see Figure 6) and the orbit is also affected
by the vg secular resonance, in a region that is known to be
dynamically unstable (Yoshikawa 1989; Broz & Vokrouhlicky
2008).

To obtain a more comprehensive picture of the stability of
P/2008 R1, we further integrated the motions of objects (clones)
in the vicinity of this asteroid. We computed future orbits over
a grid of orbital elements in semimajor axis versus eccentricity
versus inclination space (shown as a small box in Figure 5).
Results for a smaller number of clones are shown in Figure 6.
As shown here, the majority of clones became unstable with
lifetimes between 20 Myr and 100 Myr implying that the
region around P/2008 R1 is naturally unstable. In most of our
simulations, objects were lost by excitation to high eccentricity
due to interaction with the 8:3 mean-motion resonance. The
integrations showed that the median lifetimes of a set of
clones with inclinations and other elements similar to those of
P/2008 R1 are 20-30 Myr. This is shorter even than the ~1 Gyr
collisional lifetime of a kilometer-sized asteroid in the main-
belt.

The orbits of MBCs 133P and 176P are very similar to each
other (see Table 3 and Figure 5) and to the orbits of the 2 Gyr-old
Themis asteroid family (Zappala et al. 1990) and the ~10 Myr
old (and much smaller) Beagle family (Nesvorny et al. 2008).
The orbital resemblance between 133P and 176P is unsurprising,
since 176P was discovered in a survey (Hsieh & Jewitt 2006)



No. 5, 2009 MAIN-BELT COMET P/2008 R1 4319
Table 3
Summary of MBC Properties?
Object a (AU)® € i (deg)? T,° g (AU QAU  d, (km)s
133P/(7968) Elst-Pizarro 3.156 0.165 1.4 3.184 2.636 3.677 4.6
P/2005 Ul (Read) 3.165 0.253 1.3 3.153 2.365 3.965 <0.6
176P/LINEAR (118401) 3.196 0.192 0.2 3.166 2.581 3.811 4.8
P/2008 R1 2.726 0.342 15.9 3216 1.793 3.658 <14
Notes.

4 Comets with T; > 3.05anda < ay.
b Semimajor axis in AU.

¢ Orbital eccentricity.

d Orbital inclination (degrees).

¢ Tisserand parameter with respect to Jupiter, by Equation (1).

f Perihelion, ¢ and aphelion, Q, distances, in AU.
& Effective circular diameter, in km.

that specifically targeted objects having orbits like that of 133P.
The third MBC, P/2005 U1, was found by an unrelated survey
that is not predisposed to discover 133P-like objects. It falls
suspiciously close to, but distinctly outside, the domains of the
Themis and Beagle families. Furthermore, whereas 133P and
176P are dynamically stable on Gyr timescales, P/2005 Ul
appears to be a dynamically short-lived object (Haghighipour
2009) asis P/2008 R1. Itis possible that this MBC was formed in
another location in the asteroid belt and reached its present orbit
through interactions with several mean-motion resonances. The
small size of P/2008 R1 suggests that further exploration of the
dynamics should probably take account of the Yarkovsky and
YORP radiation forces (Bottke et al. 2006). Indeed, depending
on the exact size of the nucleus (for which we possess only
an upper limit), radiation forces might play a defining role in
driving the dynamical evolution.

4. DISCUSSION

Water ice is thermodynamically unstable on the surface
of P/2008 R1. The isothermal blackbody temperature of a
sphere placed at the perihelion distance (¢ = 1.793 AU) is
Tgg = 208 K, falling to Tgg = 145 K at aphelion (Q =
3.658 AU). If the nucleus rotates slowly, and/or if the spin
axis intersects the Sun, temperatures at the subsolar point could
potentially be ~2!/2 times higher, or about 294 K and 205 K
at perihelion and aphelion, respectively. These temperatures are
high enough to guarantee that the sublimation of exposed, dirty
water ice is important, but the magnitude of the sublimation
rate is difficult to calculate with accuracy in the absence of
more detailed knowledge about the body. The sublimation rate
depends exponentially on the temperature, and is therefore
sensitive to the magnitude and direction of the spin vector
as well as to the optical and thermophysical parameters of
the surface. A crude model, in which the sublimation occurs
in thermal equilibrium and is averaged around the orbit (e.g.,
see Figure 6 of Jewitt 2004), gives a mean sublimation rate
dm/dt ~ 1.2 x 107> kg m~2 s~!. It is clear that sublimation at
this high rate cannot be sustained for long times. Sublimation at
rate dm /dt corresponds to recession of the sublimation surface
atrate dr,/dt = p~'dm/dt ~ 1 mm day~', for bulk densities p
=1000kg m~3. In a single orbit, the recession of the sublimating
surface would be Ar, ~ 1.6 m. The free sublimation lifetime is
ty ~ r.[dr./dt]7". With r, < 500 m, we find 7, < 300 years
or about 70 orbits. The inevitable conclusion is that ice on P/
2008 R1 has only recently been exposed to the heat of the Sun.

The instability of surface ice and the short dynamical life-
time together indicate that P/2008 R1 was recently injected
into its present orbit from a source region elsewhere. Unfor-
tunately, dynamical chaos prevents us from integrating back-
wards to determine the location of the source. However, the
large T; = 3.2 tends to associate P/2008 R1 with the asteroid
belt, not with the Kuiper belt from which the typical JFCs are
supplied. The need to keep near-surface ice stable against sub-
limation favors source regions in the colder, outer asteroid belt.
The trigger for cometary activity in P/2008 R1 might then be
plausibly associated with the thermal shock resulting from the
higher Solar insolation caused by a decrease in the perihelion
distance. Near-surface volatiles previously protected from the
Sun by a ~meter thick layer of refractory debris (Schorghofer
2008) would sublimate at the elevated temperatures pro-
duced by the decreasing perihelion distance. For example, if
P/2008 R1 started with a nearly circular orbit at 3.2 AU, like that
of 133P (Table 3), the insolation at perihelion would increase
by a factor of ~2 and the radiation equilibrium temperature by
a factor of ~2!/4 ~1.2 (a temperature change of 30-40 K). The
actual temperature change would be smaller, owing to buffering
by increased sublimation rates. Still, given the exponential de-
pendence of the sublimation flux on the temperature, the inward
drift of the perihelion could easily increase the gas pressure by
several orders of magnitude and cause the destabilization of any
mantle material overlying the ice. Exactly this kind of coupling
between decreasing perihelion distance and the regeneration
of cometary activity is observed in the nuclei of short-period
comets (Rickman et al. 1991) and it seems reasonable that it
should also occur in an ice-rich asteroid displaced inwards.

P/2008 R1 is unlikely to be unique, meaning that other aster-
oids in the middle and outer regions of the belt probably contain
near-surface ice. Indeed, buried ice may be ubiquitous in the
outer belt, only becoming detectable when uncovered by small
impacts (as suggested for the dynamically stable, low eccentric-
ity MBCs like 133P: Hsieh & Jewitt 2006; Haghighipour 2009)
or by thermal instability triggered by an inward-drifting perihe-
lion, as in P/2008 R1. Parallel evidence comes from indepen-
dent spectroscopic work showing that the degree of hydration
of silicate minerals in asteroids decreases as distance from the
Sun increases, presumably because trapped ice in distant objects
never melted (Jones et al. 1990). It is difficult to infer the pop-
ulation of such icy asteroids, however, given the many biases
present in the existing data, but the biases mostly act to hide ice
and thus to support the conjecture that icy asteroids are common.
For example, given its small size, it seems likely that the nucleus



4320 JEWITT, YANG, & HAGHIGHIPOUR

of P/2008 R1 would have completely escaped detection had it
not been in an active state. Similar bodies in which the ice lies
buried only slightly deeper, or objects in which the spin vector
is oriented to maintain a lower perihelion temperature, might
never become sufficiently active to be noticed, further biasing
the sample. It is difficult to model these effects in the absence of
reliable data about the structural, thermal, and spin parameters
of the asteroids.

It is tempting to try to link together the four known MBCs
as products of a shattering collision, perhaps to be identified
with the event responsible for the creation of the Beagle family,
involving an icy parent body in the outer belt. Some fragments
from this collision (such as 133P and 176P) would remain
in stable orbits in the outer belt. Others would be deflected
by planetary perturbations and driven into short-lived, excited
orbits (such as P/2005 Ul and now P/2008 R1). Conceivably,
such an origin might be stretched to explain at least some of the
Encke-type comets (which have T very slightly larger than 3.0).
Published attempts to account for the orbit of comet 2P/Encke
(T; = 3.03) assume that it is a JFC from an original Kuiper
belt source that has somehow been decoupled from Jupiter.
Planetary perturbations and nongravitational forces have been
invoked for this decoupling and to drive the Tisserand parameter
above 3.0 from starting JFC values T; < 3. Both mechanisms are
problematic. Nongravitational force models necessarily assume
sustained outgassing forces that seem extreme (and which would
be vastly more effective on nuclei smaller than P/Encke’s
(Fernandez et al. 2002), leading to an overabundance of small
Encke-type objects that is not observed). Pure gravitational
capture takes longer than the expected physical lifetime of
P/Encke (Levison et al. 2006). However, we know of no
evidence requiring that Encke-type comets originated in the
Kuiper belt. Perhaps some of the dynamical problems in
capturing the Encke-type comets could be relieved if they started
as original members of the outer main-belt and drifted inwards
through gravitational interactions with the planets.

5. SUMMARY

The MBC P/2008 R1 has a coma and tail like a comet but has
a semimajor axis in the main asteroid belt and an asteroid-like
Tisserand parameter with respect to Jupiter, 7; = 3.216. We find
the following.

1. Optical photometry sets an upper limit to the effective radius
of the nucleus of P/2008 R1 equal to 0.7 km, assuming a
red geometric albedo 0.05.

2. Spectra show no trace of CN AV = 0 or other resonance
fluorescence lines from gas. The derived upper limits to
gaseous production are Qcny < 1.4x10?* s~! which, with
a canonical CN/water ratio measured in other comets,
indicates a water production rate less than 5 x 10% s~!,
or less than 1.5 kg s~!, on UT 2008 September 30.

3. The photometry shows a secular fading over the UT 2008
September 26 to November 11 period, corresponding to the
loss of dust from the near-nucleus coma at ~10~2 kg s~

4. The optical colors of P/2008 R1 are Sun-like, with B—V =
0.63 £ 006, V- R = 037 £0.03, and R — I =
0.39 £ 0.03. These values are consistent with the colors of
C-class asteroids that are known to dominate the outer belt.
However, the colors primarily reflect scattering from dust
particles in the coma and may not represent the spectrum
of the underlying nucleus.
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5. The dynamical lifetime is limited by planetary perturbations
to only ~20-30 Myr, meaning that P/2008 R1 must have
recently arrived from elsewhere. The short lifetime and
large Tisserand parameter suggest that P/2008 R1 is an
ice-carrying asteroid recently escaped from a longer-lived
orbit elsewhere in the main belt.

6. The available data on the MBCs, although limited, are
consistent with the hypothesis that a large fraction of outer
belt “asteroids” contain buried ice.
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