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ABSTRACT

The main-belt comets occupy dynamically asteroidal orbits in the main asteroid belt. Here we present physical
observations of the second-known member of this population, P/2005 U1 (Read), which showed vigorous
cometary activity from 2005 October 24 to 2005 December 27. Monte Carlo numerical simulations of P/Read’s
dust emission indicate that the coma and tail are optically dominated by dust particles larger than 10 µm in
size with terminal ejection velocities of 0.2–3 m s−1. We estimate P/Read’s mass-loss rate during this period
to be approximately 0.2 kg s−1, roughly an order of magnitude larger than that calculated for 133P/Elst-
Pizarro. We also find that emission likely began at least 2 months prior to P/Read’s discovery, though we
note this is a lower limit and that earlier start times are possible. Optical colors measured for P/Read while
it was active are approximately solar (B − V = 0.63 ± 0.05, V − R = 0.37 ± 0.04, R − I = 0.39 ± 0.04)
but are likely to be dominated by coma particles. Observations of P/Read in 2007 when it appears largely
inactive show an extremely small nucleus with an absolute magnitude of HR ∼ 20.1 ± 0.4, corresponding to
an effective radius of re ∼ 0.3 km. P/Read’s activity is consistent with sublimation-driven dust emission and
inconsistent with dust emission due to an impact, though the unusual strength of the 2005 outburst suggests the
possibility that it could have been due to the sublimation of a freshly exposed reservoir of volatile material.
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1. INTRODUCTION

Discovered on UT 2005 October 24 (Read et al. 2005),
P/2005 U1 (Read) (hereafter P/Read) occupies an orbit in the
main asteroid belt (a = 3.165 AU, e = 0.253, i = 1.◦267). It has
a Tisserand parameter (with respect to Jupiter) of TJ = 3.153,
while classical comets have TJ < 3 (Vaghi 1973; Kresák
1980). The orbit of this comet is decoupled from Jupiter and is
indistinguishable from the orbits of ordinary main-belt asteroids,
making it the second-known member of the recently identified
population of main-belt comets (MBCs; Hsieh & Jewitt 2006b).

Three MBCs are currently known—P/Read, 133P/Elst-
Pizarro (also 7968 = 1999 N2; hereafter 133P), and 176P/
LINEAR (also 118401 = 1999 RE70; hereafter 176P). Discov-
ered from limited observational data, these three objects imply
a true population of perhaps 150 currently active MBCs and
likely many more dormant MBCs (Hsieh & Jewitt 2006b). Like
P/Read, 133P and 176P also have TJ > 3, indicating that they
are likewise dynamically decoupled from Jupiter.

While TJ > 3 does not assure long-term dynamical stability,
it nonetheless strongly suggests that the three MBCs are at least
dynamically stable on their current orbits on timescales much
longer than those of other comets, and are not likely to be
recent arrivals from the outer solar system (i.e., from the Kuiper
Belt or Oort Cloud). This implication is further supported by
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Association of Universities for Research in Astronomy, Inc., under a
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numerical simulations (e.g., Ipatov & Hahn 1997; Fernández
et al. 2002; Levison et al. 2006) which show that the dynamical
transition of comets from the outer solar system onto main-
belt orbits should occur extremely infrequently, if at all, given
the current orbital configuration of the major planets. The
difficulty of executing such a transition coupled with the likely
abundance of MBCs instead suggests that these objects are
native members of the main asteroid belt, not interlopers recently
captured from elsewhere. Finally, recent thermal models show
that subsurface ice on main-belt asteroids at the heliocentric
distance of the three MBCs can in fact survive over billion-year
timescales if protected from direct sunlight by a dusty surface
layer only a few meters in thickness (Schörghofer 2008). Such
evidence suggests that ice could be widespread in the main belt,
though so far, actual cometary activity has only been observed
in the three currently known MBCs. Here, in an effort to shed
further light on the nature of these puzzling objects, we present
new physical observations of P/Read.

2. OBSERVATIONS

Observations of P/Read were made in near-photometric
conditions on multiple nights in 2005 and 2007 (Table 1)
using the University of Hawaii (UH) 2.2 m telescope, the 8 m
Gemini North telescope, and the 10 m Keck I telescope, all on
Mauna Kea. Observations with the UH 2.2 m telescope were
made using a Tektronix 2048×2048 pixel CCD (image scale of
0.′′219 pixel−1) behind standard Kron-Cousins BVRI broadband
filters. Gemini observations were made using the Gemini Multi-
Object Spectrograph (GMOS; Hook et al. 2004; image scale of
0.′′145 pixel−1 while using 2 × 2 binning) behind g′r ′i ′z′ filters
(Fukugita et al. 1996). Observations with Keck were made using
the red side of the Low Resolution Imaging Spectrometer (LRIS;

157

http://dx.doi.org/10.1088/0004-6256/137/1/157
mailto:h.hsieh@qub.ac.uk
mailto:jewitt@ifa.hawaii.edu
mailto:ishiguro@astro.snu.ac.kr


158 HSIEH, JEWITT, & ISHIGURO Vol. 137

Figure 1. Gaussian-smoothed composite r ′-band image of P/Read (upper left corner) comprising 420 s of effective exposure time on the 8 m Gemini North telescope
(equivalent to ∼ 1.5 hr on the UH 2.2 m telescope, scaling for different telescope aperture sizes), constructed from data obtained on UT 2005 November 26. Gaussian
smoothing has been applied to enhance the visibility of low surface brightness features, i.e., P/Read’s dust trail. The arrows indicate north (N), east (E), and the
negative heliocentric velocity vector (−v) and the direction toward the Sun ((). Field stars are slightly elongated due to the nonsidereal tracking of the object.
(A color version of this figure is available in the online journal.)

Table 1
Observations of P/2005 U1 (Read)

UT Date Tel.a N b t c Filters mR
d θs

e νf Rg ∆h αi αpl
j pa−(k pa−v

l

2005 Jul 28 Perihelion 0.0 2.37 2.28 25.2 0.5 252.3 250.9
2005 Nov 10 UH2.2 32 9600 BVRI 19.28 ± 0.05 1.0 31.4 2.44 1.45 0.6 0.1 258.6 253.0
2005 Nov 19 UH2.2 62 18600 VRI 19.34 ± 0.05 0.9 34.0 2.45 1.47 3.8 −0.1 73.6 252.4
2005 Nov 20 UH2.2 22 6600 VRI 19.46 ± 0.05 0.9 34.2 2.45 1.47 4.3 −0.1 73.6 252.4
2005 Nov 21 UH2.2 42 12600 BVRI 19.37 ± 0.05 0.7 34.5 2.45 1.48 4.8 −0.1 73.6 252.3
2005 Nov 22 UH2.2 16 4800 R 19.28 ± 0.05 0.8 34.8 2.45 1.48 5.3 −0.1 73.6 252.3
2005 Nov 26 Gem. 10 1110 g′r ′i′z′ 19.72 ± 0.10 0.5 35.9 2.46 1.50 7.1 −0.2 73.5 252.0
2005 Dec 24 UH2.2 6 1800 R 20.12 ± 0.03 1.1 43.7 2.50 1.74 17.1 −0.5 72.9 251.3
2005 Dec 25 UH2.2 6 1800 R 20.16 ± 0.03 1.1 43.9 2.51 1.75 17.4 −0.5 72.9 251.3
2007 Jan 27 Keck 4 720 R 24.9 ± 0.4 0.6 123.0 3.43 2.49 5.2 −0.5 284.6 290.1
2008 May 19 Aphelion 180.0 3.96 3.28 11.8 0.0 114.0 294.2
2011 Mar 10 Perihelion 0.0 2.36 3.28 7.9 −0.3 68.3 245.9

Notes.
a Telescope used (UH2.2: University of Hawaii 2.2 m telescope; Gem.: 8 m Gemini North telescope; Keck: 10 m Keck I Observatory).
b Number of images.
c Total effective exposure time.
d Mean R-band magnitude of nucleus and coma inside 4.′′0 (radius) aperture.
e FWHM seeing in arcsec.
f True anomaly in degrees.
g Median heliocentric distance in AU.
h Median geocentric distance in AU.
i Solar phase angle in degrees.
j Orbit plane angle (between the observer and object orbit plane as seen from the object) in degrees.
k Position angle of the antisolar vector, as projected in the plane of the sky, in degrees east of north.
l Position angle of the negative velocity vector, as projected in the plane of the sky, in degrees east of north.

Oke et al. 1995) in imaging mode. The red side of LRIS employs
a Tektronix 2048 × 2048 CCD with an image scale of 0.′′210
pixel−1 and standard Kron-Cousins BVRI filters.

Standard image preparation (bias subtraction and flat-field
reduction) was performed. For data from the UH 2.2 m
and Gemini telescopes, flat fields were constructed from
dithered images of the twilight sky, while images of the illu-
minated interior of the Keck I dome were used to construct
flat-field images for Keck data. Photometry of Landolt (1992)
standard stars and field stars was obtained by measuring net
fluxes within circular apertures, with background sampled from
surrounding circular annuli. Comet photometry was performed
using circular apertures of different radii (ranging from 2.′′0 to
5.′′0) but, to avoid the contaminating effects of the coma, back-
ground sky statistics were measured manually in regions of

blank sky near, but not adjacent, to the object. Several (5–10)
field stars in the comet images were also measured and used to
correct for extinction variation during each night.

3. RESULTS

P/Read was unambiguously active each time it was observed
in 2005 (Figures 1, 2(a)–2(c)). No unambiguous activity was
apparent when it was observed again in 2007 (Figure 2(d)),
though its faintness at the time makes a rigorous assessment of
its activity level difficult. Composite images constructed from
individual r ′-band images (aligned on P/Read’s photocenter
using linear interpolation) obtained on UT 2005 November 26
using the Gemini North telescope (Figure 1) and individual
R-band images obtained on UT 2005 November 10, November
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(a)

(b)

(c) (d)

Figure 2. Composite images of P/Read constructed using data from (a) UT 2005 November 10 (6900 s in R band; UH 2.2 m telescope), (b) 2005 November 19
(15300 s in R band; UH 2.2 m), (c) 2005 December 24 (1800 s in R band; UH 2.2 m), and (d) 2007 January 27 (720 s in R band; Keck I 10 m telescope). In (a) and
(b), the comet nucleus is located in the upper left of each 1′ × 3′ panel. In (c) and (d), the comet nucleus is located in the center of each 1′ × 1.′5 panel. The arrows
indicate north (N), east (E), and the negative heliocentric velocity vector (−v) and the direction toward the Sun ((). The dotted trails are the result of the nonsidereal
tracking of the object and the summing of multiple individual exposures.
(A color version of this figure is available in the online journal.)

Table 2
Colors Compared

B − V V − R R − I References

P/2005 U1 (Read) 0.63 ± 0.05 0.37 ± 0.04 0.39 ± 0.04 This work
Solar 0.67 0.36 0.35 Hartmann et al. (1982, 1990)
133P/Elst-Pizarro (MBC) 0.69 ± 0.02 0.41 ± 0.03 0.27 ± 0.03 Hsieh et al. (2004)
46P/Wirtanen (active) . . . 0.18 ± 0.17 0.39 ± 0.16 Epifani et al. (1999)
47P/Ashbrook-Jackson (active) . . . 0.36 ± 0.23 0.19 ± 0.31 Lowry et al. (2003)
103P/Hartley 2 (active) . . . 0.32 ± 0.12 . . . Lowry et al. (2003)
Inactive comet nucleia . . . 0.45 ± 0.02 . . . Jewitt (2002)

Note. a Average of 12 inactive comet nuclei ranging from V − R = 0.31 ± 0.02 to V − R = 0.58 ± 0.02.

19, and December 24 using the UH 2.2 m telescope
(Figures 2(a), 2(b), and 2(c), respectively) all show P/Read
possessing a strong coma and dust tail closely aligned with
the plane of its orbit as projected on the sky. This dust tail
is seen in our data from November 26 to extend at least
3 arcmin before reaching the edge of our detector’s field of view,
and points primarily to the southwest throughout the month of
November 2005. This corresponds to the antisolar direction on
November 10, but for November 19–22 and November 26, cor-
responds to the projected direction toward the Sun (see Table 1).
By December 24 and 25, portions of P/Read’s tail are seen to
be projected in both the solar and antisolar directions. These
changes in the appearance of P/Read’s dust tail during these
observations provide useful constraints on dust ejection models
(Section 4).

The coma that enveloped the nucleus of P/Read during the
majority of our observations makes it difficult to ascertain
various physical properties of interest. For example, we searched
for evidence of rotational brightness modulation from time-
series R-band photometry over several nights using a phase
dispersion minimization algorithm (Stellingwerf 1978). We find
candidate periods of 14.20 hr and 17.82 hr, and secondary
candidate periods of 7.32 hr, 8.06 hr, and 10.29 hr. None of these
solutions, however, produces a coherent lightcurve when used
to phase the photometry. We attribute this to the dilution of the
light from the nucleus by light scattered from near-nucleus dust,
to the sensitivity of measured coma magnitudes to the seeing,
and to the variation of that seeing from night to night and often
even between consecutive exposures. We therefore regard our
attempt to discern P/Read’s rotational period as unsuccessful.
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Figure 3. Radial surface brightness profiles of P/Read and a reference star, from R-band data obtained on (a) 2005 November 10 (see Figure 2(a)), (b) 2005
November 19 (see Figure 2(b)), and 2(d) 2005 December 24 (see Figure 2(c)) on the UH 2.2 m telescope, and (c) r ′-band data obtained on 2005 November 26 (see
Figure 1) on the Gemini North telescope. The surface brightnesses of the comet in the central aperture (radius of 1 pixel) are (a) Σ = 21.0 mag arcsec−2, (b) Σ = 21.0
mag arcsec−2, (c) Σ = 21.1 mag arcsec−2, and (d) Σ = 22.2 mag arcsec−2, while at 4 arcsec from the photocenter, surface brightnesses fall to (a) Σ = 25.4 mag
arcsec−2, (b) Σ = 25.4 mag arcsec−2, (c) Σ = 25.6 mag arcsec−2, and (d) Σ = 25.7 mag arcsec−2. For all field star profiles and within ∼ 7′′ from the nucleus for
comet profiles, uncertainties are comparable to the size of the points plotted. Beyond ∼ 7′′ from the nucleus for comet profiles, uncertainties can be visually estimated
from the scatter of points from a smoothly varying profile. Straight lines with slopes of −1 and −1.5, as marked, have been included for reference.

Detailed follow-up observations and analysis at a future time
when P/Read is observed to be inactive would be useful.

From multifilter photometry on several nights, we find mean
colors of B − V = 0.63 ± 0.05, V − R = 0.37 ± 0.04, and
R − I = 0.39 ± 0.04. These are comparable to solar colors as
well as to the colors of other active comets, inactive comet nu-
clei, and the nearly bare nucleus of the first known MBC, 133P
(Table 2). P/Read’s colors are also consistent with those of
C-type asteroids which dominate the Themis family (Florczak
et al. 1999) in which the other two MBCs (133P and 176P)
are found. Color measurements remain largely constant with
increasing aperture radii (and therefore increasing coma contri-
bution) up to 5.′′0, however, indicating that measurements at all
radii are likely to be dominated by coma particles.

To examine the nonstellar nature of P/Read, we con-
struct normalized radial surface brightness profiles for P/Read
(Figure 3) from the composite images shown in Figures 1 and 2
(excluding the image shown in Figure 2(d) in which the object
is too faint for this level of analysis) and compare them to sim-
ilarly constructed profiles of field stars from sidereally tracked
images taken on the same night at similar airmasses. The com-
parison of nonsimultaneous data is not ideal but unavoidable as
all observations of P/Read were conducted using nonsidereal
tracking on each telescope to follow the comet, causing field
stars to appear trailed and therefore unsuitable for radial pro-
file analysis. As can be seen in Figure 3, while nightly seeing
differences cause fluctuations in the profiles of our comparison

stars, the overall shape of P/Read’s coma profile remains es-
sentially constant in November, exhibiting minimal sensitivity
to nightly seeing variations and changes in viewing geometry
(e.g., solar phase angle), while flattening slightly in December
as the activity apparently weakens.

In order to estimate the size of P/Read’s nucleus, we scale
the peak brightnesses of several sidereally tracked field stars to
that of a stacked image of P/Read from UT 2005 November 10,
measure the flux contained within apertures centered on the
photocenters of the field stars and P/Read, and assume that
the excess present in the broader profile of P/Read is due
to coma. Using this procedure, we estimate that the comet’s
nucleus contributes approximately 40% of the total brightness
measured within an aperture 4.′′0 in radius. This gives an
approximate nucleus magnitude of m(R, ∆,α) ∼ 20.3, or an
absolute magnitude of HR ≈ m(1, 1, 0) ∼ 17.5, where the solar
phase angle, α, is close to zero at the time of the observations,
obviating the need to assume a phase-darkening function. Then,
using

pRr2
e = 2.24 × 1022100.4[m(−m(1,1,0)] (1)

(Russell 1916), where pR is the geometric R-band albedo and
m( = −27.07 mag (Hardorp 1980; Hartmann et al. 1982,
1990) is the apparent solar R-band magnitude, we estimate an
effective nucleus radius of re ∼ 0.9(0.04/pR)1/2 km. Using
an identical analysis for the dust component, we obtain a
cumulative absolute magnitude of m(1, 1, 0) ∼ 17.1 for the dust
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Figure 4. Terminal ejection velocity (vej) as a function of particle size (a) at
a heliocentric distance of rh = 2.5 AU, as given by Equation (2) using power
indices u1 = 0.5 and u2 = 0.3.
(A color version of this figure is available in the online journal.)

contained within a 4.′′0 aperture (4200 km in the plane of the sky
at the distance of P/Read), corresponding to a total geometric
scattering cross section of C ∼ πr2

e ∼ 3.8 km2, assuming
an optically thin coma. Ignoring opposition surge effects (on
which we currently possess no useful constraints), we derive an
approximate total mass of visible dust within our 4.′′0 aperture
of md ∼ ρāC ∼ 3.8 × 104 kg, assuming a bulk grain density of
ρ = 1000 kg m−3 and an average grain size of ā = 10 µm.

This crude method of estimating the contribution of the
nucleus to the total measured flux of a comet possessing a strong
coma has its deficiencies, of course. The computed contribution
of P/Read’s nucleus to the comet’s total measured brightness
derived using this method is affected by several complicating
factors such as variations in seeing conditions between the times
when comet images are obtained to the times when template
stars are observed, and the unknown (but certainly nonzero)
contribution of the coma to the central pixel of the comet
(meaning that by scaling field stars to this central brightness,
we are already overestimating the true nucleus contribution).
Nonetheless, this analysis produces relatively consistent results
when applied to data obtained on other nights in 2005, giving
absolute magnitudes for P/Read’s nucleus of HR ∼ 17.4 on
UT 2005 November 19, HR ∼ 17.3 on UT 2005 December 24,
and HR ∼ 17.3 on UT 2005 December 25 (assuming a linear
phase function with a phase-darkening coefficient of 0.035),
corresponding to an effective nucleus size of re ∼ 1.0 km
(assuming an albedo of pR = 0.04). As with P/Read’s rotational
period, however, a definitive nucleus size can only really be
expected from observations of P/Read while it is inactive.

We obtained such observations with the 10 m Keck I telescope
in 2007 January 27 when P/Read was almost 1 AU farther from
the Sun, and presumably far less active. No evidence of a coma
is seen in these observations, though the faintness of the nucleus
makes the existence of a coma difficult to definitively rule out.
We measure an apparent R-band magnitude for the nucleus
of m(R, ∆,α) = 24.9 ± 0.4 (Table 1). Assuming a phase-
darkening coefficient of 0.035, this corresponds to an absolute
magnitude of m(1, 1, 0) ∼ 20.1 and an effective nucleus radius
of 0.3 km, significantly smaller than our previous nucleus size
estimate. Working backward, we find that a nucleus of this size
would have constituted only 4% of the total flux measured for
an active P/Read on 2005 November 10 instead of 40% as
determined from our analysis of the coma’s surface brightness
profile at the time. The size of the disparity between these

nucleus size estimates hints that it may be due to more than just
measurement uncertainties. We discuss possible explanations
for this discrepancy in Section 5.

4. DUST CLOUD MODELING

In order to obtain a more quantitative picture of P/Read’s ac-
tivity, we numerically model its dust emission. We acknowledge
from the outset that our model is unavoidably underconstrained
and that any results will be far from exact analytical descriptions
of the comet’s dust emission. However, our objective is to sim-
ply place constraints on certain key properties such as grain size
distribution, ejection velocities, and the temporal nature of the
emission. As such, our modeling strategy is formulated to focus
on these key properties, while omitting unconstrained second-
order parameters (e.g., the number, location, and directionality
of jets, or the rate and orientation of nucleus rotation) and incor-
porating other assumptions in the interest of simplifying both
computation and interpretation of results.

The trajectory of a dust particle of radius, a, largely depends
on the ratio, β, of the particle’s acceleration due to solar
radiation pressure to its acceleration due to gravity, and on
ejection velocity, vej (Finson & Probstein 1968). Syndyne curves
are lines representing constant values of β when the ejection
velocity is assumed to be zero, whereas synchrone curves are
lines representing particles ejected at the same time and having
a range of β values. Together, syndyne and synchrone curves
are often used to determine the range of β values, which is
related to the range of particle sizes, of ejected dust from comets.
Since P/Read’s low inclination means that it is always found
close to the ecliptic plane, where syndynes tend to overlap, it
is difficult to discern particle sizes from syndyne–synchrone
analyses. In addition, even in high-inclination cases, syndyne–
synchrone analyses can result in misleading β values (Fulle
2004). Analysis allowing for nonzero ejection velocities is
essential for estimating the particle sizes of the dust emitted
by P/Read (see Ishiguro et al. 2007).

We assume that dust particles are ejected in cone-shaped jets
that are radially symmetric with respect to the Sun–comet axis
with a half-opening angle, w. The terminal velocity, vej, of the
ejected dust particles can be estimated from

vej(rh,β) = v0β
u1

( rh

AU

)−u2

, (2)

whereβ is the ratio of solar radiation pressure to the gravitational
force on a particle, rh is the heliocentric distance, v0 is the
reference ejection velocity in m s−1 of particles with β = 1
at rh = 1 AU, and u1 and u2 are the power indices of the
reference ejection velocity dependence on β and rh. We use an
exponential size distribution with an index of q, and assume that
the dependence of dust production rate on heliocentric distance
can be expressed by a simple exponential function with an index
of k.

Dust ejection is assumed to begin two aphelion passages prior
to the current perihelion passage (i.e., 1.5 orbits ago). This is
an assumption made to simplify our initial analysis and is not
intended to represent physical reality. In practice, the comet’s
coma and tail is dominated by recently ejected dust, and so
emission much earlier in the past has little effect on our final
results. Images of model comets are generated by Monte Carlo
simulations parameterized by βmin, βmax, v0, and w, and using
fixed, typical values for u1, u2, q, and k (u1 = 0.5, u2 = 0.3,
q = 3.5, and k = 3.0; see Lisse et al. 1998; Reach et al.
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2000; Ishiguro et al. 2007; Sarugaku et al. 2007). Using these
parameters, and Equation (2), we can compute terminal ejection
velocities as functions of particle size at rh = 2.5 AU where
P/Read is located at the time of our observations (Figure 4),
and then calculate apparent dust particle positions for a given
observing geometry. Pixel intensities, Ipixel, at given CCD
coordinates (x, y) are then given by

Ipix(x, y) =
∫ tobs

t0

∫ amax

amin

F(

( rh

AU

)−2
σ (a,α)Ncal(a, t)dadt,

(3)
where t0 is the start time of the model simulation, tobs is the time
of observation, amin and amax are the minimum and maximum
particle sizes, respectively, F( is the R-band (λ = 0.64 µm)
solar flux density (1.60 × 103 W m−2 µm−1) at 1 AU, rh is the
heliocentric distance, Ncal(a, t)da is the number of dust particles
with size a to a + da, and the differential scattering cross section,
σ (a,α), is given by

σ (a,α) = G

π
Ap(α), (4)

where G = πa2 is the geometric cross-sectional area of the
particle, and Ap(α) is the modified geometric albedo at the
phase angle, α (Hanner et al. 1981).

Multiple simulations are carried out using various parameter
sets, and the resulting model images are then visually compared
to the data to find plausible model parameters. Chi-squared fit-
ting of contour maps of the best visual matches to contour maps
of observed data is then used to find the most plausible set of pa-
rameters from among our choices of reasonable visual matches.
A full list of parameters tested is shown in Table 3. We identify
two sets of plausible model parameters. In the first (Figure 5),
we find that for v0 = 25 m s−1, large particles (βmin ! 10−4,
βmax " 10−1) give rise to model images that closely match
observations. In this case, the given β values correspond to
terminal ejection velocities of vej = 0.2–1.9 m s−1. In the sec-
ond set of models (Figure 6), we find that calculations using
smaller particles (βmin ! 10−3, βmax " 10−1) ejected with a
somewhat slower v0 (v0 = 10 m s−1, corresponding to vej =
0.2–2.4 m s−1) also produce reasonable fits to the data. Due
to the low inclination of P/Read, we are unable to distinguish
between these two cases, but we nonetheless conclude that par-
ticle sizes are certainly larger than 10 µm and probably larger
than 100 µm, and terminal ejection velocities are approximately
0.2–3 m s−1. For this range of particle sizes and ejection
velocities, we compute an approximate mass-loss rate of
dm/dt ∼ 0.2 kg s−1. This mass-loss rate is roughly an or-
der of magnitude larger than that calculated for 133P (dm/dt ∼
2 × 10−2 kg s−1; Hsieh et al. 2004), consistent with P/Read’s
much more active appearance.

The modeling described above assumes continuous dust
emission (i.e., in a manner consistent with dust emission
driven by the cometary sublimation of volatile material), an
assumption based on P/Read’s classical cometary appearance.
The fact that this modeling is able to successfully reproduce
the observed morphology of P/Read strongly suggests that the
observed activity is accurately characterized by continuous dust
emission. We can, however, address this presumption directly
by examining the longevity of P/Read’s dust emission.

We compute phase-angle-corrected Afρ values(A’Hearn
et al. 1984) for each of our observations from 2005 using

Afρ = (2R∆)2

ρ
100.4(m(−mobs), (5)

Table 3
Parameters Used to Model P/2005 U1 (Read) Dust Emission

Parameter Value(s)a Best-Fitb

u1
c 0.50 0.50

u2
d 0.50 0.50

qe 3.5 3.5
kf 3.0 3.0
βmax

g 5 × 10−1, 1 × 10−1, 5 × 10−2 1 × 10−1 − 5 × 10−2

βmin
h 1 × 10−5, 1 × 10−4, 1 × 10−3, 1 × 10−2 1 × 10−4

v0
i 10, 25, 50, 100, 150, 200 25

wj 45◦, 90◦, 180◦ 45◦

Notes.
a Parameter values tested.
b Parameter values from among those tested that produced simulated model
images that provide the best match to observed data.
c Power index of dependence of ejection velocity, v0, on β.
d Power index of dependence of ejection velocity, v0, on heliocentric distance,
rh.
e Power index of exponential size distribution of dust grains.
f Power index of dependence of dust production rate on heliocentric distance,
rh.
g Maximum value in β range tested.
h Minimum value in β range tested.
i Ejection velocity in m s−1 of particles with β = 1 at a heliocentric distance of
rh = 1 AU.
j Half-opening angle in degrees with respect to the Sun–comet axis of assumed
cone-shaped jet of dust emission.

where R is in AU, ∆ is in cm, ρ is the physical radius in cm of the
photometry aperture at the distance of the comet, m( = −27.07
is the solar R-band magnitude, and mobs is the phase-angle-
corrected R-band magnitude of the comet inside a 4.′′0 radius
aperture. These values are shown in Table 4. We find some
fluctuation in measured values but note that the level of activity
remains reasonably steady for the entire 1.5 months between
2005 November 10 and 2005 December 25, with an average
Afρ of 8.0 cm.

To investigate what this roughly constant level of activity im-
plies for P/Read’s emission behavior, we perform a test on our
best-fit model where we terminate the dust emission as of 2005
November 10 (the date of our first observation of P/Read). We
then repeat the analysis performed for our observed data by com-
puting phase-angle-corrected Afρ values for both this truncated
emission model and our original continuous emission model on
selected dates, normalizing both models to have the same Afρ
values as the observed data on 2005 November 10. Results of
this analysis are tabulated in Table 4 and plotted in Figure 7.
As can be seen from the tabulated and plotted data, the activity
level of the truncated emission model falls well below the ob-
served data by 2005 December 24. The inconsistency of a trun-
cated emission model with observations indicates that P/Read
was likely to be actively emitting dust throughout our 2005 ob-
servations. Such sustained dust emission behavior over a long
time period strongly suggests that P/Read’s activity was driven
by the sublimation of volatile ices, i.e., that it was cometary in
nature.

To further validate this conclusion, we investigate whether
impulsive dust emission events (such as the formation of an
ejecta cloud resulting from the impact of another asteroid on
P/Read’s surface) could explain P/Read’s activity. We do so by
modeling the release of dust at a single time, t0, and then sim-
ulating the comet’s expected appearance on 2005 December 25
(Figure 8). For this series of models, we hold all parameters fixed
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Figure 5. Images of modeled dust emission for P/Read for UT 2005 November 10 (top group of panels), 2005 November 19 (center group of panels), and 2005
December 24 (bottom group of panels). In these models, jet opening angles and reference ejection velocities are held constant at w = 45◦ and v0 = 25 m s−1,
respectively. Minimum β values and maximum β values are varied between 1 × 10−5 < βmin < 1 × 10−2 and 5 × 10−2 < βmax < 5 × 10−1, respectively. Identical
minimum β values are used for models arranged in the same horizontal row while identical maximum β values are used for models arranged in the same vertical
column in each group of panels.
(A color version of this figure is available in the online journal.)

except for t0, βmin, and βmax, varying t0 from 2005 March 28
(272 days prior to the date of observations) to 2005 October 24
(the date of the discovery of P/Read’s activity, and 62 days prior
to our December observations), and varying β value ranges from
10−5 < β < 10−4 to 10−2 < β < 10−1. We find that, regard-
less of the particle size, dust emitted in a single impulsive event
tends to appear on only one side of the nucleus when observed
on 2005 December 25, with dust emitted on 2005 August 25
or earlier forming a fan-shaped tail directed to the southwest
and dust emitted on 2005 October 24 forming a tail directed to

the northeast. An exception is emission on 2005 September 24
which results in a dust tail aligned very closely to the line of
sight on 2005 December 25, thus appearing as a nearly circular
cloud superimposed on the nucleus and slightly offset to the
southeast.

Our observations on 2005 December 25 show dust features
extending both to the northeast and southwest of the nucleus
(Figure 2(c)). Based on the results of our impulsive emission
tests, we therefore conclude that the northeast extension of P/
Read’s dust cloud must be due to particles ejected after Septem-
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Figure 6. Images of modeled dust emission for P/Read for UT 2005 November 10 (top group of panels), 2005 November 19 (center group of panels), and 2005
December 24 (bottom group of panels). In these models, jet opening angles and reference ejection velocities are held constant at w = 90◦ and v0 = 10 m s−1,
respectively. Minimum β values and maximum β values are varied between 1 × 10−5 < βmin < 1 × 10−2 and 5 × 10−2 < βmax < 5 × 10−1, respectively. Identical
minimum β values are used for models arranged in the same horizontal row while identical maximum β values are used for models arranged in the same vertical
column in each group of panels.
(A color version of this figure is available in the online journal.)

ber 2005, while the southwest dust feature must be due to par-
ticles ejected prior to September 2005. Interestingly, since our
models show that particles with β ∼ 0.1 emitted at this time will
have dispersed well beyond the nucleus by 2005 December 25,
the observed southwest extension must actually be composed
only of larger particles (β " 10−2). Our main finding, how-
ever, is that no single impulsive emission event can simul-
taneously produce dust features extending in both directions.
At least one emission episode from both time periods is nec-
essary to account for P/Read’s observed December morphol-
ogy. Given the implausibility of two separate impact-triggered

emission events in such short succession, continuous emission
over several weeks between 2005 August and October is the
most likely explanation for the bidirectional nature of P/Read’s
cometary activity as observed in 2005 December. As the most
plausible explanation for continuous emission is sublimation-
driven dust ejection, we therefore conclude that P/Read’s
activity is in fact cometary in nature.

Finally, our modeling of P/Read’s appearance on 2005
December 25 has the added benefit of providing us with our
best constraint on the start time of the dust emission. In Novem-
ber 2005, dust emitted from P/Read extends exclusively to
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Figure 7. Comparison of activity intensity, Afρ(α = 0), of observations and models of continuous emission and emission terminated on November 10.
(A color version of this figure is available in the online journal.)

Table 4
Afρ Measurements of Observations and Models of P/2005 U1 (Read)

UT Date Days Since αb mavg(α)c mavg(α = 0)d Afρ(α = 0) Afρ(α = 0) Afρ(α = 0)
Periheliona (Obs.)e (Contin.)f (Termin.)g

2005 Nov 10 105 0.6 19.28 19.26 7.86 ± 0.39 7.86 7.86
2005 Nov 19 114 3.8 19.34 19.21 8.43 ± 0.42 9.85 7.41
2005 Nov 20 115 4.3 19.46 19.31 7.67 ± 0.38 . . . . . .

2005 Nov 21 116 4.8 19.37 19.20 8.52 ± 0.43 . . . . . .

2005 Nov 22 117 5.3 19.28 19.09 9.41 ± 0.47 . . . . . .

2005 Nov 26 121 7.1 19.72 19.47 6.79 ± 0.68 10.07 6.29
2005 Dec 24 149 17.1 20.12 19.52 7.77 ± 0.22 8.16 3.46
2005 Dec 25 150 17.4 20.16 19.55 7.67 ± 0.22 . . . . . .

Notes.
a Days elapsed since the most recent perihelion passage on 2005 July 28.
b Solar phase angle in degrees.
c Average magnitude measured inside an aperture with a 4.′′0 radius.
d Phase-angle-corrected average measured magnitude, using mavg(α = 0) = mavg(α) − 0.035α.
e Afρ in cm, calculated using mavg(α = 0).
f Afρ in cm, calculated for modeled comet image using model for which emission is continuous throughout the observation period,
normalized to observed Afρ on 2005 November 10.
g Afρ in cm, calculated for modeled comet image using model for which emission is terminated as of 2005 November 10, normalized to
observed Afρ on 2005 November 10.

the southwest, leaving the observed tail length as our only
constraint. Our best detection of the dust tail was obtained on
2005 November 26 when we observed the tail extending as far
as 3 arcmin from the nucleus before it reached the edge of our
detector’s field of view. For the fastest, smallest particles emit-
ted by P/Read (β = βmax ≈ 0.1), a tail of that length can be
produced in approximately 50 days, constraining the emission
start time to 2005 October 7 (or earlier), or slightly more than
2 weeks prior to its discovery on 2005 October 24. Our De-
cember 2005 data gives us a much stronger constraint, however,
given that our modeling demonstrates that dust particles of any
size extending to the southwest must have been emitted at least
120 days prior to observations, or around 2005 August 26 (see
Figure 8). Unfortunately, it is not possible to identify an up-
per limit to the total elapsed emission time for P/Read, as
small particles with very early emission times simply be-
come too diffuse to detect by the time of our observa-
tions, while large particles with early emission times can-
not be distinguished from small particles with later emission
times.

5. DISCUSSION

Even though P/Read does not have orbital elements that
place it directly within the Themis asteroid family as do 133P’s
and 176P’s orbital elements (P/Read’s eccentricity is slightly
higher than the general eccentricity range of the Themis family;
see Table 5), P/Read’s orbital similarity to the other known
MBCs is striking. Despite the fact that P/Read was discovered
serendipitously, of roughly 4.2 × 105 asteroids tabulated as of
2008 August 18 by the IAU Minor Planet Center, only about 70
(0.02%) have values of a, e, and i as close to 133P as does
P/Read. The orbital similarity among all the three MBCs
suggests that they may be related in origin, either as fragments
of the recent breakup of a single icy parent body (which may
or may not have been a member of the Themis family), or
as fragments of the initial breakup of the Themis parent body
(∼1 × 108 to 2 × 109 yrs ago; Marzari et al. 1995). Intriguingly,
133P has in fact been associated with a recent breakup in the
asteroid belt that formed the Beagle family which is thought to
be "10 Myr old (Nesvorný et al. 2008). This newly identified
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Figure 8. Images of modeled impulsive dust emission events for P/Read observed on UT 2005 December 25. In these models, jet opening angles and reference
ejection velocities are held constant at w = 45◦ and v0 = 25 m s−1, respectively. Dust released in single impulsive emission events on 2005 March 28 (272 days
prior to observations on 2005 December 25), 2005 May 27 (212 days prior to observations), 2005 July 26 (152 days prior to observations), 2005 August 25 (122 days
prior to observations), 2005 September 24 (92 days prior to observations), and 2005 October 24 (62 days prior to observations) are modeled, and different ranges of β
values are tested, from 10−5 < β < 10−4 to 10−2 < β < 10−1. Identical ejection dates are used for models arranged in the same horizontal row, while identical β
value ranges are used for models arranged in the same vertical column. Each panel is approximately 45′′ × 60′′. For 10−5 < β < 10−4 panels in which no extended
dust emission is visible, dust is still concentrated near the nucleus (marked with a white cross in each panel). For all other panels in which no activity is visible, dust
has diffused beyond the field of view.
(A color version of this figure is available in the online journal.)

family does not include P/Read or 176P (see Table 5), however,
and in any case, as discussed above, subsurface ice on the MBCs
that is protected by no more than a few meters of dust should
be stable over the age of the solar system (Schörghofer 2008).
As such, the existence of MBC ice alone does not require the
MBCs to be recently produced fragments of larger bodies, or
even fragments of larger bodies at all. The MBCs could simply
be icy but otherwise ordinary outer main-belt asteroids that have
been individually collisionally “activated” (see 133P; Hsieh
et al. 2004).

Dynamical considerations aside, P/Read’s unusually strong
activity unequivocally makes it unique among the MBCs. As
we argued for 133P, the months-long duration of P/Read’s dust
emission is most consistent with the sublimation of volatile
ices, suggesting that it is a bona fide comet (Hsieh et al.
2004). Unlike 133P and 176P, however, which never exhibit any
significant coma (Hsieh & Jewitt 2006b), P/Read displays a
substantial coma, which is optically dominated by significantly
larger particles (a ! 100 µm) than those ejected from 133P
(a ∼ 1–20 µm). The estimated terminal ejection velocities

(vej ∼ 0.2–3 m s−1) of the dust particles in P/Read’s coma are
comparable to those determined for 133P (vej ∼ 1–2 m s−1),
although the much smaller size of P/Read (re ∼ 0.3 km) means
that its escape velocity (vesc = (8Gρπr2/3)1/2 ∼ 0.2 m s−1,
assuming a bulk density of ρ = 1000 kg m−3) is about an
order of magnitude smaller than 133P’s escape velocity (vesc ∼
2 m s−1). This lower escape velocity would permit more particles
to escape, perhaps partly explaining P/Read’s much stronger
dust emission and large coma particles.

The unusual strength of P/Read’s activity could potentially
also be explained if P/Read experiences significantly different
temperature conditions from those experienced by 133P and
176P. A much higher perihelion temperature could cause more
vigorous sublimation, while a much lower equilibrium tem-
perature over its entire orbit could allow P/Read to preserve
significantly more ice than the other MBCs. While P/Read’s
slightly higher eccentricity does bring it closer to the Sun
at perihelion (qP/Read = 2.36 AU) than the other MBCs
(q133P = 2.64 AU; q176P = 2.58 AU), its surface temperature
(assuming a thermally equilibrated graybody) at perihelion is
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Table 5
Orbital Elements Compared a

ab ec id TJ
e Porb

f

133P/Elst-Pizarro 3.164 0.153 1.38 3.185 5.62
P/2005 U1 (Read) 3.165 0.253 1.27 3.153 5.63
176P/LINEAR 3.218 0.144 1.40 3.173 5.71
Themis familyg 3.05–3.22 0.12–0.19 0.69–2.23
Beagle familyh 3.15–3.17 0.15–0.16 1.30–1.41

Notes.
a Elements shown for 133P and 176P are proper elements from the AstDyS Web
site (http://hamilton.dm.unipi.it/astdys/); elements for P/Read are osculating
elements from JPL’s online database.
b Semimajor axis in AU.
c Eccentricity.
d Inclination in degrees.
e Tisserand invariant.
f Orbital period in years.
g Approximate orbital element bounds of the Themis family (Zappalà et al.
1990).
h Approximate orbital element bounds of the Beagle family (Nesvorný et al.
2008).

essentially equal to those of the other MBCs (TP/Read(q) ≈
184 K, T133P(q) ≈ 174 K, and T176P(q) ≈ 176 K), meaning that
peak surface temperature is unlikely to be a significant factor
in explaining P/Read’s unusually vigorous activity. Likewise,
P/Read’s only slightly lower equilibrium aphelion surface tem-
perature (TP/Read(Q) ≈ 142 K, T133P(Q) ≈ 148 K, T176P(Q) ≈
145 K) and virtually identical average equilibrium temperature
over its entire orbit (TP/Read(a) ≈ 159 K, T133P(a) ≈ 159 K,
T176P(a) ≈ 158 K) as compared to the other MBCs means that
it is unlikely to be significantly more icy than 133P or 176P,
particularly considering its much smaller size.

Perhaps the most likely additional explanation for the strength
of P/Read’s dust emission could be that the comet was activated
much more recently than the other MBCs. In our current
model, currently active MBCs are thought to have been recently
activated by impacts that excavated subsurface reservoirs of
volatile ice, exposing them to direct solar heating (Hsieh &
Jewitt 2006b). However, these impacts only trigger the activity,
not sustain it. Instead, the dust emission of the MBCs is
thought to be driven by the sublimation of these newly exposed
patches of volatile material and primarily modulated by seasonal
fluctuations in the solar illumination of the active sites (instead
of increases in overall temperature during perihelion passages
as with other comets; Hsieh et al. 2004; Hsieh & Jewitt 2006a).
In this way, a single impact on a body can be responsible for
multiple episodes of dust emission lasting several months each
time, long after the ejecta from that impact has dissipated. This
hypothesis is supported by the behavior of 133P, which has
now been observed to show activity on three separate occasions
in 1996, 2002, and 2007 (Elst et al. 1996; Hsieh et al. 2004;
Jewitt et al. 2007), occupying roughly the same portion of its
orbit (the quadrant following perihelion) each time. We note that
under this hypothesis, the apparent trend of all the three MBCs
displaying activity near perihelion is most likely attributable to
observational bias, faint activity being much more difficult to
detect at larger heliocentric and geocentric distances.

As discussed in Sections 3 and 4, however, P/Read’s es-
timated mass-loss rate is approximately an order of magnitude
larger than that estimated for 133P, with P/Read’s dust coma also
constituting a far larger percentage of the comet’s total bright-
ness than 133P’s dust trail. The relative weakness of 133P’s

activity may reflect the near depletion of its reserve of volatile
material after multiple outbursts, the small size of that reserve
in the first place, or a combination of both. Conversely, the
more intense activity of P/Read in 2005 could indicate not only
the exposure of a larger reservoir of volatile material but also
the more recent excavation of that reservoir, suggesting that we
might even be witnessing the immediate aftermath of an acti-
vating impact on P/Read. A particularly disruptive impact and
exceptionally prodigious mass loss that could be associated with
the new exposure of a large volatile reservoir might also ex-
plain the surprisingly small nucleus observed in 2007, over a
year after P/Read was observed to be active. We caution that
no evidence of fragmentation was observed in either 2005 or
2007, but nonetheless, this possibility is an important one to
consider, given that unlike 133P’s activity, P/Read’s activity
has not yet been shown to be recurrent. We emphasize that
numerical models show that an impact is unlikely to be the sole
cause of P/Read’s dust emission, suggesting that it is driven by
the sublimation of volatile ice. The combination of a triggering
impact and the subsequent vigorous sublimation that might be
expected from a large, newly exposed reservoir of volatile ma-
terial, however, could produce a particularly strong initial burst
of activity, but perhaps dramatically weaker future outbursts, if
any occur at all.

The key to an improved understanding of P/Read is to
determine whether it displays activity similar to its 2005 outburst
following its next perihelion passage, or if any recurring activity
is significantly diminished in intensity (perhaps to a level like
that of 133P or 176P). Future observations to search for renewed
dust emission near P/Read’s next perihelion passage on 2011
March 10, and also to assess its levels of activity or inactivity in
the months and years prior to this date, will be needed to clarify
these issues.

6. SUMMARY

Observations of the MBC P/2005 U1 (Read) were obtained
on multiple occasions in 2005 and 2007. Key results are as
follows.

1. Using data from 2007 (when P/Read appears to be largely
inactive), we find an approximate absolute magnitude of
HR ∼ 20.1 ± 0.4, corresponding to an effective radius of
re ∼ 0.3 km (for an assumed albedo of pR = 0.04).

2. Monte Carlo numerical simulations of P/Read’s dust emis-
sion indicate that the coma and tail are optically dominated
by dust particles greater than 10 µm, and possibly greater
than 100 µm in radius, with terminal ejection velocities of
vej ∼ 0.2–3 m s−1. While these terminal ejection veloci-
ties are comparable to those found for 133P, the optically
dominant particle sizes are significantly larger for P/Read
than for 133P. P/Read’s mass-loss rate during its outburst
is estimated to be dm/dt ∼ 0.2 kg s−1, roughly an order of
magnitude larger than that estimated for 133P.

3. Optical colors of P/Read’s dust coma are approximately
solar and consistent with colors measured previously for
133P, other active and inactive comets, and C-type aster-
oids.

4. Impulsive ejection of dust (e.g., by impact) is unable to
account for the observed longevity of the coma and tail in
2005. A sustained, continuous mechanism for dust ejection,
likely the sublimation of exposed ice, is required. Emission
is determined to have begun at least 2 months prior to the

http://hamilton.dm.unipi.it/astdys/
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discovery of activity, though we note that this is only a
lower limit and that earlier start times are also possible.

5. We note that the activity of P/Read is much stronger than
that of the other two MBCs. We suggest that this may
indicate that the impact assumed to have triggered P/Read’s
activity occurred very recently, and encourage observations
near its next perihelion passage (2011 March 10) to search
for significantly weaker emission that may confirm this
hypothesis.
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