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Abstract

Arecibo radar observations of Comet P/2005 JQ5 (Catalina) have produced the first delay-Doppler images of a comet nucleus and the first radar detection of
large-grain ejection from a Jupiter-family comet. The nucleus is small (1.4 km diameter), rough, and rapidly rotating. The large (>cm) grains have low velocities
(∼1 m/s) and a low production rate.
 2006 Elsevier Inc. All rights reserved.
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1. Introduction

We report on recent Arecibo radar observations of the small periodic Comet
P/2005 JQ5 (Catalina), henceforth abbreviated JQ5. This was only the 11th
comet to be detected by radar and the fourth to show an echo from both the
nucleus and large grains. These observations provide the first (albeit crude)
delay-Doppler radar images of a comet nucleus and the first radar detection of
large-grain ejection from a Jupiter-family comet (JFC).

Although JQ5 appeared asteroidal when it was discovered by the Catalina
Survey on May 6, 2005 (Larson, 2005), it was reclassified as a comet after
subsequent observations revealed an asymmetric coma (Snodgrass et al., 2005).
JQ5 is in a low-inclination (5.7◦) orbit with a 4.35-yr period, the fourth shortest
of any known comet. The orbital elements give a Tisserand parameter TJ =
2.98, which places JQ5 in the Jupiter family. With a perihelion distance q =
0.826 AU, it is one of only 13 known JFCs in Earth-crossing orbits.

JQ5 made an unusually close approach to Earth (! = 0.103 AU) on
June 27, 2005. This was the closest comet approach since that of C/Hyakutake
in 1996 and the closest comet to be observed with the Arecibo radar since the
1983 apparitions of C/IRAS–Araki–Alcock and C/Sugano–Saigusa–Fujikawa
(henceforth abbreviated IAA and SSF, respectively). The small distance of-
fered a good radar opportunity despite the small (∼1 km) size estimated for
this comet on the basis of its low visual magnitude.

2. Observations and results

The observations were made with the S-band (2380 MHz; λ = 12.6 cm)
radar on the 305-m Arecibo telescope. We observed on six dates in 2005: June

* Corresponding author.
E-mail address: harmon@naic.edu (J.K. Harmon).

11, 24, 25, 27, and July 1, 2. For the first two dates we used an unmodulated or
CW (continuous wave) transmission, which yields an echo Doppler spectrum
but no delay discrimination. For the last four dates we transmitted a pseudoran-
dom binary phase code (Ostro, 1993) in order to make delay-Doppler images.
For all dates we transmitted a circularly polarized wave and received both or-
thogonal circulars. (As is customary, we denote the two receive polarizations as
“OC” for the “opposite circular” sense and “SC” for the “same circular” sense,
relative to the transmitted circular sense.) Owing to a klystron failure (in a dual-
klystron system), we were limited to an average transmitter power of 450 kW,
or half the normal power. Telescope pointing and Doppler/delay drift compen-
sation were done using ephemerides generated at the Jet Propulsion Laboratory
(JPL).

An initial CW observation was made on June 11, well before close ap-
proach, when the comet was at ! = 0.155 AU. The spectrum from this date
showed a nucleus echo with a Doppler bandwidth of 6 Hz and an OC radar
cross section of 0.04 km2. A second, much stronger, CW detection was made
on June 24, by which time the comet had closed to within 0.105 AU. In Figs. 1a
and 1b we show the OC and SC Doppler spectra from this date. These spectra
were summed over 16 runs (transmit/receive cycles) between 19:33 and 20:29
UT, for a total receive integration time of 26 min. The OC spectrum (Fig. 1a)
shows two distinct echo components: (1) a narrow echo from the nucleus, and
(2) a broad “skirt” or “coma” echo from large grains in the inner coma. The SC
spectrum (Fig. 1b) also shows a clear nucleus echo, but only a hint of a coma
echo can be discerned in the noise. The slight (+0.4 Hz) Doppler offset in
the nucleus echo represents a small error in the predicted observing ephemeris
(which had an a priori r.m.s. Doppler uncertainty of 0.6 Hz). The OC coma
echo has the characteristic broad-winged, witch-hat shape seen for other comets
(Harmon et al., 2004). This component is well approximated by a Lorentzian
curve of the form a/[1+4(f −fo)2/B2

h ], where a is the spectrum peak ampli-
tude, f is frequency, fo is the peak offset, and Bh is the spectrum fullwidth at
half maximum. To better show the nucleus echo, we plot in Fig. 1c the June 24
spectra on an expanded frequency scale and with a best-fit Lorentzian coma
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Fig. 1. Echo spectra from the CW observations on June 24 in the (a) OC po-
larization and (b) SC polarization; the spectra are Hanning smoothed from a
raw resolution of 0.25 Hz, and a best-fit Lorentzian curve is shown through the
OC coma component. (c) The June 24 echo spectra in the OC (solid line) and
SC (dotted line) polarizations, plotted on an expanded frequency scale and with
best-fit coma curves subtracted; the spectra have a resolution of 0.25 Hz and are
not smoothed.

component subtracted from each polarization. From the spectra in Fig. 1 we
computed the OC and SC radar cross sections (σoc, σsc), circular polariza-
tion ratio (µc ≡ σsc/σoc) and Doppler bandwidths for the nucleus and coma
echoes (Table 1). Note that for the coma µc we did not use the tabulated σsc
(which, like σoc, was computed by simply summing the spectra between −50
and +70 Hz), but rather a value estimated by constraining the SC echo to have
the same Lorentzian shape and bandwidth as the OC echo. All errors quoted in
Table 1 are one standard deviation.

All of the delay-Doppler imaging observations were made using a baud rate
of 0.5 µs for the transmitted code, which gives a range resolution of 75 m. The
imaging observations were plagued by lightning-induced equipment failures,
and only the data from June 27 and July 2 were usable. The OC delay-Doppler
images from these dates are shown in Fig. 2. Each of these images is averaged
over a full Arecibo transit and is corrected for the echo delay drift associated
with ephemeris drift. The June 27 image is from 43 runs between 18:35 and
21:10 UT (69-min integration) and the July 2 image is from 41 runs between
16:50 and 19:25 UT (71-min integration). The images on both dates show weak
but clear nucleus detections. (The grain-coma echo would have been too dis-
persed in delay-Doppler space to have been detectable in these images.)

3. Nucleus

The CW spectrum from June 24 shows that the surface of the JQ5 nucleus
is extremely rough. The 50% depolarization (µc = 0.49) is very high, equalled

Table 1
Comet P/2005 JQ5: Radar and physical properties

Parameter Value

Nucleus
OC radar cross section, σoc (km2) 0.0284 ± 0.0057
SC radar cross section, σsc (km2) 0.0138 ± 0.0031
Circular polarization ratio, µc 0.49 ± 0.05
Bandwidth, B (Hz) 5.5 ± 0.2
Diameter, D (km) 1.4 ± 0.1
Radar albedo, σ̂ 0.027 ± 0.007
Visual albedo 0.033 ± 0.003
Rotation period, P (h) <7.0

Grain coma
OC radar cross section, σoc (km2) 0.048 ± 0.010
SC radar cross section, σsc (km2) 0.011 ± 0.005
Circular polarization ratio, µc 0.20 ± 0.07
Bandwidth (FWHM), Bh (Hz) 23 ± 3
Velocity dispersion (FWHM), (m/s) 1.4 ± 0.2

Fig. 2. Gray-scale plots showing the delay-Doppler images from the observa-
tions on June 27 (upper left) and July 2 (upper right). Delay increases vertically
from top to bottom and has a total span of 30 µs (or 4.5 km in range). Doppler
increases horizontally from left to right and has a total span of 19.1 Hz. Each
pixel measures 0.5 µs in delay by 0.477 Hz in Doppler. The peak echo strength
(in noise standard deviations) is 5.6 for June 27 and 4.8 for July 2. A noise base-
line has been subtracted and negative noise pixels clipped. Also shown (lower
plots) are the corresponding best-fit templates (see text).

only by that of Comets C/2004 Q2 (Machholz) (Nolan et al., 2005), Hyakutake
(Harmon et al., 1997), and a few near-Earth asteroids (Benner et al., 1997;
Harmon et al., 2004). This is an indicator of extremely rough surface texture
at wavelength (decimeter) scales. The squared-off shape of the OC spectrum
is also suggestive of high roughness. Such limb-brightened scattering is likely
dominated by blocky, superwavelength-scale roughness elements that provide
a shadowing effect near grazing incidence. Similarly shaped spectra have been
seen for all other comets with Doppler-resolved nuclei, regardless of degree of
depolarization, implying that extreme blocky roughness is a general property of
comet nuclei. Note, however, that the SC spectrum is clearly less squared-off
(i.e., more limb-darkened) than the OC spectrum. This suggests that the strong
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depolarization from this comet comes from a substantial population of smaller
(non-blocky) surface roughness elements contributing a more diffractive, limb-
darkened scattering without significant shadowing.

JQ5’s OC radar cross section (σoc = 0.0284) is the smallest yet measured
for a comet nucleus. Also, its total radar cross section (σ ≡ σoc +σsc = 0.0422)
is close to that of Comet SSF, whose diameter has been estimated to be slightly
less than a kilometer based on infrared measurements (Hanner et al., 1987).
Hence, JQ5 is also likely to be a kilometer-size object, which places it at the
extreme small end of the cometary nucleus size distribution (Lamy et al., 2004).
We can make a direct estimate of the nucleus size from the delay-Doppler im-
ages. Since echo is visible in at least five delay pixels, the radius must be at
least 375 m. Because one expects the weaker echoes from further back on the
comet to be lost in the noise, the true size must be somewhat larger than this.
To make a formal size estimate, we least-squares fitted the June 27 and July 2
echoes with delay-Doppler templates computed assuming a spherical nucleus
with a cosn θ scattering law. For the fits we varied the nucleus diameter D,
Doppler bandwidth B , center-of-mass location, and scattering-law exponent n.
The June 27 fit gave D = 1.48 km, B = 5.7 Hz, and n = 0.9, while the July 2
fit gave D = 1.34 km, B = 6.7 Hz, and n = 1.0. Based on these fits and their
associated errors, we give D = 1.4 ± 0.1 km as our estimate of the JQ5 nucleus
diameter. This is the first direct estimate of the size of a comet nucleus based
on radar data alone.

The radar albedo of a nucleus of effective radius R is defined as σ̂ =
σ/πR2. The best indirect σ̂ estimates for comet nuclei, computed using
independent (non-radar) size estimates, are 0.039 for IAA (Harmon et al.,
1997, 1999, 2004) and 0.042–0.055 for Encke (Harmon and Nolan, 2005). Us-
ing the 1.4-km diameter estimate gives a radar albedo of σ̂ = 0.027 for JQ5.
This, the first direct comet radar albedo estimate, confirms earlier indications
that comet radar albedos are much lower than the 0.1–0.3 radar albedos typ-
ical of most asteroids (Magri et al., 2001; Harmon et al., 2004). This implies
that comets have substantially lower surface densities than asteroids (Harmon et
al., 2004). Following arguments given in Harmon et al. (1999, 2004), the radar
albedo of JQ5 corresponds to surface densities in the range 0.4–0.8 g cm−3.

The JQ5 diameter estimate also gives a reasonable optical albedo. Using
the 1.4-km diameter and the observed visual magnitude, we estimate a visual
albedo of 0.033 for the JQ5 nucleus. This is well within the 0.02–0.06 range
of visual albedos estimated for comet nuclei (Lamy et al., 2004) and close to
the canonical value of 0.04 often used to estimate nucleus sizes based on visual
core magnitudes.

Combining our size estimate with the Doppler bandwidth can give a con-
straint on the nucleus rotation period. The Doppler bandwidth of a spherical
nucleus with radius R and rotation period P is B = 8πR sinφ/λP , where φ

is the angle between the line of sight and the spin axis. Taking R = 0.70 km
and B = 5.5 Hz, then P < 7.0 h. This rapid spin rate, though dynamically
plausible, places JQ5 at the short end of the comet rotation period distribution
(Samarasinha et al., 2004; Lamy et al., 2004). JQ5’s small size and fast rotation
make it a good candidate for having been spun up by outgassing torques (Je-
witt, 1997, 2004), although Yarkovsky effects and tidal interactions with Earth
could also have contributed to spinup.

4. Large grains

The grain-coma echo is clearly distinguishable from the nucleus echo by the
characteristic broad-winged spectrum and the smaller polarization ratio. The
asymmetry of the skirt about the nucleus is typical, and implies anisotropic
grain ejection. It also indicates that the grains are mostly ejected outwards in
a fan instead of being bound in circumnuclear orbits. The fact that the coma
echo is offset toward positive Dopplers (fo = +8.7 ± 1.1 Hz) means that the
overall grain motion was more toward us than away from us at the time of
observation. This, combined with the fact that the Sun–comet–Earth angle was
112◦ on June 24, implies that the “blue-shifted” grains comprising the bulk of
the population were ejected at angles greater than 22◦ from the solar direction
(as viewed from the comet).

The 23-Hz Bh of the JQ5 coma echo is the smallest yet measured, implying
that the large grains from this comet are slow-moving. The characteristic veloc-
ity dispersion λBh/2 is only 1.4 m/s. The next slowest grains are those from
1P/Halley at 2.7 m/s (Campbell et al., 1989; Harmon et al., 2004) and IAA at
4.5 m/s (Harmon et al., 1989, 2004). The four other comets with coma echoes

(C/Hyakutake, C/2001 A2, C/2002 O6, C/2004 Q2) have velocity dispersions
in the range 11–21 m/s, or an order-of-magnitude faster than for JQ5 (Harmon
et al., 1997, 2004; Nolan et al., 2005, 2006). One possible explanation for the
slowness of the JQ5 grains is the small nucleus size, since the conventional gas-
drag theory of grain ejection has the terminal grain velocity Vt ∝ R1/2 (Harmon
et al., 2004). However, this would not explain the relative slowness of the grains
from Halley and IAA, both of which are large comets. A more important de-
terminant of the grain velocity may be the gas mass flux. Higher effective gas
fluxes could result from higher volatile concentrations and/or more explosive
or highly collimated jetting. This might be consistent with the fact that the two
comets with the slowest grains (JQ5 and Halley) are both short-period comets
with presumably highly evolved surfaces.

Even if JQ5’s grain accelerating ability is weak, there should not be a
problem lifting sufficiently large grains against nucleus gravity. Here the small
nucleus size should actually help, since the standard model has the maximum
liftable grain radius am being proportional to R−1. To backscatter efficiently,
the largest grains must have a radius of at least λ/2π (the Rayleigh–Mie transi-
tion size), or 2 cm. Given the small nucleus, one could have a gas mass flux two
orders of magnitude smaller than the ambient sublimation rate from clean ice
and still lift grains this size off the surface. Furthermore, if the nucleus rotates
with a <7-h period, the associated centrifugal force will offset over half of the
gravitational force at the equator and make grain release that much easier.

The JQ5 coma echo is by far the weakest yet seen, with a cross section
of only ∼0.05 km2 as compared to the 0.8–32 km2 range measured for other
comets (Harmon et al., 2004). Apparently this comet’s large-grain production
is low, which is not surprising given the overall weak activity. We can make a
crude estimate of the mass-loss rate Ṁ by comparing with earlier Ṁ estimates
for Comet IAA. For that comet we estimated Ṁ ≈ 3 × 105 g/s for am > λ/2π

(Harmon et al., 2004). Then, assuming the grains remain intact as they traverse
the radar beam, and using the fact that the physical diameter of the beam was
3 times larger and the grain velocity 3 times smaller for JQ5 than for IAA, we
estimate Ṁ ≈ 3 × 105(0.05/0.8)/9 = 2 × 103 g/s for JQ5.

Large, slow grains such as those producing the JQ5 coma echo are be-
lieved to make up the narrow infrared (IR) dust trails seen for some short-period
comets (Eaton et al., 1984; Sykes et al., 1986, 2004; Sykes and Walker, 1992;
Kresák, 1993). Kresák (1993) estimates that a production rate of >1011 g/orbit
is required to produce a dust trail detectable with the Infrared Astronomy
Satellite (IRAS). If we assume a 100-day perihelion passage as the effective
grain-producing period for JQ5, then the input to the dust trail would be only
about 2 × 1010 g/orbit and, hence, probably undetectable at the IRAS sensi-
tivity. However, a JQ5 dust trail might be detectable with a more sensitive
instrument such as the Spitzer Space Telescope, which has an IR sensitivity
between 100 and 1000 times that of IRAS. So far, no IR trails have been re-
ported for JQ5, although this comet should be considered a good candidate for
future trail searches. In any event, our results show that even the smallest of
comets can produce large grains, so it is possible that undetected comets in the
JQ5 class might be responsible for some of the IRAS-detected “orphan” trails
lacking known parent comets (Sykes et al., 1986, 2004; Sykes and Walker,
1992). Finally, a narrow dust trail might also show up as a detectable meteor
stream (Kresák, 1993), which seems a definite possibility for JQ5 given its low-
inclination, Earth-crossing orbit.

5. Concluding remarks

Short-period comets are of particular interest, given their suitability as mis-
sion targets and their contribution to meteor streams and the interplanetary
dust complex. The recent discovery and close passage of JQ5 has given us
a fortuitous look at one of the humbler members of this family. Although
JQ5 itself does not make another close approach until 2036 (! = 0.05 AU),
three other short-period comets should be easily detectable in the next five
years: 73P/Schwassmann–Wachmann 3 (! = 0.07 AU) in 2006, 8P/Tuttle
(! = 0.25 AU) in 2008, and 103P/Hartley 2 (! = 0.12 AU) in 2010. All three
are potential imaging targets, although the latter two (Tuttle because of its
distance; Hartley 2 because of its suspected small size) are unlikely to yield
high-quality images. All three comets are likely producers of large grains, and
one (Tuttle) is the parent of its own meteor stream. Hence, coma echoes are pos-
sible. It will be interesting to see if any large-grain comae detected from these
comets exhibit the same low velocity dispersion seen for those other short-
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period Comets JQ5 and Halley, or the higher velocities so far only seen for
long-period or new comets. We will also be on the lookout for more close ap-
paritions of newly discovered comets, especially those offering good imaging
opportunities.

Acknowledgment

The National Astronomy and Ionosphere Center (Arecibo Observatory) is
operated by Cornell University under a cooperative agreement with the National
Science Foundation.

References

Benner, L.A.M., Ostro, S.J., Giorgini, J.D., Jurgens, R.F., Mitchell, D.L., Rose,
R., Rosema, K.D., Slade, M.A., Winkler, R., Yeomans, D.K., 1997. Radar
detection of near-Earth Asteroids 2062 Aten, 2101 Adonis, 3103 Eger, 4544
Xanthus, and 1992 QN. Icarus 130, 296–312.

Campbell, D.B., Harmon, J.K., Shapiro, I.I., 1989. Radar observations of
Comet Halley. Astrophys. J. 338, 1094–1105.

Eaton, N., Davies, J.K., Green, S.F., 1984. The anomalous dust trail of Comet
P/Tempel 2. Mon. Not. R. Astron. Soc. 211, 15P–19P.

Hanner, M.S., Newburn, R.L., Spinrad, H., Veeder, G.J., 1987. Comet Sugano–
Saigusa–Fujikawa (1983V)—A small, puzzling comet. Astron. J. 94, 1081–
1087.

Harmon, J.K., Nolan, M.C., 2005. Radar observations of Comet 2P/Encke dur-
ing the 2003 apparition. Icarus 176, 175–183.

Harmon, J.K., Campbell, D.B., Hine, A.A., Shapiro, I.I., Marsden, B.G.,
1989. Radar observations of Comet IRAS–Araki–Alcock 1983d. Astro-
phys. J. 338, 1071–1093.

Harmon, J.K., and 15 colleagues, 1997. Radar detection of the nucleus and
coma of Comet Hyakutake (C/1996 B2). Science 278, 1921–1924.

Harmon, J.K., Campbell, D.B., Ostro, S.J., Nolan, M.C., 1999. Radar observa-
tions of comets. Planet. Space Sci. 47, 1409–1422.

Harmon, J.K., Nolan, M.C., Ostro, S.J., Campbell, D.B., 2004. Radar studies
of comet nuclei and grain comae. In: Festou, M.C., Keller, H.U., Weaver,
H.A. (Eds.), Comets II. Univ. of Arizona Press, Tucson, pp. 265–279.

Jewitt, D., 1997. Cometary rotation: An overview. Earth Moon Planets 79, 35–
53.

Jewitt, D., 2004. From cradle to grave: The rise and demise of comets. In: Fes-
tou, M.C., Keller, H.U., Weaver, H.A. (Eds.), Comets II. Univ. of Arizona
Press, Tucson, pp. 659–676.

Kresák, L., 1993. Cometary dust trails and meteor streams. Astron. Astro-
phys. 29, 646–660.

Lamy, P.L., Toth, I., Fernández, Y.R., Weaver, H.A., 2004. The sizes, shapes,
albedos, and colors of cometary nuclei. In: Festou, M.C., Keller, H.U.,
Weaver, H.A. (Eds.), Comets II. Univ. of Arizona Press, Tucson, pp. 223–
264.

Larson, S., 2005. 2005 JQ5. Minor Planet Electron. Circ. 2005-J29.
Magri, C., Consolmagno, G.J., Ostro, S.J., Benner, L.A.M., Beeney, B.R., 2001.

Radar constraints on asteroid regolith properties using 433 Eros as ground
truth. Meteorit. Planet. Sci. 36, 1697–1709.

Nolan, M.C., Campbell, D.B., Harmon, J.K., Howell, E.S., Magri, C., 2005.
Arecibo radar detection of the nucleus and coma of C/2004 Q2 (Machholz)
(abstract). In: IAU Symposium No. 229, Rio de Janeiro, Brazil. Abstract
P14.21.

Nolan, M.C., Harmon, J.K., Howell, E.S., Campbell, D.B., Margot, J.-L., 2006.
Detection of large grains in the coma of Comet C/2001 A2 (LINEAR) from
Arecibo radar observations. Icarus 181, 432–441.

Ostro, S.J., 1993. Planetary radar astronomy. Rev. Mod. Phys. 65, 1235–
1279.

Samarasinha, N.H., Mueller, B.E.A., Belton, M.J.S., Jorda, L., 2004. Rotation
of cometary nuclei. In: Festou, M.C., Keller, H.U., Weaver, H.A. (Eds.),
Comets II. Univ. of Arizona Press, Tucson, pp. 281–299.

Snodgrass, C., Lowry, S.C., Fitzsimmons, A., 2005. Comet P/2005 JQ5
(Catalina). IAU Circ. 8531.

Sykes, M.V., Walker, R.G., 1992. Cometary dust trails. Icarus 95, 180–210.
Sykes, M.V., Lebofsky, L.A., Hunten, D.M., Low, F., 1986. The discovery of

dust trails in the orbits of periodic comets. Science 232, 1115–1117.
Sykes, M.V., Grün, E., Reach, W.T., Jenniskens, P., 2004. The interplanetary

dust complex and comets. In: Festou, M.C., Keller, H.U., Weaver, H.A.
(Eds.), Comets II. Univ. of Arizona Press, Tucson, pp. 677–693.


