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ABSTRACT

Context. Dynamically, 133P/Elst-Pizarro and 176P/LINEAR are main belt asteroids, likely members of the Themis collisional family,
and unlikely of cometary origin. They have been observed with cometary-like tails, which may be produced by water-ice sublimation.
They are part of a small group of objects called Main Belt Comets (MBCs, Hsieh & Jewitt 2006).
Aims. We attempt to determine if these MBCs have spectral properties compatible with those of comet nuclei or with other Themis
family asteroids.
Methods. We present the visible spectrum of MBCs 133P and 176P, as well as three Themis family asteroids: (62) Erato, (379) Huenna
and (383) Janina, obtained in 2007 using three telescopes at “El Roque de los Muchachos” Observatory, in La Palma, Spain, and the
8 m Kueyen (UT2) VLT telescope at Cerro Paranal, Chile. The spectra of the MBCs are compared with those of the Themis family
asteroids, comets, likely “dormant” comets and asteroids with past cometary-like activity in the near-Earth (NEA) population. As 133P
was observed active, we also look for the prominent CN emission around 0.38 μm typically observed in comets, to test if the activity
is produced by the sublimation of volatiles.
Results. The spectra of 133P and 176P resemble best those of B-type asteroid and are very similar to those of Themis family members
and another activated asteroid in the near-Earth asteroid population, (3200) Phaethon. On the other hand, these spectra are significantly
different from the spectrum of comet 162P/Siding-Spring and most of the observed cometary nuclei. CN gas emission is not detected
in the spectrum of 133P. We determine an upper limit for the CN production rate Q(CN) = 1.3 × 1021 mol/s, three orders of magnitude
lower than the Q(CN) of Jupiter family comets observed at similar heliocentric distances.
Conclusions. The spectra of 133P/Elst-Pizarro and 176P/LINEAR confirm that they are likely members of the Themis family of
asteroids, fragments that probably retained volatiles, and unlikely have a cometary origin in the trans-Neptunian belt or the Oort Cloud.
They have similar surface properties to activated asteroids in the NEA population, which supports the hypothesis that these NEAs are
scattered MBCs. The low Q(CN) of 133P means that, if water-ice sublimation is the activation mechanism, the gas production rate is
very low and/or the parent molecules of CN present in the nuclei of normal comets are much less abundant in this MBC.

Key words. minor planets, asteroids: individual: 133P/Elst-Pizarro – minor planets, asteroids: individual: 176P/LINEAR –
minor planets, asteroids: general – comets: general – techniques: spectroscopic

1. Introduction

Comets are known to originate in the trans-Neptunian belt
(TNB) and the Oort Cloud. Observationally, comets are distin-
guished from asteroids by the presence of a coma and/or tail.
However, this is not a conclusive criterion. E.g. icy objects only
develop a coma if the temperature is sufficient to sublimate ices,
so distant comets may not show activity.

For the purpose of this paper we define that an object has a
cometary origin if it shows similar physical properties to objects
that have been considered comets up to now, i.e., icy objects
scattered from the TNB or the Oort Cloud.

The Tisserand parameter with respect to Jupiter (TJ) provides
a simple way to discriminate dynamically between asteroids and

comets (Kresak 1982; Kosai 1992). Main-belt asteroids move in
orbits with TJ > 3, while comets have unstable orbits with TJ < 3.

Recently, some objects in orbits indistinguishable from those
of other main belt asteroids have been observed “active” (with a
dust coma and/or tail). They have been called main-belt comets
(MBCs) (Hsieh & Jewitt 2006). 133P/Elst-Pizarro (hereafter,
133P) and 176P/LINEAR (hereafter, 176P) are also identified as
asteroids 7968 and 118401, respectively. They have TJ = 3.184
and 3.166, respectively, and they are two of the seven objects ob-
served so far that can be considered as MBCs following Hsieh
& Jewitt (2006) pure phenomenogical definition.

Dynamical simulations show that MBCs are extremely un-
likely to originate in the TNB or the Oort Cloud (e.g., Fernández
et al. 2002), indicating that they likely formed in situ. Recent
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work suggests that some icy trans-Neptunian objects (TNOs)
might have been delivered to the asteroid belt during the late
heavy bombardment (Levison et al. 2009), but even those sim-
ulations fail to produce low inclination, low-eccentricity orbits
such as those of 133P and 176P.

133P is the first discovered MBC (Elst et al. 1996) and,
so far, the best characterized one. Since then, it has been ob-
served active every perihelion passage around the orbital quad-
rant following perihelion, and inactive the two quadrants around
aphelion (Boehnardt et al. 1997; Toth 2006; Hsieh et al. 2006,
2009, 1010; Bagnulo et al. 2010). This recurrent activity sup-
ports the hypothesis that 133P has an ice reservoir, which period-
ically sublimates and elevates dusty material into the coma and
tail region. The dust coma and tail, and not a gas emission fea-
ture, are so far the only signatures of ongoing activity in MBCs.
On the other hand, 176P is the third known MBC and it exhib-
ited cometary activity only at the time of its discovery in 2005
(Hsieh et al. 2006). It was never reported active since.

Understanding the origin of these bodies is crucial. If they
are formed “in situ” and, in particular, if they are members of a
collisional family and if their activity is due to water ice subli-
mation, there should be water ice in many asteroids. If they are
captured TNB or Oort Cloud comets, the mechanisms that drove
them to their present orbits needs to be understood. The exis-
tence of ice in main-belt objects is surprising given their prox-
imity to the Sun, and presents intriguing opportunities for con-
straining the temperature, composition and structure of primitive
asteroids and our protoplanetary disk. Recent theoretical model
calculations indicate that subsurface ice can survive in an MBC
over the lifetime of the solar system (Schorghofer 2008).

The R-band albedo of 133P and 176P is pR = 0.05 ± 0.02
and pR = 0.06 ± 0.02, respectively (Hsieh et al. 2009). The
133P albedo determination is in agreement with more recent es-
timates by Bagnulo et al. (2010), using the polarization vs. phase
function and assuming that the relation with the albedo is the
same of that found for asteroids (pR = 0.07 ± 0.01). All these
values are consistent with the albedos of primitive C-, B-, D-type
asteroids and cometary nuclei (Fernández et al. 2005), implying
that the albedo does not appear to be a decisive diagnostic pa-
rameter for determining the source zone of MBCs.

The orbits of 133P and 176P are typical of Themis collision
family members, or a sub-family of it, called the Beagle family
(Nesvorny et al. 2008). The Themis family is likely the result
of the breakup of a parent asteroid about 370 km in diameter
∼1 Gyr ago (Marzari et al. 1995; Tanga et al. 1999; Nesvorny
et al. 2008) and is one of the largest and statistically most robust
asteroid families (e.g., Carusi & Valsecchi 1982; Zappalà et al.
1990). The Beagle family is younger than the Themis one, with
an age < 10 My (Nesvorny et al. 2008). The surface of 133P and
176P is neutral in color (Hammergren 1996; Hsieh et al. 1010;
Bagnulo et al. 2010), consistent with the nearly neutral reflec-
tion spectra of primitive asteroids of the C-complex, but bluer
than the colors of the majority of cometary nuclei (Lamy & Toth
2009). Given their origin from a common parent, Themis fam-
ily members are thought to be compositionally homogeneous,
as corroborated by spectroscopical studies showing that the fam-
ily is dominated by primitive C-type asteroids that also exhibit
signs of aqueous alteration (Bell 1989; Florczak et al. 1999;
Ivezic et al. 2002; Mothé-Diniz et al. 2005). The detection of
water ice on the surface of the largest member of the family
(24) Themis (Campins et al. 2010; Rivkin & Emery 2010) and
the evidence of aqueous alteration in about 50% of the Themis
family asteroids strongly support that water is widely present in
the Themis family.

In this paper we present and study spectra of two MBCs,
133P and 176P to address the open question of the origin of this
population and, in particular, to discriminate if they are Themis
family asteroids or interloper comets. In Sect. 2 we present vis-
ible spectra of both MBCs obtained using different telescopes,
aditionaly we present new spectra of three Themis family as-
teroids. In Sect. 3 we compare the spectra of the MBCs with
spectra of objects with asteroidal and cometary nature: the spec-
tra of Themis family asteroids, the spectrum of (3200) Phaethon,
a prototype of near-Earth asteroid that presented cometary-like
activity in the past and possibly linked to MBCs (Meng et al.
2004; Licandro et al. 2007); and the spectra of comet nuclei.
In Sect. 4 we determine an upper limit for the CN production
rate of 133P, and we present our conclusions in Sect. 5.

2. Observations and data reduction

Visible spectra of 133P were obtained during its 2007 perihelion
passage using three telescopes: the 3.5 m Telescopio Nazionale
Galileo (TNG) and the 4.2 m William Herschel Telescope
(WHT) at “El Roque de los Muchachos” Observatory (ORM,
Canary Islands, Spain), and the 8 m Kueyen (UT2) VLT tele-
scope at Cerro Paranal (Chile). On the other hand, visible spec-
tra of 176P were obtained on January 20, 2007 using the 2.5 m
Nordic Optical Telescope (NOT) at the ORM.

The DOLORES spectrograph at the TNG was used on
June 17, 2007 to observe 133P. Spectra using the LR-B and
the LR-R grisms were obtained, with dispersions of 2.52 and
2.61 Å/pixel, respectively. The 5.0′′ slit width was used, ori-
ented at the parallactic angle to minimize the slit losses due to
atmospheric dispersion. Three spectra with an exposure time of
600 s each of 133P where obtained with the LR-R grism, cov-
ering the 0.52−0.92 μm spectral range. The object was shifted
in the slit direction by 5′′ between consecutive spectra to better
correct the fringing. Two spectra of 1200 s each of 133P where
obtained with the LR-B grism, covering the 0.37 to 0.70 μm
spectral range.

A spectrum of 133P was also obtained with the WHT on
Jun. 17, 2007, using the double arm ISIS spectrograph. Spectra
in the red and blue arms where obtained simultaneously, us-
ing the R300B grating in the blue arm, with a dispersion of
0.86 Å/pixel, and the R316R grating in the red arm, with a
dispersion of 0.93 Å/pixel. A 3′′ slit width was used, oriented
at parallactic angle. A single 900 s exposure was done in both
arms. 133P was observed again on July 9, 2007 with the WHT
using ISIS. Spectra in the red and blue arms where obtained si-
multaneously, using the R300B grating in the blue arm, and the
R158R grating in the red arm (with a dispersion of 1.81 Å/pixel).
A 5′′ slit width was used oriented at the parallactic angle. Two
spectra of 1800 s where obtained in both arms.

Finally, 133P was observed on July 21, 2007 with the
VLT using the camera spectrograph FORS2. A total of 7 low-
resolution spectra of 300 s each were obtained. The grism 150I
without an order sorting filter and a slit of 1.3′′ width were used.
The covered spectral range was 0.33−0.66 μm with a disper-
sion of 230 Å/mm, corresponding to about 3.5 Å/pixel. Solar
analogue star HD 209847 was also observed in order to obtain
the reflectance spectrum. The observations were done in service
mode, and all the spectra were recorded at airmass >1.6. Since
the slit was not oriented in the parallactic angle, the spectra suf-
fered from strong atmospheric refraction and they could not be
used to measure the spectral reflectance. But the signal-to-noise
ratio (SNR) of the obtained spectrum was sufficiently hight to
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search for the presence of gas emission, as that of CN at 3880 Å
(see Sect. 4). To do that, the spectrum of spectrophotometric
standard LTT 377 was obtained for calibration purposes using
the same configuration.

On January 20.22 UT, 2007, 176P was observed with the
2.5 m NOT telescope using the camera-spectrograph ALFOSC.
The 5.0′′ slit width was used, oriented in the parallactic angle.
Two spectra of 1800 s were obtained with the #4 grism, covering
the 0.32−0.91 μm spectral range, with a dispersion of 3 Å/pixel.

Images were overscan and bias corrected, and flat-field cor-
rected using lamp flats. The two-dimensional spectra were ex-
tracted, sky background subtracted, and collapsed to one dimen-
sion. The wavelength calibration was done using the Neon and
Argon lamps. The spectra of each asteroid, obtained at different
positions in the slit, were averaged.

To correct for telluric absorption and to obtain the relative
reflectance, a G star from the Landolt list (Landolt 1992) was
observed at different airmases (similar to those of the object) be-
fore and after the asteroid’s observations, and used as a solar
analogue star. Landolt (SA) 115-271, and Landolt (SA) 107-684
were observed to correct the spectra of 133P and 176P, respec-
tively. The spectrum of each solar system object was divided by
that of the corresponding solar analogue star, and then normal-
ized to unity around 0.55 μm, thus obtaining the normalized re-
flectance. The obtained spectra of 133P are shown in Fig. 1. The
spectrum of 176P is shown in Fig. 2 together with the weighted
mean spectrum of the 3 spectra of 133P shown in Fig. 1. In Fig. 2
both spectra are rebinned to a resolution of 30 Å. The spectrum
of 176P is plotted only in the 0.4−0.72 μm region because of the
very low SNR at bluer wavelengths and the strong fringing in
the red.

Also asteroids (62) Erato, (379) Huenna and (383) Janina, all
of them considered to be members of the Themis family, were
observed on April 1, 2006 with the WHT using the ISIS spec-
trograph. Spectra in the red and blue arms were obtained simul-
taneously, using the R300B and R158R gratings, respectively.
A 5′′ slit was used oriented in the parallactic angle. Solar ana-
logue star BS 4486 and G-type Landolt star SA 107-689 were
observed to obtain the relative reflectance of the asteroids. The
resulting reflectance spectra, processed in a similar way as those
of 133P and 176P, are shown in Fig. 3. The spectra of these
Themis family asteroids are used to compare with that of 133P
and 176P.

Notice that (62) Erato, (379) Huenna and (383) Janina, with
diameter 95.4 ± 2.0, 92.3 ± 1.7 and 45.5 ± 1.8 km, respectively
(Tedesco et al. 2004), are larger than 133P and 176P (diame-
ter 3.8 ± 0.6 and 4.0 ± 0.4 km, respectively, Hsieh et al. 2009).
We observed these Themis family asteroids because small ob-
jects like 133P and 176P are very faint and need much longer
exposure times to obtain similar S/N.

3. Data analysis

The spectra of 133P and 176P are very similar, presenting a neu-
tral to slightly bluish slope at wavelengths larger than 5000 Å,
and a drop in the UV region. This behavior is typical of B-type
asteroids, according to the Tholen spectrophotometric classifica-
tion system (Tholen 1989). Measuring the spectral slope in the
visible region (S ′V) as in Licandro et al. (2008), we obtain S ′V =
0 ± 1%/1000 Å for 133P and S ′V = −3 ± 1%/1000 Å for 176P.
176P is spectroscopically a B-type asteroid, while the neutral
slope of 133P places it on the line between B- or C-type aster-
oids. B-, C- and F-type asteroids belong to the C-complex, which

Fig. 1. Spectra of 133P/Elst-Pizarro obtained with the TNG and
WHT telescopes. Spectra are normalized to unity at 5500 Å and shifted
vertically by 0.3 for the sake of clarity. The spectrum obtained on
June 16 with the WHT (middle one) does not cover the whole spec-
tral range (there is a “hole” between 5400 and 6200 Å), in this case
both parts (red and blue arm) are scaled using TNG spectrum obtained
in the same night.

Fig. 2. Spectrum of 176P/LINEAR obtained with the NOT telescope
binned to a resolution of 30 Å, compared with the mean spectrum of
133P/Elst-Pizarro also binned to the same resolution. Spectra are nor-
malized to unity at 5500 Å and shifted vertically by 0.3 for clarity. The
spectrum of 176P is plotted only in the 4000−7200 Å range as the SNR
outside this spectral region is very low. Notice that the spectra of 133P
and 176P are similar, both show the slightly and rare negative (blue)
slope in this wavelength region, typical of B-type asteroid.

comprises asteroids with a primitive composition and very low
albedo, usually linked to the CI, CM carbonaceous chondrites.

Bagnulo et al. (2010), based on photometric and polarimetric
measurements concluded that the overall light scattering behav-
ior (photometry and polarimetry) of 133P is different from that
of cometary nuclei and resembles most closely that of F-type
asteroids. However, the most distinctive spectral feature of the
F-type asteroids, as compared to other types, is the absence of
an UV absorption (Tholen 1989) like that observed in the spec-
tra of 133P and 176P.

Recently, Clark et al. (2010) and de León et al. (2011) an-
alyzed visible and near infrared spectra (covering the 0.5 to
2.5 μm region) of asteroids classified as B-type from their visible
spectra. Both papers point out that the spectra of B-type asteroids
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Fig. 3. Spectra of 3 Themis family asteroids obtained with the WHT.
Spectra are normalized to unity at 5500 Å and shifted vertically by 0.5.
Notice they are all very similar.

show a range of behaviors in the infrared region. Hence, B-type
asteroids can have different light scattering properties and some
of these asteroids, as could be the case of 133P (Bagnulo et al.
2010), can have photometric and polarimetric properties that re-
semble most closely those of F-type asteroids.

3.1. MBCs and the Themis family

As mentioned in the introduction, asteroids 133P and 176P can
show cometary-like tails. According to their dynamical proper-
ties, they also belong to the Themis family (Haghighipour 2009).
Therefore, we first compare their spectra with the spectra of
other Themis family asteroids to see if these MBCs are compati-
ble with being fragments produced by the collision that produced
the family.

The Themis family is compositionally primitive, and the tax-
onomy of its family members is very homogeneous. Themis
family asteroids are mainly C- and B-types in the Tholen clas-
sification system (e.g., Mothe-Diniz et al. 2005; Florczak et al.
1999). Considering Bus taxonomy (Bus 1999), there are 36 as-
teroids belonging to the C complex (6 C-type, 17 B-type,
5 Ch-type, and 8 Cb-type) and 7 asteroids to the X complex
(5 X-type, 1 Xc-type, and 1 Xk-type). This is compatible with
the breakup of a large (∼370 km according to Tanga et al. 1999)
C-class parent body. The spectra of the three Themis family as-
teroids presented here (62 Erato, 379 Huenna and 383 Janina)
are very similar, typical of B-type asteroids. In Fig. 4 we com-
pare the spectrum of 133P with that of (62) Erato, which is
the one with the best SNR. Notice that the spectra of 133P and
(62) Erato are very similar within the uncertainties, supporting
that 133P and 176P are likely fragments of the Themis family
parent body. The spectrum of (62) Erato is slightly bluer (S ′V =
−2 ± 1%/1000 Å) than that of 133P (S ′V = 0 ± 1%/1000 Å), but
similar within the errors, and both have a pronounced absorp-
tion feature in the UV. To quantify this absorption feature we
compute the ratio (τ) between the reflectance at 0.4 μm and the
continuum at the same wavelenght computed by a linear fitting
of the reflectance between 0.5 and 0.7 μm. τ = 0.89 and 0.83 for
133P and Erato, respectively.

In addition, Rousselot et al. (2011) present a near-infrared
spectrum of 133P in the 1.1−2.4 μm region that it is compatible
with those of Themis-like B-types in Clark et al. (2010).

Fig. 4. Visible spectra of (62) Erato, (3200) Pahethon, 162P/Siding-
Spring and 133P/Elst-Pizarro. The spectra are normalized to unity at
5500 Å and the first three are shifted vertically for clarity.

3.2. MBCs and activated asteroids in the near-Earth objects
(NEO) population

MBCs are not the only objects in asteroidal orbits that
present cometary-like activity. There is a group of asteroids
in the near-Earth population with associated meteor show-
ers: (3200) Phaethon, 2001 YB5 and 2005 UD (Whipple 1983;
Meng et al. 2004; and Ohtsuka et al. 2006). Meteor showers
are usually associated to comets, and in the case of these as-
teroids, it is indicative of a past cometary-like activity. The rela-
tion between (3200) Phaethon and its associated meteor shower,
the Geminds, has been well studied by Gustafson (1989) and
Williams & Wu (1993).

There is also one asteroid, (4015) Wilson-Harrington (also
known as comet 107P) that was first discovered as an active
comet, then re-discovered as an asteroid (Bowell et al. 1992),
and that has never been observed active again. According to
Campins & Swindle (1998), 107P is a potential meteorite pro-
ducing object.

Meng et al. (2004) noticed that all these “activated asteroids”
in the NEA population have spectra and colors compatible with
B-type asteroids. Licandro et al. (2007) suggested a link between
activated asteroids in the NEA population and MBCs, as their
colors and/or spectra correspond to those of Cb- or B-type as-
teroids, therefore, the activated asteroids in the NEA population
are likely MBCs scattered from the MB to NEA orbits.

In Fig. 4 the spectra of 133P and (3200) Phaethon (from
Licandro et al. 2007) are plotted together. The spectrum of 133P
has similarities with the spectrum of (3200) Phaethon: both
present neutral to slightly bluish slopes in the 5000−9000 Å
spectral region and a drop of in the UV below 4500 Å. Anyway,
there are some differences indicative of possible differences in
the composition of the surface of both objects: (3200) Phaethon
spectrum is slightly bluer (S ′V = −4%/1000 Å) than 133P
one, but with a slope similar to the spectrum of 176P
(S ′V = −3%/1000 Å); the UV absorption in the spectrum of
(3200) Phaethon is not as well defined as in the spectrum of
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Fig. 5. Combined spectrum of 133P in the region of the CN band (left) and that of the “gas” (right), after the subtraction of the dust spectrum. The
intensity scale is the same for both and the look up table is logarithmic. The spectral region is between 3500 and 4500 Å and the spatial region is
from −15 000 to 15 000 km of projected nucleocentric distance (ρ). Notice that no emission bands are seen within the SNR. The region very close
to the object photometric center is very noisy because the emission of the dust is strong, but a few thousands km farther the SNR improves.

133P, in fact τ = 0.98, almost 1 in the case of Phaethon, indica-
tive of a shallow absorption in contrast with the τ = 0.89 value
in the case of 133P.

Licandro et al. (2007) argued that (3200) Phaethon’s sur-
face has abundant phyllosilicates and that this object is un-
likely to have a cometary origin. The similarity between
(3200) Phaethon’s spectrum and that of 133P and 176P then also
supports an asteroidal nature for these MBCs.

Recent results show that (3200) Phaethon is likely to be a
fragment of asteroid (2) Pallas family (de León et al. 2010),
in fact, its visible spectrum is identical to those of the Pallas fam-
ily asteroids. The activity of (3200) Phaethon, 133P and 176P
suggest that both, (2) Pallas and (34) Themis, produced frag-
ments with the ability to develop cometary-like activity.

3.3. MBCs and comets

To explore the possible cometary origin of 133P, we plot in
Fig. 4 the spectrum of 162P/Siding-Spring from Campins et al.
(2006), one of the best SNR spectrum of a comet nucleus, re-
binned to the same spectral resolution as the other objects pre-
sented in this paper. Notice that 162P’s spectrum is very differ-
ent to that of the Themis family asteroids and (3200) Phaethon.
The spectrum of 162P is compatible with the spectra of D-type
asteroids: featureless with a steep red slope (>0.07%/1000 Å)
and with no absorption feature in the UV. The large majority of
comet nuclei with observed spectra have a spectrum similar to
that of 162P and compatible with that of P- or D-type asteroids
(Jewitt 2002; Licandro et al. 2002; Campins et al. 2006, 2007;
Snodgrass et al. 2008). Also the asteroids in cometary orbits (ob-
jects with an asteroidal aspect but with cometary-like orbits) that
more likely have a cometary origin (those with TJ < 2.7) are
all P- and D-types (Licandro et al. 2008). P- and D-type as-
teroids have featureless spectra, with a slightly red to very red
slope (S ′V > 2%/1000 Å), and it is assumed that they are com-
posed of primitive material. The fact that the MBCs and comets
present spectra of different taxonomical types argues also against
a cometary origin of the MBCs.

4. An upper limit for the CN production rate
of 133P/Elst-Pizarro

Even if, as mentioned in Sect. 2, the spectra of 133P obtained
with the VLT are not useful in getting the reflectance, they can
be used to look for any signature of gas emission typically ob-
served in cometary comae, that of CN (B2Σ+–X2Σ+;Δv = 0) at
∼3800 Å being the most prominent one. When observed with the
VLT, 133P presented a faint tail and a diffuse dust coma, so the
detection of any gas emission would be a strong test to determine
if the observed tail and coma were produced by ice sublimation
as in normal comets.

The spectra of 133P obtained with the VLT were calibrated
in intensity (erg/s cm2 Å ster) and in projected distance (km)
along the slit, using the spectrum of the spectrophotometric stan-
dard. To increase the signal to noise ratio all the calibrated spec-
tra were summed.

A two dimensional cometary dust spectrum was obtained
and subtracted from the 133P spectrum. First, the “color” (not
the real dust color because the observations were not made in
parallactic angle) of the dust was found by comparing the so-
lar analogue (SA) and comet spectra in regions out of possi-
ble gas emission. Then the dust profile along the slit was mea-
sured in the same regions. The final 2D dust spectrum shown in
Fig. 5 is composed by the colored SA spectrum and the profile
of the 133P dust. The subtraction gives the cometary gas spec-
trum shown in Fig. 5. In Fig. 6 we also present the extracted
1D spectrum from a region around 1000 km from the asteroid
and compare it with the spectrum of the solar analogue. From
Figs. 5 and 6 we conclude that no emission bands are detected
above noise limits. In particular, no gas emission is detected in
the CN band at ∼3800 Å (see Fig. 7) that shows the “profile” of
CN along the slit.

In order to have an upper limit of the CN bands intensity,
the standard deviation was measured in correspondence with
the CN bands in two regions at projected nucleocentric dis-
tance of 3000 km, over a width of 2000 km by 26 Å. The
spectrum has the highest SNR in those regions, since the dust
contribution is already very low. Each region has a standard
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Fig. 6. Section of the inner region (−1000 km < ρ < 1000 km) spec-
trum of 133P (full line), compared with the spectrum of the solar ana-
log (dashed line), normalized to 133P spectrum. Notice that there is not
obvious gas emission band in the 133P spectrum.

Fig. 7. Profile of the “gas” spectrum in the region covered by the
CN passband in function of the projected nucleocentric distance ρ.
In the inner region the gas profile is very noisy because the emission of
the dust is stronger. Out of the inner region no signature of CN is seen
in the profile within the SNR, the profile is just noise with a σ = 6.6 ×
10−10 (erg/cm2 s ster).

deviation σ = 3.6 × 10−11 erg/(cm2 ster Å s), that, considering
the Δλ = 26 Å and the use of 2 regions, gives a total σ = 6.6 ×
10−10 erg/(cm2 ster s). Assuming a limit of 3σ the upper limit
of the intensity is 2 × 10−9 erg/(cm2 ster s). With a CN g-factor
of 3.9 × 10−14 erg/(s mol) (Schleicher 2010 and available on-
line asteroid.lowell.edu/comet/comet_intro) the upper
limit of the column density is ≈7 × 105 cm−2.

Using the vectorial model (Festou 1981, available on-
line, www.boulder.swri.edu/wvm), the corresponding up-
per limit of CN production rate Q(CN) was computed. It is
1.3 × 1021 mol/s, about three orders of magnitude lower than
the Q(CN) determined for Jupiter family comets observed at
similar heliocentric distances (A’Hearn et al. 1995). The up-
per limit of CN mass loss is 0.6 × 10−4 kg/s. Assuming
a Q(CN/H2O) ∼ 0.001 (A’Hearn et al. 1995) gives a water pro-
duction rate Q(H2O) = 1.5 × 1024 mol/s, corresponding to a wa-
ter mass loss 4 × 10−2 kg/s. In any case, we have to keep in
mind that this is an upper limit and that the ratio of CN over
H2O production rate may vary with the comet and the heliocen-
tric distance.

Excluding the contribution of the tail, Bagnulo et al. (2010)
give a diffuse A fρ of the dust of the order of 0.6−0.9 cm.
Assuming the empiric formula given in (Kidger 2004) a rough
approximation of the dust mass loss of the order of 0.7−1.6 kg/s
can be derived. The A fρ/Q(CN) > 2−3 × 10−22 cm/(mol s) is
compatible with the values determined for other Jupiter family
comets observed at similar heliocentric distances (A’Hearn et al.
1995).

5. Discussion and conclusions

We present the visible spectra of MBCs 133P/Elst-Pizarro and
176P/LINEAR, and of three Themis family asteroids (62) Erato,
(379) Huenna and (383) Janina. The spectra of 133P and 176P
are very similar to each other and to those of B-type aster-
oids. The measured spectral slopes in the visible are S ′V =
0 ± 1%/1000 Å and −3 ± 1%/1000 Å for 133P and 176P,
respectively.

The spectra of 133P and 176P are very similar to those of
the three Themis family asteroids, supporting the hypothesis that
133P and 176P are Themis family members and unlikely are in-
terlopers that originated in any of the known cometary reservoirs
(the Oort Cloud and the TNB).

In order to determine whether water ice sublimation is the
mechanism that produces the observed activity of MBCs, the
spectra of 133P obtained with the VLT are used to check
the presence of gas emission. In particular, we searched for
CN emission around 0.38 μm. No CN emission is detected
within the SNR of the data. An upper limit for CN produc-
tion rate of Q(CN) = 1.3 × 1021 mol/s, is determined, about
three orders of magnitude lower than the Q(CN) determined for
Jupiter family comets observed at similar heliocentric distances
(A’Hearn et al. 1995). That means that, if water-ice sublimation
is the activation mechanism, the gas production rate is very low
and/or the parent molecules of CN present in the nuclei of nor-
mal comets are much less abundant in the MBCs.

The spectra of the MBCs presented in this paper are very
different from that of comet 162P/Siding-Spring and most other
comet nuclei. Considering that most cometary nuclei and as-
teroids in cometary orbits (likely dormant comets) have spectra
and colors typical of P- and D-type asteroids, while MBCs are
B-type, we conclude that MBCs and comets are taxonomically
different. This argues against a cometary origin of these MBCs.

On the other hand, both MBCs have a spectrum that is very
similar to that of the best studied activated asteroids in the near-
Earth population, (3200) Phaethon. This supports the hypothesis
that “activated asteroids” in the NEA population are scattered
MBCs (Meng et al. 2004; Licandro et al. 2007). Notice that
(3200) Phaethon’s surface composition is not compatible with
a cometary origin (Licandro et al. 2007), which also supports
the asteroidal nature of these MBCs. If the activity is water-ice
driven, these results suggest that there are some “activated as-
teroids” in the NEA and main belt population that were able to
retain water ice that sublimates under certain circumstances.

Additionally, (3200) Phaethon is likely an scattered asteroid
from the Pallas family (de León et al. 2010), while 133P and
176P are Themis family asteroids. Therefore, two large B-type
asteroids, (2) Pallas and (24) Themis, are likely parent bodies
of asteroids that could have retained some volatiles and present
cometary-like activity. Exploring the volatile content of icy mi-
nor bodies is critical for understanding the physical conditions
and the mechanisms of planetary formation, and also addresses
the question of the origin of Earth’s water. If the outer main belt
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has a large population of asteroids with ice, they could have con-
tributed to the water on Earth. Finally, this indicates the extent
and origin of volatiles in asteroids that could be used as resources
for space exploration.
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