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ABSTRACT

Aims. We present a portrait of the active Centaur P/2010 C1 (Scotti), observed with a well developed comet-like activity (central
diffuse coma condensation and an extended sharp tail-like structure) at the heliocentric distance of rh = 5.5 AU.
Methods. We analyse multicolour (B, V , R, and I) images taken at the TNG telescope to characterise the dust coma of the active
Centaur and to investigate its photometry, colours, and dust production, and to gain hints to its nucleus size.
Results. P/2010 C1 (Scotti) has a small nucleus (<4.8 km in radius), with visual colour V − R= 0.49 ± 0.03 typical of the nuclei of
Jupiter-family comets, but with a dust coma much redder (B − I = 2.37 ± 0.13) than both the Sun and the typical comet mucleus.
It has an integrated R magnitude of mR = 21.41 ± 0.02 and R-Afρ= 34 ± 2 cm (all measured in the reference aperture of radius
φ = 2.0′′), which is much lower than has been measured for other active Centaurs at similar heliocentric distances. Its dust production
rate, Qd = 0.1–15 kg/s, depicts P/2010 C1 (Scotti) as a rather weak dust emitter, with a dust-loss rate comparable to that of the weakest
Jupiter-family comets at shorter heliocentric distance and to the weakest active Centaur characterised to now.

Key words. comets: general – comets: individual: P/2010 C1 (Scotti)

1. Introduction

Several minor bodies reside in the region of the solar system be-
tween Jupiter’s and Neptune’s orbits, moving on highly chaotic
and dynamically unstable orbits. These bodies are often called
Centaurs, but, surprisingly, there is no uniformly accepted def-
inition of these bodies. Following Jewitt (2009), we define a
Centaur as a body whose orbit meets the following conditions:
1) aJ < q, a < aN, i.e., its perihelion distance q and semimajor
axis a lie within the semimajor axis of Jupiter (aJ = 5.2 AU) and
Neptune (aN = 30 AU); and 2) its orbit is not in 1:1 mean-motion
resonance with any planet.

With orbital lifetimes less than 107 years (Holman &
Wisdom 1993), the Centaurs are brief residents in the region
between the gas giant planets, and those who survive the dy-
namical environment in this region may become Jupiter family
comets (Levison & Duncan 1997). They are therefore consid-
ered “transition” objects from the group of inactive Kuiper Belt
objects to the one of active Jupiter family comets, i.e. from the

� Based on observations collected at the Italian Telescopio Nazionale
Galileo (TNG), operated on the island of La Palma by the Centro
Galileo Galilei of the INAF (Istituto Nazionale di Astrofisica) at the
Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofísica de Canarias.

cold, far Kuiper Belt region to the inner solar system. Most re-
cent results (Bauer 2013) point in fact to a cometary origin for
many objects in the group, meaning that a Centaur is made of
the same material as a comet, may have been a comet in the
past, and/or may become a comet in the future. Actually, a few
Centaurs1 (22 objects in a family of ∼150 members, i.e., around
15% of the sample, as of September 2013) have been observed
with a diffuse dust coma and/or a tail in optical images.

For the purposes of the present paper, the dynamical be-
haviour of the active Centaurs (plus other small bodies with
similar characteristics, as detailed below) in the past 300 years
have been derived by means of the Horizons On-Line Ephemeris
System by JPL (Giorgini et al. 1996), which provides access to
key solar system data and to the dynamic production of highly
accurate ephemerides. The system is an integrator that takes
the perturbing forces (gravitational attraction) of the major so-
lar system bodies into account, while integrating the orbital ele-
ments of the target body backward and forward. For small solar
system bodies, the system can compute also a close-approach
table, in which a “nominal” giant planet encounter is flagged
(where “nominal” means “highest probability for the given orbit

1 See www.physics.ucf.edu/~yfernandez/cometlist.html for
a continuously updated list.
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Table 1. Active Centaurs and transitional comets (as per November 2013).

Groupa qb [AU] ac [AU] ed ie [o] P f [yr] Reference

A 29P/S-W 1 5.724 5.987 0.044 9.4 14.7 (1)
39P/Oterma 5.471 7.251 0.245 1.9 19.5 (2)
95P/Chiron 8.454 13.710 0.383 6.9 50.7 (3)

165P/LINEAR 6.830 18.027 0.621 15.9 76.4 (4)
166P/NEAT 8.564 13.873 0.384 15.4 51.9 (5)

167P/CINEOS 11.788 16.167 0.269 19.1 64.8 (6)
174P/Echeclus 5.826 10.764 0.457 4.3 35.1 (7)

C/2001 M10 (NEAT) 5.303 26.662 0.801 28.1 138 (8)
P/2005 S2 (Skiff) 6.398 7.964 0.197 3.1 22.5 (9)

P/2007 S2 (Lemmon) 5.549 12.551 0.555 16.9 44.1 (10)
2003 QD112 7.935 19.084 0.583 14.5 83.4 (11)

C/2001 P2 (PanSTARRS) 6.147 9.767 0.372 9.0 30.6 (12)
P/2010 TO20 (LINEAR-Grauer)e 5.12 5.60 0.088 2.64 13.3 (13)

P/2011 S1 (Gibbs) 7.025 8.449 0.168 2.7 24.6 (14)
C/2012 Q1 (Kowalski) 9.482 26.154 0.638 45.2 134 (15)
C/2013 C2 (Tenagra) 9.131 15.993 0.429 21.3 64 (16)

B P/2004 A1 (LONEOS) 5.463 7.897 0.308 10.6 22.2 (17)
P/2005 T3 (Read) 6.202 7.507 0.174 6.3 20.6 (18)

P/2008 CL94 (Lemmon) 5.436 6.170 0.121 8.3 14.4 (19)
P/2010 C1 (Scotti) 5.235 7.065 0.259 9.1 18.8 (20), this work
P/2010 H5 (Scotti) 6.026 7.144 0.157 14.1 19.1 (21)
P/2011 C2 (Gibbs) 5.384 7.371 0.270 10.9 20 (22)

C P/1997 T3 (Lagerkvist-Carsenty) 4.241 6.682 0.365 4.8 17.3 (23)
P/1998 U3 (Jager) 2.134 6.067 0.648 19.1 14.9 (24)
P/2003 L1 (Scotti) 5.010 6.698 0.252 9.0 17.3 (25)

P/2008 T1 (Boattini) 3.043 4.233 0.281 2.1 8.7 (26)
P/2010 H4 (Scotti) 4.821 6.624 0.272 2.3 17.1 (27)

Notes. Orbital parameters are from the JPL Horizon Data Base. (a) See text. (b) Perihelion distance. (c) Semi-major axis. (d) Orbital eccentricity.
(e) Orbital inclination. ( f ) Orbital period. (e) Included for its orbital similarity with cometary Centaur 29P.

References. Code for the references (first discovery or discussion on activity): (1) Jewitt (1990); (2) Fernandez et al. (2001); (3) Kowal et al.
(1977); (4) Kusnirak & Balam (2000); (5) Pravdo et al. (2001); (6) Romanishin & Tegler (2005); (7) Choi et al. (2006); (8) Lawrence et al. (2001);
(9) Green (2005); (10) Buzzi et al. (2007); (11) Jewitt (2009); (12) Primak et al. (2011); (13) Lacerda (2013); (14) Gibbs et al. (2011b); (15) Miller
et al. (2012); (16) Bressi et al. (2013); (17) Green (2004); (18) Read & Scotti (2005); (19) Scotti et al. (2009); (20) Scotti (2010); (21) Scotti et al.
(2010); (22) Gibbs et al. (2011a); (23) Lagerkvist et al. (2000); (24) Green (1998); (25) Meyer (2003); (26) Boattini et al. (2008); (27) Green
(2010).

solution”). The JPL Horizon integrator has been therefore used
to investigate possible recent modifications of orbital parameters
and therefore to define the three groups (A, B, and C) listed in
Table 1.

Group A lists the active Centaurs that have shown a Centaur-
like orbit in the past 300 years, which did not experience close
encounters with any giant planet or did so, but this had no ma-
jor effect on their orbital parameters, because their heliocentric
distance remained quite chaotic but always within the Centaur
zone. Group B lists the active Centaurs that experienced one or
more close encounters with Saturn in the past 300 years, which
injected them into a more internal than before, still Centaur-like
orbit inside the solar system. Group C lists objects presently
classified as short-period comets, under transition towards the
inner solar system, which experienced one or more close en-
counters with Saturn that recently perturbed their Centaur-like
orbit and turned them into “comets” (see below for more details
on this “new group”).

The prototype of active Centaur is (2060) Chiron (Kowal
et al. 1979; Meech & Belton 1989; Luu & Jewitt 1990), which
orbits at about 10 AU from the Sun and shows a sustained,
though variable, comet-like activity along its orbit. The activ-
ity among Centaurs is part of a wider debate about the activity
of minor bodies at great distance from the Sun, outside the so-
called “water zone”. Beyond 5–6 AU, comet-like activity can

no longer be explained by classical water ice direct sublima-
tion (Meech & Svoren 2004). Models of cometary nuclei (e.g.,
Prialnik 1997; Capria et al. 2000a,b), and laboratory experiments
(e.g., Notesco et al. 2003) show that amorphous water ice is
highly porous and can contain a large number of (hyper)volatile
molecules trapped at time of condensation. The trapped gas
could be released upon ice crystallisation, giving rise to dust loss
at temperatures too low (and hence at heliocentric distances too
large) for crystalline water ice to sublimate; for example, the
activity in Chiron has been modelled as a product of crystalli-
sation heating by Prialnik et al. (1995). Many active Centaurs
have dust loss rates comparable to or even higher than several
active comets at much shorter heliocentric distance: for exam-
ple, P/2004 A1 (LONEOS) has a dust production rate around
100−200 kg s−1 up to 6.5 AU (Mazzotta Epifani et al. 2006,
2011).

The existence of another group of “transition” active mi-
nor bodies has been recently postulated (Hahn & Lagerkvist
2010). These are presently short-period comets, whose secular
orbital history is characterised by a more or less recent close
encounter with Saturn that modified their previous Centaur-
like orbit and turned it into a short-period comet-like one (see
Table 1, group C); for example, the presently defined Jupiter
family comet P/2008 T1 (Boattini) (Boattini et al. 2008) was
(dynamically) a presumably active Centaur up to 2003, when it
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Fig. 1. Long-term dynamical behaviour of active Centaur P/2010 C1
(Scotti). The continuous curve is the perihelion distance, the dotted
curve is the semi-major axis, both drastically reduced after a close
(CA = 0.048 AU) encounter with planet Saturn, occurred on April 23,
1877 (vertical long-dashed line). The horizontal dot-dashed lines mark
the Jupiter (aJ = 5.2 AU) and Neptune (aN = 30 AU) semi-major axis,
which, following Jewitt (2009), limits the dynamical region of Centaurs.

“turned” into its present class after close encounters with Saturn
(and Jupiter). In some cases, they presently belong to the short-
period comet group only by chance, their perihelion distance be-
ing lower than, but very close to, the aJ = 5.2 AU limit of the
Jewitt (2009) definition.

Several of the bodies presently defined as active Centaurs
also experienced close encounters with Saturn, which modi-
fied their orbit by decreasing their semi-major axis and peri-
helion distance, but still within the Jewitt’s (2009) lower limit.
Therefore, the historical distinctions among groups and families
of active minor bodies are progressively being blended in the re-
gion of the solar system where these “transition” objects orbit
for most of their lives. The study of their physical properties and
in particular the characterisation of their cometary activity is a
main topic in constraining the nature and the evolution of minor
bodies in the solar system.

The active minor body P/2010 C1 (Scotti) (hereinafter
P/2010 C1) was discovered on 9 February 2010 by J. V. Scotti
with the Spacewatch 0.9-m reflector at Kitt Peak. It showed a
nearly stellar nuclear condensation with a long tail at PA = 283◦
and was provisionally identified as a short-period comet. The
long-term dynamical behaviour of P/2010 C1, as derived with
the JPL Horizon integrator (Giorgini et al. 1996), is shown in
Fig. 1: it suffered a close encounter with planet Saturn in 1877,
which drastically decreased its perihelion distance and semi-
major axis close to the present values of q= 5.235 AU and a=
7.065 AU, respectively.

Observations presented in this paper have been collected
in the framework of a long term program aimed at searching
for comet-like activity in several targets in the region outside
Jupiter’s orbit, to clarify which is the real fraction of active
Centaurs in the group. In this paper, we present a portrait of
P/2010 C1, whose comet-like activity has been characterised for
the first time ever by means of multi-colour photometry.

The observations and data reduction are presented in Sect. 2.
Section 3 summarises the observational results, while in Sect. 4
some considerations for the Centaur nucleus are derived.
Summary and conclusions are given in Sect. 5.

Table 2. Geometry of observation of P/2010 C1 (Scotti).

Datea rb [AU] Δc [AU] PAd [deg] αe [deg]

2 March 2011 03:33 UT 5.508 4.643 280.2 5.32

Notes. (a) Beginning of image sequence. (b) Heliocentric distance.
(c) Geocentric distance. (d) Position angle of the extended Sun-target
radius vector, as seen in the observer’s plane-of-sky, measured CCW.
(e) Phase angle.

2. Observations and data reduction

The minor body P/2010 C1 was observed on 2 March 2011
with the 3.52 m Telescopio Nazionale Galileo (TNG) at the
Observatorio del Roque de los Muchachos (La Palma, Canary
Islands). TNG images were obtained with the Device Optimised
for the LOw RESolution (DOLORES) intrument, a focal reducer
instrument installed at the Nasmyth B focus of the TNG. The
detector is a 2048 × 2048 E2V 4240 thinned back-illuminated,
deep-depleted, Astro-BB coated CCD with a pixel size of
13.5 μm. The scale is 0.252 arcsec/px, which yields a field of
view of about 8.6 × 8.6 arcmin. The instrument was equipped
with the broadband filters B, V , R, and I of the Johnson-Cousins
system. The circumstances of observations are summarised in
Table 2.

With the telescope tracking at the nonsidereal motion rate of
P/2010 C1, 31 consecutive images have been acquired (exposure
time of 300 s each), with the sequence RBVIR repeated many
times, for a total of 9 R, 7 B, 7 V , and 6 I exposures. The seeing
was quite stable during the observations, with a mean value of
1.0′′ (FWHM) in the R filter.

Despite the quite large heliocentric distance, P/2010 C1 was
easily identifiable, and it appeared active in each single image for
each filter. It appeared as an object with a central diffuse conden-
sation and an extended sharp tail-like structure, oriented at PA =
284.5◦ (14.5◦ N of the W), i.e. close the antisolar direction.

The images were reduced and calibrated using standard pro-
cedures (subtraction of master bias and flat-field correction),
with the aid of the ESO’s Munich Image Data Analysis System
(MIDAS 1998) software package. The absolute calibration of
the magnitudes was obtained computing the photometric zero
points and extinction coefficients by a least square fit for several
Landolt (1992) standard fields.

In each filter, the individual pre-reduced frames were quite
homogeneous, both in the background values and in the general
aspect of the Centaur coma and tail. To increase the signal-to-
noise ratio for the image analysis, we decided to co-add the im-
ages obtained for each filter, grouped for similar airmass. Table 3
summarises the circumstances of image grouping and stacking.

The position of P/2010 C1 optocentre in each single im-
age selected for the coadding was determined by fitting a two-
dimensional Gaussian to the innermost pixels of the coma. The
images were then recentred using this optocentre and summed.
Sky correction was performed by subtracting a first-order poly-
nomial sky approximation computed from the pixel areas con-
taining no stars. (The sky image was built for each frame via a
standard MIDAS routine, with the areas for background chosen
interactively via the cursor. In it, the sky image is created from
a 2D polynomial, using the least-square method.) We obtained
two final images for filters B, V and I, and three final images for
filter R. One example for these latter images is shown in Fig. 2.
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Table 3. Circumstances of image grouping and stacking.

Filter # of images used for the analysis # of final stacks stack id. Time rangea Airmass sub-range Median airmassb

B 7 2 a (4x) 03:41–04:55 1.116–1.201 1.145
b (3x) 05:32–06:17 1.298–1.504 1.386

V 7 2 a (4x) 03:47–05:01 1.118–1.213 1.151
b (3x) 05:37–06:23 1.317–1.538 1.412

R 9 3 a (4x) 03:33–04:27 1.114–1.153 1.135
b (3x) 04:50–05:26 1.190–1.280 1.242
c (2x) 05:49–06:12 1.362–1.471 1.417

I 7 2 a (4x) 04:44–05:07 1.121–1.227 1.159
b (2x) 05:43–06:06 1.339–1.440 1.390

Notes. (a) Night of 2011-03-02. (b) Used for the photometric analysis of the stacked image.

Fig. 2. One example of the final images of P/2010 C1 (Scotti) in the
R filter, obtained after co-adding of single frames taken at similar air-
mass (co-adding of 4 individual frames, for a total exposure time of
1200 s. Median airmass 1.135). The linear scale is 1.5 × 105 km ×
8.5 × 104 km. The dashed line is the projected comet’s trajectory. The
comet-Sun vector is also indicated. N is up, E is to the left.

3. Observational results

Each final image was individually analysed, and results were
very compatible within measurement errors. Therefore, final val-
ues have been averaged to get the observational results presented
in this section.

3.1. Comet-like activity

The TNG R band-pass filter (centred at λ= 625 nm, with FWHM
of ∼130 nm) is the least affected by possibly present gaseous
emission (even if it is unlikely that the gaseous emission in the
visible range is dominant at r = 5.5 AU), and is therefore the
most indicated for a detailed analysis of the central condensa-
tion, in order to verify that it is actually a dust coma. We summed
up three co-added R images (with the same method as described
in the previous section for each final image), and from this “mas-
ter image” four profiles centred in the Centaur optocenter have
been extracted and averaged to produce a mean target profile, as
shown in Fig. 3. After normalisation to a value of 1 in the peak
(the normalisation to 0 in the wings is ensured by the background
subtraction), the profile has been compared with the stellar point
spread function (PSF) profile, as extracted from several standard
field stars in frames obtained just before and after the target se-
quence (average PSF has a FWHM of 1.1 arcsec). Similar meth-
ods have been successfully tested to enhance even weak dust
coma in apparently stellar objects, mainly bare cometary nu-
clei (O’Ceallaigh et al. 1995; Licandro et al. 2000; Lowry &
Fitzsimmons 2005; Mazzotta Epifani et al. 2008).

The comparison is also shown in Fig. 3. There is clearly evi-
dent excess in the profile wings, not only in the quadrants where
the tail-like structure extends, but also in the NE and SE quad-
rants (see also the residual points up to an optocentric distance
of 1.3 arcsec from the optocentre). This allows us to confirm the
presence of a diffuse dust (sunlight reflecting) coma around the
target nucleus, together with the sharp tail-like structure extend-
ing in the NW quadrant. We performed additional tests to secure
the evidence of cometary activity in P/2010 C1: similar results
were obtained by comparing both (i) the stellar PSF profile (av-
eraged before and after target imaging sequence) with target pro-
file in each single image; and (ii) the “master image” profile with
stellar profile from stars present in the same “master image”, ex-
tracted perpendicularly to the apparent motion of the Centaur.

3.2. Nucleus size

P/2010 C1 appears to be exactly like a “typical” comet: a central
nuclear condensation, surrounded by a diffuse coma and with
a tail-like structure. To extract information on characteristics of
the different part of the target, we performed aperture photom-
etry of it (using the proper task defined in the MIDAS frame-
work). We extracted photometric data from each stacked image
(in each filter) and then performed a weighted average among
the values obtained for each stack (see Table 3).

An accurate analysis of (standard) star aperture photometry
showed that, for a point source, an aperture with a diameter of
tewlve pixels from the optocentre includes the 90% of the total
flux, a diameter of fourteen pixels includes the 93%, and a di-
ameter of sixteen pixels includes the 95%. Less than the 10%
of a point source is included in an annulus between a radius of
six and eight pixels, so we decided to extract photometry for
three apertures (centred on the optocentre) and listed in Table 4.
The central region,�3, is selected to represent the flux from the
point nucleus, plus an unknown (even if presumably small) frac-
tion of the coma contribute. The region �3,6 is considered to
contain contributions from both the nucleus and the coma. The
region�6,8 is assumed to be dominated by the coma.

The R magnitude in region �3 can be used to estimate the
upper limit to the geometric cross-section of the Centaur nu-
cleus, using the expression of Russell (1916), derived for aster-
oids observed at large phase angle and conveniently reformu-
lated by Jewitt (1991), which, in the case of a spherical object,
is given by

Aa2
N ≤ 2.24 × 1022r2Δ2100.4(m�−R+βα) (1)

where A is the geometric albedo, aN [m] the radius of the target,
m� the magnitude of the Sun in the same wavelength band of ob-
servations (m� = –27.10, see Holmberg et al. 2006), and α and β
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Fig. 3. Left: extraction of profiles, superimposed on the “master image” obtained for the R filter (innermost 40 × 40 pixels; N is up, E is left),
together with contour plots; right: comparison of the averaged profile (thin continuous line; error bars on points are due to dispersion of values)
with the average stellar PSF profile (thick continuous line), together with the residual points (subtraction of the stellar profile to the target profile;
black filled dots).

Table 4. Photometry regions of P/2010 C1 (Scotti).

Region Region Aperture radius Aperture radius, ρ Aperture radius, r Mag Dominant source
label shape [pixel] [arcsec] [km]

�3 Circle 3 0.76 2535 m3 Nucleus [+ coma]
�3,6 Annulus 3–6 0.76–1.51 2535–5070 m3,6 Nucleus + coma
�6,8 Annulus 6–8 1.51–2.02 5070–6760 m6,8 Coma

Table 5. Photometry of P/2010 C1 (Scotti).

Region B V R I

m3 23.79 ± 0.05 22.86 ± 0.03 22.37 ± 0.02 21.72 ± 0.04
m3,6 23.51 ± 0.09 22.81 ± 0.06 22.36 ± 0.04 21.48 ± 0.08
m6,8 24.33 ± 0.09 23.83 ± 0.06 23.34 ± 0.05 21.96 ± 0.09

Notes. The results are the weighted mean among the 2 or 3 images (de-
pending on filter) obtained for the image subsets (see text for details).

are the phase angle [deg] and the phase coefficient [mag/deg], re-
spectively, in the phase-darkening function Φ(α) = 10−0.4αβ. We
assumed m3 = 22.37 ± 0.02 (see Table 5) as the nucleus magni-
tude (plus a small contribution from the near-nucleus coma).

As for the majority of minor bodies (with and without
cometary activity) orbiting in the solar system, for P/2010 C1
we do not have values on the geometric albedo A and the phase
coefficient β. For the geometric albedo, the classical value of
A = 0.04 adopted for Jupiter-family comets (see Table 4 in
Lamy et al. 2005 for range of measured values) is similar to
the few measured values for other active objects like long-
period comets (Lamy et al. 2005; Abell et al. 2003; Jorda et al.
2000), but significantly lower than the albedo measured for
other active Centaurs: 0.13 for Chiron (Bus et al. 1989) and
29P/Schwassmann-Wachmann 1 (Cruikshank & Brown 1983).
In its survey of Centaurs, Jewitt (2009) assumed a geometric
albedo A = 0.1 to compare size (and upper limits) among
target objects. For the phase coefficient β, the commonly as-
sumed value for the Jupiter family comets is β = 0.035 mag/deg
(Snodgrass et al. 2011), while Peixinho et al. (2004) obtained a
value of β = 0.11 mag/deg from a least-square fit of the linear
Φ(α) to the published data for the Centaur group. In its survey on
Centaurs, Jewitt (2009) used a phase darkening function with a

Fig. 4. P/2010 C1 (Scotti) nucleus size. The grey area indicates where
the actual value for P/2010 C1’s nucleus size probably lies, bracket-
ting values for the two extreme values of geometric albedo (A = 0.04
for Jupiter-family comets and A = 0.13 for active Centaurs) and for a
phase coefficient ranging among the extreme values of β= 0.035 mag/◦
(Jupiter-family comets) and 0.11 mag/◦ (Centaurs).

similar β= 0.1 mag/deg. Figure 4 shows the region where prob-
ably the actual value of P/2010 C1’s nucleus size lies.

To obtain a realistic assumption on upper limits for the nu-
cleus size of P/2010 C1, we considered all the possible combi-
nation of the above values, and assumed the median value as a
realistic estimate for this quantity. We obtained aN ≤ 4.8 km.
The latter is a very low value, which is more consistent with
(even if slightly higher than) the nuclei of better observed Jupiter
family comets (aN = 1.6 km, Lamy et al. 2005) rather than typi-
cal values of tens of kilometres obtained for the upper limits of
active Centaurs (Bauer et al. 2003; Jewitt 2009), with the excep-
tions of 39P/Oterma (aN ≤ 3 km, Jewitt 2009) and P/2004 A1
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Table 6. Colour indexes of P/2010 C1 (Scotti) in the photometry
regions.

�3 �3,6 �6,8 Solara JFCb

B − V 0.92 ± 0.05 0.70 ± 0.11 0.50 ± 0.11 0.642 0.82
V − R 0.49 ± 0.03 0.45 ± 0.07 0.49 ± 0.08 0.354 0.47
R − I 0.65 ± 0.05 0.88 ± 0.09 1.38 ± 0.10 0.332 0.46
B − I 2.06 ± 0.06 2.04 ± 0.12 2.37 ± 0.13 1.330 1.65

Notes. (a) Solar colours in the modern Johnson-Cousins system used by
Landolt (1992) (from Holmberg et al. 2006). (b) Average value, derived
from the literature (Lamy et al. 2005, 2009; Snodgrass et al. 2005).

Fig. 5. Normalised reflectivity spectrum of the photometry regions of
P/2010 C1 (Scotti). The spectra have been normalised to 1 at λ= 527 nm
(the centre of V filter). The horizontal dashed line represents a perfectly
solar reflectivity.

(LONEOS) (0.55 ≤ aN ≤ 3.5 km, Mazzotta Epifani et al. 2011).
On the other hand, the radius of the observed inactive Centaurs is
in general more than one order of magnitude larger (Bauer et al.
2003; Stansberry et al. 2008; Jewitt 2009; Perna et al. 2010).

3.3. Nucleus and coma colours

Table 6 summarises the colour indexes of P/2010 C1 obtained
in each photometry region defined for the photometric analysis
(see previous section). The information contained in the colour
indexes can also be converted to a very low-resolution reflectiv-
ity spectrum for each region of the coma (Jewitt & Meech 1986)
using the following expression:

S(λ) = 10−0.4(m(λ)−m�(λ)) (2)

where m and m� are the magnitudes of the comet and of the Sun2.
By normalising the reflectivity to 1 at the V central wavelength,
it becomes

S′(λ) = 10−0.4((m(λ)−m(V))−(m(λ)−m(V))� ). (3)

Figure 5 displays the normalised reflectivity of the three pho-
tometry regions of P/2010 C1.

From results summarised in Table 6 and Fig. 5, it is pos-
sible to conclude that the nucleus and the coma of P/2010 C1

2 B� = −26.098; V� = −26.74; R� = −27.094; I� = −27.428; from
Holmberg et al. (2006).

Table 7. Integrated magnitude and Afρ of P/2010 C1 (Scotti).

Filter Integrated magnitude Afρ [cm]

B 22.63 ± 0.05 28 ± 2
V 21.88 ± 0.03 31 ± 2
R 21.41 ± 0.02 34 ± 2
I 20.51 ± 0.04 58 ± 2

Notes. The reference aperture is φ= 2.0′′, corresponding to ρ= 6.8×
103 km at the target’s distance. The results are the weighted mean
among the 2 or 3 images (depending on filter) obtained for the image
subsets (see text for details).

have likely different colours, even if both appear, in general, red-
der than the Sun. The nucleus region �3 has colours V − R =
0.49±0.03, which are typical of nuclei of Jupiter family comets,
but it appears redder in the R − I and especially B − I indexes
than their nuclei. This redder colour is much more evident when
going farther from the nucleus, in the photometry region domi-
nated by the coma, where the reflectivity (see Fig. 5) at longer
wavelengths is much higher than for the nucleus region.

3.4. Afρ and dust-mass production rate

The Afρ value expressed in cm (A’Hearn et al. 1984), where A is
the average grain albedo, f the filling factor in the aperture field
of view, and ρ the linear radius of the aperture at the target, is
usually considered as a proxy for the dust production and used
to compare results obtained for active minor bodies. As a gen-
eral rule, it is assumed that high Afρ values indicate high dust
activity. At any rate, it should be taken into account that Afρ is
an integrated quantity, and as such it involves several observa-
tional and physical parameters, sometimes difficult to compare:
the aperture size, if the Afρ is not constant with the cometo-
centric distance; the geometrical albedo of the grains, which de-
pends in turn on the observing phase and wavelength; the grain
size distribution.

Our data for P/2010 C1 show that outside the region proba-
bly affected by the seeing (φ > 0.55′′), the Afρ is constant within
the error bars for all the filters but B, probably the most affected
by possible gas emission contamination, so depicting a dust en-
vironment consistent with a scenario of steady-state emission
from the nucleus. Values for the reference aperture of φ= 2.0′′
(the external edge of �6,8, corresponding to ρ= 6.8 ×103 km)
are shown in Table 7. In any case, these values should be re-
garded only as upper limits, since the contribution of the nu-
cleus to photometry cannot be considered as negligible. Keeping
in mind all the caveats listed above, a comparison with measured
R-Afρ at similar heliocentric distance for other active objects
shows that P/2010 C1 has a dust production rate that is more sim-
ilar to that of the Jupiter family comets (e.g., R-Afρ= 13 cm for
comet P/1998 U4 (Spahr) at rh = 6 AU; see Table 5 in Mazzotta
Epifani et al. 2008) than the one measured for active Centaurs
(e.g., R-Afρ = 163 cm for Centaur P/2004 A1 (LONEOS) at rh =
6.5 AU; see Fig. 3 in Mazzotta Epifani et al. 2011)

To obtain a first-order quantitative estimate of the dust mass-
loss rate for the centaur P/2010 C1 (Scotti), we applied a “photo-
metric model”, which relates the optical photometry to the dust
production rate via some realistic assumptions on the comet-
like dust environment. The method is derived from the one used
by Jewitt (2009) to compute the dust production rate of active
Centaurs in the region between 5 and 12 AU, and was adapted
and already successfully applied by our group to several active
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minor bodies such as long period comets (Mazzotta Epifani et al.
2010, 2014), short period comets (Mazzotta Epifani & Palumbo
(2011), and active Centaurs (Mazzotta Epifani et al. 2011).

The method is fully described in our papers listed above.
Here we recall only that the method consists of relating the to-
tal cross-section Cd of the coma dust particles, derived from
the coma photometry, to the dust mass Md of the coma itself,
through adopting a power-law dust size distribution. The dust-
loss rate Qd is finally obtained by considering the time of resi-
dence of dust grains in the projected coma portion (annulus).

For the purpose of estimating the dust mass-loss rate for the
centaur P/2010 C1 (Scotti), we assume (as detailed above) that
the photometry in the region m6,8 describes the Centaur coma
only. Therefore, the total coma cross-section is derived, follow-
ing the expression by Russell (1916), as follows: pRΦ(α)Cd =
2.25×1022πr2Δ210−0.4(md−m�) (r and Δ: heliocentric and geocen-
tric distances; α: phase angle; m�: magnitude of the Sun in the
R filter; md: apparent R magnitude in the region; pR: geometric
albedo).

Unfortunately, since we do not know the characteristics of
the dust environment of P/2010 C1 exactly (in particular, grain
size distribution, albedo, and velocity), several (realistic) as-
sumptions have to be made in order to derive quantitative es-
timates of the Centaur dust mass-loss rate.

Geometric albedo pR: the actual albedo of dust grains is un-
known: we adopted the value of pR = 0.1 (Kolokolova 2004).
This value is higher than the typical value for Jupiter family
comet nuclei and is very compatible with the highest value mea-
sured for an active Centaur (0.13 for Chiron, Bus 1989). It has
been assumed for similar estimates of dust mass-loss rate for ac-
tive Centaurs by Jewitt (2009) and by Mazzotta Epifani et al.
(2011).

Phase darkening Φ(α): the shape of this function de-
pends upon a variety of properties of dust particles, includ-
ing the distribution in size, roughness, and albedo. We adopted
the “Schleicher’s method” (Schleicher et al. 1998; Schleicher
2007), which reckons on the shallower dust comae phase
function with respect to that of the bare cometary nucleus.
Since P/2010 C1 was observed at a small phase angle (5.32◦),
we used the tabulated value of Schleicher’s curve normalised
at 0◦ (asteroid.lowell.edu/comet/dustphaseHM_table.txt)Φ(α)=
0.8205 mag.

Power-law dust size distribution: we adopted the value of
q = −3.5 for grains between a− = 10 μm and a+ ranging from
1 to 10 cm for compact grains of bulk density ρ = 1000 kg/m3.
This is a realistic assumption supported also by numerical mod-
elling of dust tails for some LPCs (Fulle et al. 1998; Korsun &
Chorny 2003; Mazzotta Epifani et al. 2009; Korsun et al. 2010)
and JFCs (see a summary in Fulle 1999), and compatible with
values adopted for similar estimates of dust mass-loss rate for
active Centaurs (Jewitt 2009; Mazzotta Epifani et al. 2011). This
results in an average grain scatterer of size 〈a〉 from ∼30 to
100 μm, consistent with the observation that the dust coma of
P/2010 C1 is reddish compared to the Sun.

Dust outflow velocity v(r): in the past, the application of an
inverse numerical model to coma images allowed reconstruc-
tion of the dynamical evolution of the dust environment for
a number of active targets, including the dust grain velocity
(strictly dependent on dust size), at large heliocentric distance
(e.g., Mazzotta Epifani et al. 2009; Korsun & Chorny 2003). In
this work, we considered a dust grain velocity between 1 and an
estimated realistic upper limit of 50 m/s.

Table 8 summarises the values for the model quantities as
described above, while Table 9 summarises the model output for

Table 8. Summary of parameters adopted in the photometric model ap-
plied to P/2010 C1 (Scotti).

Parameter Value

Albedo 0.1
Phase function 0.8205 mag
Dust distrib. power index –3.5
Grain size range: lower limit: 10 μm

upper limit: 1–10 cm
Grain velocity range 1–50 m s−1

Table 9. Model dust mass-loss rate for P/2010 C1 (Scotti).

Ca
d [m2] Mb

d [kg] Qc
d [kg/s]

Lower limit Upper limit Lower limit Upper limit

3.79 × 106 1.6 × 105 5.1 × 105 0.1 15

Notes. (a) Derived dust cross-section. (b) Derived dust mass in the
coma annulus. The lower limit corresponds to grains in the range
10 μm−1 cm, The upper limit corresponds to grains in the range
10 μm−10 cm. (c) Derived dust mass-loss rate: the lower limit corre-
sponds to grains in the range 10 μm–1 cm crossing the projected coma
annulus at v= 1 m/s, the upper limit corresponds to grains in the range
10 μm–10 cm crossing the projected coma annulus at v= 50 m/s.

P/2010 C1. It appears clear, also in comparison with dust mass-
loss rate values computed for several active minor bodies of dif-
ferent families and groups (see Mazzotta Epifani et al. 2014 and
in particular their Fig. 6), that P/2010 C1 is a rather weak dust
emitter, with a dust-loss rate comparable to that of the weakest
SPCs at shorter heliocentric distances and to the weakest active
Centaur 39P/Oterma (Jewitt 2009).

4. Summary and conclusions

We performed multicolour broad-band photometry of the active
Centaur P/2010 C1 (Scotti), observed at the heliocentric distance
r= 5.5 AU with the 3.52 m TNG telescope. Our main results can
be summarised as follows.

1. P/2010 C1 has a R-Afρ= 34 ± 2 cm. This value is more sim-
ilar to the few measured for Jupiter-family comets at simi-
lar heliocentric distances than those of the few other active
Centaurs.

2. The nucleus of P/2010 C1 has visual colour V − R= 0.49 ±
0.03, which is typical of the nuclei of Jupiter-family comets,
but instead appears redder than cometary nuclei in the colour
indexes R−I = 0.65± 0.05 and B−I = 2.06±0.06. In the pho-
tometric region dominated by the dust coma, the reflectivity
at longer wavelengths is even higher (B − I = 2.37 ± 0.13).

3. We derived an upper limit from photometry for the Centaur
nucleus of aN ≤ 4.8 km. This result seems to confirm that
the size of P/2010 C1 is quite small, which is more consis-
tent with (even if higher than) the nuclei of Jupiter family
comets, and is similar to the value derived for the smallest
active Centaurs (39P/Oterma and P/2004 A1 (LONEOS). Its
nucleus size is very likely more than one order of magnitude
smaller than the values obtained for the inactive Centaurs.

4. By means of the application of the “photometric model” and
some realistic assumptions on the comet-like dust environ-
ment, we derived a dust mass-loss rate range of 0.1–15 kg/s.
This realistic range depicts the Centaur as a rather weak dust
emitter, with a dust-loss rate more comparable to that of the
weakest Jupiter-family comets and active Centaurs.
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All the results obtained during the observation run and sum-
marised above confirm that the active Centaur P/2010 C1 (Scotti)
can be considered a good example of a “transition object” be-
tween the two groups of Centaurs and Jupiter-family comets.

The historical distinctions among groups and families of ac-
tive minor bodies are therefore being continuously blended, es-
pecially in the region outside the Jupiter orbit, where they spend
most of their life inside the solar system, once they are presum-
ably injected inwards from the Kuiper Belt. The complete char-
acterisation of the comet-like activity of objects outside Jupiter’s
orbit, like the one presented in this paper for P/2010 C1 (Scotti)
and presently available only for few other bodies, poses impor-
tant constraints to fully depict the scenario of the dynamical and
physical evolution of minor bodies coming from the extremely
far regions of our solar system, and slowly travelling towards the
innermost part, close to the Earth and even beyond.
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