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G=−0.13, H=15.74

Fig. 1. Phase curve of the nucleus of 67P from OSIRIS observations
in the NAC green filter (F23). The continuous line represents the
HG IAU model that best fits the data, and the linear fit to the data is
plotted as the dashed-dotted line.

where Fc and Fo are the corrected and uncorrected cometary
fluxes at the central wavelength λc of the green filter, T (λ) is
the system throughput (telescope optics and CCD quantum ef-
ficiency), and F⊙(λ) and Fcomet(λ) are the solar (from the HST
catalog) and cometary spectra (from Tubiana et al. 2011), re-
spectively, both normalized to unity at the λc of the green filter.

The visual magnitude of the comet was reduced to the stan-
dard Bessel V filter by

mV = −2.5 log
!
Fc

"

λ
Fcomet(λ)TV(λ)dλ

#
+C, (3)

where TV is the the transmission of the standard V filter taken
from Bessel (1990). We determined the C constant as the dif-
ference between the apparent solar magnitude of −26.75 (Cox
2000) and the convolution of the solar spectrum with the V filter
as in Eq. (3). The absolute magnitude V(1,1,α) reduced to the
V-Bessel filter is shown in Fig. 1.

We used the HG system (Bowell et al. 1989) to character-
ize the phase-function behavior of the nucleus and its absolute
magnitude, Hv(1,1,0). Our best-fit values for both parameters
are G = −0.13 ± 0.01, and Hv(1, 1, 0) = 15.74 ± 0.02 mag,
which were determined from chi-squared fitting. The nucleus
displays a strong opposition effect: its linear slope (calculated
for α > 7◦) is β = 0.047 ± 0.002 mag/◦, and the magnitude
from the linear slope (thereby excluding the opposition effect) is
HVlin = 16.16 ± 0.06 mag. The scatter of the measurements ob-
tained at similar phase angles (Fig. 1) is related to the rotational
phase of the comet.

Attempts to determine the phase function of the nucleus
of 67P were made using ground-based observations as well.
Tubiana et al. (2011) sampled the phase-angle range 0.5◦–10◦
and concluded that a linear approximation better represents their
measurements than the IAU-adopted phase function. They deter-
mined a very steep magnitude dependence on phase angle, with
linear phase coefficients in the range 0.061−0.076 mag/◦. Lamy
et al. (2007) combined HST (Lamy et al. 2006) and ESO-NTT
observations (Lowry et al. 2006) and obtained a slope parameter
G = −0.45, which implies a very steep brightness dependence
on phase angle and a possible strong opposition effect. This re-
sult might be affected by changes in the observing geometry that
are due to the orbital motion of the comet. Lowry et al. (2012)

determined a slope parameter G = 0.11 ± 0.12 and, by a linear
fitting, β = 0.059 ± 0.006 mag/◦.

The phase function determined from the OSIRIS observa-
tions has a lower linear slope than the values previously obtained
from ground-based and HST observations, simply because it is
evaluated for phase angles > 7◦, excluding the contribution from
the opposition effect. If we consider a linear fit of the OSIRIS
data in the 1−10◦ range, then the linear slope is 0.074 mag/◦, thus
compatible with previous measurements. Ciarniello et al. (2015)
used data from the VIRTIS instrument and found a steeper
slope for α < 15◦ (0.082 ± 0.016 mag/◦) and a lower value
(0.028 ± 0.001 mag/◦) than we found for 25 < α < 110◦. The
discrepancies of the results between OSIRIS and VIRTIS data
are related to the different phase-angle range used to compute
the slope and to the fact that Ciarniello et al. (2015) derived the
integrated magnitude from the disk-averaged albedo assuming
that the nucleus of 67P is spherical with an equivalent radius of
1.72 km, while we directly measured the integrated flux.

The linear slope we determined is close to the average value
for Jupiter-family comets (β = 0.053 ± 0.016 mag/◦, Snodgrass
et al. 2011), very similar to the value found for comets Hartley 2
(β = 0.046 mag/◦, Li et al. 2013), Tempel 1 (β = 0.046 mag/◦,
Li et al. 2007a, 2013), and Borelly (β = 0.043 mag/◦, Li et al.
2007b), and similar to that of low-albedo asteroids (Belskaya &
Shevchenko 1999).

3.2. Disk-averaged spectrophotometry

67P has been observed with several NAC filters since the very
first resolved images, allowing us to investigate the spectropho-
tometric properties of the nucleus. We present in this section the
global spectrophotometric properties derived from the NAC and
WAC images obtained on 28 and 29 July, 2014, when Rosetta
was at a distance of about 2000 km from the comet, at the small-
est phase-angle reached during the 2014 observations (α = 1.3◦).
The corresponding spatial resolution was 37 m/px for the NAC
(Table 1). The data set includes sequences that consist of observ-
ing blocks of 11 NAC filters and 2 WAC filters repeated nine
times during the rotational period of the comet (from 28 July
14:39 UT to 29 July 00:45 UT ), but, as a result of pointing un-
certainties, only the last three sequences, starting from 22:19 UT,
are centered on the comet and useful for our analysis. In addi-
tion, and only for this run, we obtained parallel observing se-
quences including all the 14 WAC filters repeated eight times
from 28 July 15:35 UT to 29 July 00:55 UT. Unfortunately, the
WAC images acquired with filters covering λ > 500 nm are
saturated or have fluxes beyond the linearity range of the de-
tector, therefore we decided to discard them from our analysis.
We derived a mean I/F value for each NAC and WAC image
by integrating the cometary signal for all the pixels with a flux
>0.5×⟨I/F⟩, where ⟨I/F⟩ is the mean radiance factor of the illu-
minated pixels on the cometary surface, and finally dividing by
the projected surface of the comet derived from the stereopho-
togrammetric (SPG) shape model (Preusker et al. 2015).

The spectrophotometry derived from the WAC and NAC im-
ages taken on 28 July, 23:25 UT, is shown in Fig. 2, with a
superposed ground-based spectrum of 67P taken from Tubiana
et al. (2011). The OSIRIS spectrophotometry in the visible and
near-infrared range is fully consistent with ground-based obser-
vations, as also summarized in Table 2.

In general, the nucleus has similar spectrophotometric prop-
erties in the NUV-VIS-NIR range to those of bare cometary
nuclei (Lamy et al. 2004), of primitive D-type asteroids such
as Jupiter Trojans (Fornasier et al. 2007, 2004), and of the
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Fig. 1. Phase curve of the nucleus of 67P from OSIRIS observations
in the NAC green filter (F23). The continuous line represents the
HG IAU model that best fits the data, and the linear fit to the data is
plotted as the dashed-dotted line.

where Fc and Fo are the corrected and uncorrected cometary
fluxes at the central wavelength λc of the green filter, T (λ) is
the system throughput (telescope optics and CCD quantum ef-
ficiency), and F⊙(λ) and Fcomet(λ) are the solar (from the HST
catalog) and cometary spectra (from Tubiana et al. 2011), re-
spectively, both normalized to unity at the λc of the green filter.

The visual magnitude of the comet was reduced to the stan-
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where TV is the the transmission of the standard V filter taken
from Bessel (1990). We determined the C constant as the dif-
ference between the apparent solar magnitude of −26.75 (Cox
2000) and the convolution of the solar spectrum with the V filter
as in Eq. (3). The absolute magnitude V(1,1,α) reduced to the
V-Bessel filter is shown in Fig. 1.

We used the HG system (Bowell et al. 1989) to character-
ize the phase-function behavior of the nucleus and its absolute
magnitude, Hv(1,1,0). Our best-fit values for both parameters
are G = −0.13 ± 0.01, and Hv(1, 1, 0) = 15.74 ± 0.02 mag,
which were determined from chi-squared fitting. The nucleus
displays a strong opposition effect: its linear slope (calculated
for α > 7◦) is β = 0.047 ± 0.002 mag/◦, and the magnitude
from the linear slope (thereby excluding the opposition effect) is
HVlin = 16.16 ± 0.06 mag. The scatter of the measurements ob-
tained at similar phase angles (Fig. 1) is related to the rotational
phase of the comet.

Attempts to determine the phase function of the nucleus
of 67P were made using ground-based observations as well.
Tubiana et al. (2011) sampled the phase-angle range 0.5◦–10◦
and concluded that a linear approximation better represents their
measurements than the IAU-adopted phase function. They deter-
mined a very steep magnitude dependence on phase angle, with
linear phase coefficients in the range 0.061−0.076 mag/◦. Lamy
et al. (2007) combined HST (Lamy et al. 2006) and ESO-NTT
observations (Lowry et al. 2006) and obtained a slope parameter
G = −0.45, which implies a very steep brightness dependence
on phase angle and a possible strong opposition effect. This re-
sult might be affected by changes in the observing geometry that
are due to the orbital motion of the comet. Lowry et al. (2012)

determined a slope parameter G = 0.11 ± 0.12 and, by a linear
fitting, β = 0.059 ± 0.006 mag/◦.

The phase function determined from the OSIRIS observa-
tions has a lower linear slope than the values previously obtained
from ground-based and HST observations, simply because it is
evaluated for phase angles > 7◦, excluding the contribution from
the opposition effect. If we consider a linear fit of the OSIRIS
data in the 1−10◦ range, then the linear slope is 0.074 mag/◦, thus
compatible with previous measurements. Ciarniello et al. (2015)
used data from the VIRTIS instrument and found a steeper
slope for α < 15◦ (0.082 ± 0.016 mag/◦) and a lower value
(0.028 ± 0.001 mag/◦) than we found for 25 < α < 110◦. The
discrepancies of the results between OSIRIS and VIRTIS data
are related to the different phase-angle range used to compute
the slope and to the fact that Ciarniello et al. (2015) derived the
integrated magnitude from the disk-averaged albedo assuming
that the nucleus of 67P is spherical with an equivalent radius of
1.72 km, while we directly measured the integrated flux.

The linear slope we determined is close to the average value
for Jupiter-family comets (β = 0.053 ± 0.016 mag/◦, Snodgrass
et al. 2011), very similar to the value found for comets Hartley 2
(β = 0.046 mag/◦, Li et al. 2013), Tempel 1 (β = 0.046 mag/◦,
Li et al. 2007a, 2013), and Borelly (β = 0.043 mag/◦, Li et al.
2007b), and similar to that of low-albedo asteroids (Belskaya &
Shevchenko 1999).

3.2. Disk-averaged spectrophotometry

67P has been observed with several NAC filters since the very
first resolved images, allowing us to investigate the spectropho-
tometric properties of the nucleus. We present in this section the
global spectrophotometric properties derived from the NAC and
WAC images obtained on 28 and 29 July, 2014, when Rosetta
was at a distance of about 2000 km from the comet, at the small-
est phase-angle reached during the 2014 observations (α = 1.3◦).
The corresponding spatial resolution was 37 m/px for the NAC
(Table 1). The data set includes sequences that consist of observ-
ing blocks of 11 NAC filters and 2 WAC filters repeated nine
times during the rotational period of the comet (from 28 July
14:39 UT to 29 July 00:45 UT ), but, as a result of pointing un-
certainties, only the last three sequences, starting from 22:19 UT,
are centered on the comet and useful for our analysis. In addi-
tion, and only for this run, we obtained parallel observing se-
quences including all the 14 WAC filters repeated eight times
from 28 July 15:35 UT to 29 July 00:55 UT. Unfortunately, the
WAC images acquired with filters covering λ > 500 nm are
saturated or have fluxes beyond the linearity range of the de-
tector, therefore we decided to discard them from our analysis.
We derived a mean I/F value for each NAC and WAC image
by integrating the cometary signal for all the pixels with a flux
>0.5×⟨I/F⟩, where ⟨I/F⟩ is the mean radiance factor of the illu-
minated pixels on the cometary surface, and finally dividing by
the projected surface of the comet derived from the stereopho-
togrammetric (SPG) shape model (Preusker et al. 2015).

The spectrophotometry derived from the WAC and NAC im-
ages taken on 28 July, 23:25 UT, is shown in Fig. 2, with a
superposed ground-based spectrum of 67P taken from Tubiana
et al. (2011). The OSIRIS spectrophotometry in the visible and
near-infrared range is fully consistent with ground-based obser-
vations, as also summarized in Table 2.

In general, the nucleus has similar spectrophotometric prop-
erties in the NUV-VIS-NIR range to those of bare cometary
nuclei (Lamy et al. 2004), of primitive D-type asteroids such
as Jupiter Trojans (Fornasier et al. 2007, 2004), and of the
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FIG. 3. Dependences of the opposition effect value calculated as the relative
increase in magnitude at α = 0.3◦ relative to the extrapolation of the linear part
of phase curve (a) and as the ratio of intensity at α = 0.3◦ to that at α = 5◦ (b)
versus albedo for asteroids of various types.

We note that the nonmonotonic dependences of phase curve
slopes on albedo have also been observed for the Moon and for
some laboratory samples (Shkuratov et al. 1991, Shkuratov
1994a). They were explained within the coherent-backscatter
mechanism alone (Shkuratov et al. 1991). It was also shown
that the maximum of the dependence occurred at lower albedos
as particle size increased. Note that the phase curve slope was
defined by Shkuratov et al. (1991) as the ratio of reflectance at
a phase angle of 3◦ to that at 10◦. In this phase angle region,
asteroids show a practically linear dependence of phase curve
slope on the albedo.
At phase angles>5◦ up to 25◦ the phase coefficients of aster-

oids increase linearly as albedo decreases (Fig. 4), which means
that the shadow-hiding effect dominates in this phase angle re-
gion. Moreover, there is a strong linear correlation between the
slope and the logarithm of albedo for our data set (the coefficient
of correlation is equal to 0.93). The obtained dependence is

b = 0.013 (±0.002)− 0.024 (±0.002) lg pV ,

where b is the slope of the linear part of an asteroid phase

curve according to Shevchenko’s function and pV is the IRAS
albedo.
The observed correlation between phase coefficient and al-

bedo gives evidence of the dominant role of surface albedo. On
the other hand, numerous laboratory experiments and theoretical
considerations (for references, see survey byShkuratov 1994a,b)
have also shown a great dependence of phase coefficients on sur-
face texture, in particular on surface roughness and size of parti-
cles. Veverka (1971) concluded that it is impossible to interpret a
phase coefficient unambiguously because of its dependence both
on the photometric properties of an individual surface element
and on the degree of large-scale roughness which cannot be sep-
arated based on disk-integratedmeasurements. Later Bowell and
Lumme (1979) suggested it is possible to determine an asteroid’s
albedo from photometric observations since, to a first approxi-
mation, the surfaces of almost all asteroids are believed to have
similar surface texture. It is now evident that the estimation of an
albedo with an accuracy of about 15–20% can be made using an
asteroid phase coefficient alone. One can see in Fig. 2 that aster-
oidswith similar values of surface albedos show almost identical
phase curves, perhaps suggesting that the uppermost layer of as-
teroid regoliths has similar textures at submicrometer scales.
The angle of OE beginning also depends on the albedo in a

non-monotonic way (Fig. 5). Both low and high albedo asteroids
have smaller widths of the OE peak as compared to moderate
albedo objects. The small widths of the OE (∼2–3◦) for high
albedo asteroids are in very good agreement with the coherent-
backscatter mechanism which has been used to explain the ob-
served OE (Mishchenko and Dlugach 1993). On the other hand,
some low albedo asteroids also show a very narrow opposition
effect starting at about 2◦. Shkuratov and Ovcharenko (1998)
discussed the possible contribution of the coherent backscat-
ter in comparatively low albedo objects. According to Hapke
et al. (1993) low albedo lunar samples show strong coherent-
backscatter OEs.

FIG. 4. Dependence of the slope of the linear part of phase curve on albedo
for asteroids of different types.
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Figure 11. A model of cometary evolution. The boundaries be-
tween the di↵erent regimes are not fully constrained and should be
considered qualitatively only until more comets have been char-
acterized. The data points describe the average cumulative power
index of the topographic height distribution for 4 comets and is
indicative of the progression of erosion on these bodies. Because
103P is too active to sustain much topography the number given
here describes the size distribution of boulders. A full list of power
laws considered in this paper is given in Table 2.

haustive lists of potential processes; the exploration of more
comets, but also Trojans and KBOs may help us constrain
this limit.

• The lower boundary is more related to intrinsic prop-
erties of the cometary material. In essence, it describes the
erosion limit at which a topographic feature cannot keep its
core constituents together any more, and breaks apart into
boulders, pebbles, and dust.

5 CONCLUSION

We have performed an unbiased statistical analysis of the
distribution of large scale topographic features on comet
67P/Churyumov-Gerasimenko. We find that:

• Cli↵s size distribution follow a power law with an aver-
age cumulative p

index

= �1.69±0.02. This slope varies from
region to region, and correlates well with the orbital erosion
rate of the surface. The more eroded the area, the steeper
the power law.

• This observation can be generalized to other comets.
We argue that topography provides a direct measure of a
comet’s erosional history: primordial cometary surfaces are

characterized by the presence of large cli↵s, while eroded
cometary surfaces are broken into smaller blocks.

• The power law of the topography cumulative height dis-
tribution can be used as a measure of how primitive a comet
nucleus is, in a similar fashion as crater counts are used to
date rocky surfaces.

• Our measurements suggest that the p-index of topo-
graphic height on a comet that has recently entered the Inner
Solar system will be around -1.5. Dynamically older comets
will display a larger power index, up to about -2.3.

• Topographic features which lay outside this size distri-
bution may be the signature of some local heterogeneity in
the material properties, but most likely encountered very
unusual erosion patterns due to their geographic position on
the comet.
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erties of the cometary material. In essence, it describes the
erosion limit at which a topographic feature cannot keep its
core constituents together any more, and breaks apart into
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• Topographic features which lay outside this size distri-
bution may be the signature of some local heterogeneity in
the material properties, but most likely encountered very
unusual erosion patterns due to their geographic position on
the comet.
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Surface roughness and photometric properties 
are related: 
 

•  Comparison between the comets visited 
by spacecraft 
 

•  Comparison between ‘rough’ regions – 
Anuket and Ash and ‘smooth’ regions: 
Hapi and Imhotep  
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Cumulative size distribution of JFCs 

4.3.10. 121P/Shoemaker–Holt 2
This comet was brighter than expected, with our finding of a

snapshot radius of 3.87 km. The comet showed dust in our IRS
imaging (see Fig. 1), but the point-source had high contrast against
it (with the Airy rings visible), and so the dust removal was rela-
tively straightforward. In comparison, L04 compiled 1.6 km, T06
compiled 2.0 km, and W11 compiled 1.6 km, based on the work
by Lowry et al. (2003) that indicated a point-source comet when
observed near r = 5 AU. S11 lists 3.34 km however, much closer
to our value, and is based on more recent data from Snodgrass
et al. (2008) that also show a point-source in the head of the comet
but with a faint tail next to it. These data were taken when
r ! 4 AU, near the value for the IRS data (4.3 AU). Perhaps the co-
met keeps dust in the seeing-disk but fades rapidly once it turns
off close to 5 AU.

4.3.11. 243P/2003 S2 (NEAT)
We obtained an upper limit of 0.55 km, which is smaller than

the 1.5 km compiled by S11 from observations by Mazzotta Epifani
et al. (2008). However, Mazzotta Epifani et al. (2008) do state that
an estimate of coma contamination in their (albeit very deep and
stellar-looking) comet image could yield a radius as small as
0.8 km.

4.3.12. Sky survey comets from W11
Among the 32 comets that overlap between our survey and the

compilation by W11, there are 15 comets for which W11 derived
radii using photometry of archival sky survey observations. These
points are on the right half of W11’s panel in Fig. 11, and most of
them are very clearly offset from the other 17 comets and from
the unity line. For 10 of those 15, the ratios are below 0.5, i.e.
W11’s radius is more than twice as large as ours. For seven of those
the W11 is radius is more than four times as large. This suggests
perhaps a systematic effect is in play. For example maybe the sky
survey observations are not as clean of coma as would be indicated
from the radial profiles, although W11 did try to account for such
an effect. As mentioned in Section 4.3.1, future work will try to
understand the large differences in radii of these comets.

4.3.13. Radii and size distribution
The size distribution of the JFCs depends on the properties of

the source region and the evolutionary processes that have chan-
ged the radii of the nuclei from their initial values. We can use
our 89 new radii to estimate this distribution. To augment these
89, we now add in the nine other radii we mentioned in Section 4.2.
Thus we are extracting a size distribution from 98 JFC nuclei. The
cumulative size distribution (CSD) for these 98 comets is shown
with the solid line in Fig. 13. The CSD is moderately steep in the lar-
ger sizes, trending almost as the inverse-square of radius, but it has
a break in slope at smaller radii. The turnover is primarily due to
our relatively poor sampling of that size regime. However, Meech
et al. (2004) modeled the expected sampling bias one would expect
from the discovery of comets and found that such a turnover in the
CSD could be explained by an actual dearth of sub-kilometer JFCs.
According to Meech et al., many more sub-kilometer JFCs should
have been discovered by now. In other words, while the slope of
the CSD in Fig. 13 gets shallower at smaller sizes partly because
of sampling, it apparently would also do the same thing if there
were not as many small JFCs out there to be discovered in the first
place. We will discuss this further in the next section.

We have also plotted on Fig. 13 a curve that only includes the 54
SEPPCoN comets that had no discernible dust. We added the nine
literature comets to make the total 63. The figure shows that there
is no significant difference between the 63- and 98-comet CSDs.
This is gratifying since (as we have mentioned in other contexts
earlier in this paper) it suggests that the radii from SEPPCoN

comets that did appear with discernible dust should not be wildly
off, and thus their inclusion in the CSD is not biasing our conclu-
sions about the CSD.

The CSD approximates a power-law, and as is common we will
characterize the distribution with a power-law slope b, defined as
Nð> RNÞ / Rb

N , where N is the cumulative number of comets. Best
fitting b values to the 98-comet CSD are given in Table 9, where
we present the slopes using a variety of radius-ranges to do the fit-
ting. Choosing an appropriate range over which to fit the observed
CSD is an uncertain process; on the small end, it is difficult to quan-
tify just where the CSD starts to turnover, and on the large end, the
small-number statistics are problematic and one does not want to
give too much weight to the few largest comets. These realities
motivated us to try different choices for the range of radii. A better
way to approach the problem is to follow the procedures of Meech
et al. (2004) or of Snodgrass et al. (2011) and account for some of
observational uncertainties and biases explicitly. We address these
issues in future work, so here we report for completeness slopes
fitted to many ranges. The median b among the 20 ranges we tried
is $1.92, with a standard deviation of 0.23.

We note that if we had not converted the IRS radii to a common
value of g (as described in Section 4.2), but instead just used the
radii in Table 4, we would have found that the resulting 98-comet
CSD would be shallower. Using the same radii bounds as given in
Table 9, we find that the median b of such a CSD would be $1.72
with a standard deviation of 0.17. This is largely due to the fact that
(a) there are more high-g IRS comets than low-g IRS comets, and
(b) the range of fitted g values seems to extend farther above the
mean than it does below it (so since higher g means higher RN,
we have more of a boost to the CSD at the large-radius end than
at the small-radius end). The validity of this CSD over the one
shown in Fig. 13 would rest on whether or not one assumes that
JFCs have a common beaming parameter. Even though nearly all
of our IRS comets have g values consistent with a single value near
unity, suggesting that this might be a common property (Sec-
tion 4.1), it is of course possible that this is the wrong conclusion,
and that there is more variety to the beaming parameter. A more
detailed analysis of this aspect of the CSD will be addressed in a fu-
ture paper.

Fig. 13 also shows the observed CSD if we restrict the sample by
perihelion distance. One can argue that we are more likely to have

Fig. 13. Observed cumulative size distributions (CSDs) of JFCs. To create each curve,
the list of radii was sorted and the cumulative number was incremented by one at
the radius of each nucleus in that sorted list. Individual points are not shown for
clarity. The overall CSD (‘‘all 98’’) includes the 89 comets reported here plus nine
others from the literature for a total of 98. Separate curves break down the CSD by
perihelion distance. Also shown is the CSD (‘‘no dust’’) if we included only the 54
SEPPCoN comets that did not show discernible dust plus the nine others from the
literature for a total of 63. Straight diagonal lines in the upper right correspond to
different (labeled) power-law slopes. The slopes of the CSDs themselves are given in
Table 9 and Section 4.4.
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fitted model for each cut-off diameter. A similar plot could be
presented for the JF-ACOs. The chosen value corresponds to the
minimum KS-statistic at Dmin = 4.30 km, with a correspond-
ing α = 3.30 (β = 2.30 ± 0.39). If a smaller cut-off diameter is
selected, the value of α is drastically reduced. Fernández et al.
(2013) reported an exponent β = 1.92 ± 0.23, computed as the
median among different linear fits in several range of diameters.
Although the two estimates overlap, we use our value to compare
with the other samples for consistency.

From the comparison of the two CSDs (Fig. 8) we con-
clude that the CSD for JF-ACOs is shallower and shifted towards
larger diameter with respect to the JFCs. In the context of the hy-
pothesis that the JF-ACOs are dormant comets coming from the
JFCs population, this result has several implications:

– The largest JF-ACOs are much larger than the largest JFCs;
e.g. there is only one JFC nucleus larger than 20 km, but
there are many JF-ACOs larger than this size.

– The mantling process has a size dependency; large comets
tend to acquire an inactive stage faster than small comets,
which is consistent with previous results that suggest
that larger comets develop insulating dust mantles faster
(Licandro et al. 2000; Tancredi et al. 2006)

– The number of JF-ACOs is higher than the JFCs for a given
size, although we have to take into account that the sample
of measured JFC nuclei is smaller than the known sample.

While for the sample of JF-ACOs, we are using the complete
sample of discovered objects, we only use the sample of JFCs
with measured absolute magnitudes, which is much smaller than
the sample of discovered objects. In order to compare the num-
bers of the two population, we hence correct the CSDs of JFCs
taking the incompleteness of the sample used to compute the
CSD presented in Fig. 8 into account. Though we may expect
that the incompleteness has some dependency on the nuclear
magnitude and the diameter, in the absence of any further in-
formation we assume a constant incompleteness factor equal to
the ratio of the total number of known JFCs over the sample with
measured diameters (=476/98).

In Fig. 10 we present the ratio between the differential (red
line) and the cumulative (blue line) number of JF-ACOs over the
number of JFCs (corrected for incompleteness) for a given di-
ameter. These ratios are size-dependent: the ratios increase with
increasing diameters. At D = 10 km, the differential ratio is 0.8
and the cumulative ratio is 1. Thus, we conclude that the popu-
lation of JF-ACOs is comparable in number with the population
of JFCs.

This result is in contradiction with previous estimates of a
large population of dormant extinct comets, as has already been
pointed out in Tancredi (2014). Shoemaker et al. (1994) esti-
mated a ratio of extinct to active JFCs of ∼7.5; and Levison &
Duncan (1997) obtained a ratio of 3.5. Our results contradict
these estimates based on the present-day number of JF-ACOs
and JFCs.

Although the cumulative number of JF-ACOs and JFCs
larger than a few km seem to be similar, we find that for very
large objects (>20 km), there is a prevalence of JF-ACOs over
JFCs. There is a size over a few tens-km where only JF-ACOs
have been observed. We can tentatively conclude that tens-
km rapidly builds a insulating crust and/or they are physically
unstable.

5. Conclusions

In this paper we present the effective diameter (D), infrared
beaming parameter η, and visible geometric albedos (pV ) for
49 of the 203 JF-ACOs and 16 of the 56 Damocloids from the
Tancredi 2014 list derived from applying the NEATM to their
WISE data. The beaming parameter could be fitted for 32 of
these JF-ACOs and 13 Damocloids.

All but three JF-ACOs present an albedo that is compatible
with a cometary origin. The data quality of those three asteroids
is relatively worse and that could explain the discrepancy. All
Damocloids present an albedo typical of primitive asteroids and
compatible with a cometary origin. Taking both populations, the
albedo of 95% of the ACOs of our sample are compatible with a
cometary origin. If we restrict our sample to those objects with
enough data to fit η (45 objects), the result is 100%.

We did not find any correlation between: (1) the albedo and
the Diameter; (2) the albedo and phase angle of the observation;
(3) η and the albedo. On the other hand, we find a linear relation
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Flatter distribution for ACOs than for JFCs -
> The larger nuclei preferentially survive 
the active phase 



2. Dynamical simulations 

Di Sisto et al. 2009  
Nesvorny et al. 2017  
Rickman et al. 2017  

 

•  Dynamical simulations require longer physical lifetimes for larger nuclei in 
order to reproduce the number or observed comets 



Spin Changes Due to Outgassing  
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H. U. Keller et al.: Period change on 67P

Fig. 1. Two di↵erent views of the shape model seen in the equatorial
plane. The rotation (Z) axis points up. The color indicates the magnitude
of the Z component of the torque. Blue increases and red decreases
the rotation period, respectively. Top: torque distribution on Jan. 20,
2015. Middle: torque e�ciency distribution. Bottom: torque distribution
at perihelion. The torque distribution has dimensions of a torque per unit
area [kg s�2]. The torque e�ciency has dimensions of a length [km].

Figure 1 shows two equatorial views of the nucleus where
facets that can increase the rotation period (decrease the rotation
rate) are colored to show the contrasting e↵ects. The images in
the middle row show the torque e�ciency. Since they are far
away from the rotation axis, the boundaries of the Seth and Ash
regions on the big lobe and the Bastet region on the small lobe
can yield the strongest retarding influence on the rotation rate if
illuminated and active (see Thomas et al. 2015 and El-Maarry
et al. 2015 for the naming and location of the geomorphological
regions). Looking down on the nucleus from the north (like
the Sun during northern summer), the blue color of the big
lobe prevails. We calculated the distribution of activity over the
surface by applying our Model B (Keller et al. 2015), which
assumes homogeneous activity controlled by instantaneous
insolation. The integration over one spin was performed for the
situation on Jan. 20, 2015 when the comet is 2.5 au from the
Sun and the subsolar latitude is 28� (north) (see Fig. 1 upper
row). By then the rotation period had already increased by 15 s.
The solar distance keeps decreasing and the activity increasing,
and as long as these e�cient areas are illuminated, the retarding
torque on the rotation axis increases. In contrast, the large cli↵
on Anuktet near the boundary to Serqet and further south to
Maftet shows a strong potential to increase the rotation rate
(here the torque e�ciency is bright red) because the normals of
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Fig. 2. Change in period (�P) and heliocentric distance versus time
around perihelion for Model B normalized to match observations on
Apr. 13, 2015 when the observed �P was +80.5 s. The observed values
for the rotation period are listed in Table 1. The �P that is equivalent to
the change during the last apparition is �1285 s.

the facets point almost perpendicularly to the connection lines
between the facets and the rotation axis (Fig. 1 middle left). The
red color starts to dominate for facets located in the equatorial
region and inn the southern hemisphere. Similarly, looking at
the nucleus from the opposite side (Fig. 1 right column) the
“mountainous” eastern parts of Imhotep near Ash and Apis also
appear bright red. When these areas are illuminated and active,
accelerating forces will dominate. We expect the rotation period
to decrease once the subsolar latitude is near the equator or
more southern around perihelion (Fig. 1 lower right).

Rotation period variation and comparison with observations

Around Rh = 3.5 au, the negative dLz/dt starts to lead to an
increase in the rotation period as observed. Once Rh becomes
smaller than about 1.8 au and the subsolar latitude crosses the
equator, the torque changes its sign. Then the torque increases
rapidly, and the change in the Z component of the angular
momentum peaks at perihelion (Fig. 3). The positive excursion
of the angular momentum change is slightly asymmetric relative
to perihelion caused by the asymmetry of the sublimation
rate due to the subsolar latitude variation. The rotation period
starts to drop shortly before perihelion and reaches its strongest
gradient around perihelion. It reaches its initial (former) value
of 12.4043 h again when the comet’s heliocentric distance de-
creases below 1.4 au shortly before perihelion and the subsolar
latitude falls below �18� (Fig. 2). The rotation period will
approach its final post perihelion value at a heliocentric distance
beyond Rh > 2.5 au when the subsolar latitude becomes positive
(north) again.

The e↵ective torque acting on the rotation of a more sym-
metric (spherical) body depends on the roughness of its surface.
Basically, the e↵ects of sublimation act similarly to the forces
considered for YORP. We artificially smoothed the vertices of
the shape model of 67P to investigate the importance of the
roughness for the rotation changes. Surprisingly, the calculations
show less than a 10% di↵erence. The magnitude of the resulting
torque is mainly determined by the global features of the shape
discussed previously.

The idealized assumption of homogeneous activity overesti-
mates the overall sublimation rate of water strongly. Taken at
face value the model predicts a decrease of �P = �7300 s.
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Spin Changes Due to Outgassing  



1.  More difficult to spin up (larger and less active) 
 

2.  Larger nuclei have experienced larger hydrostatic compression, and therefore 
have larger tensile strengths which obstruct the activity (Gundlach & Blum 
2016) 
 

3.  Larger comets have larger gravitational potential, they will retain more infalling 
dust and will quickly build an insulating layer (e.g. Thomas 2015) 

Mechanisms to prolong the physical lifetime of large JFCs 

Conclusion: Larger comet nuclei have larger physical lifetimes 
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1.  Photometric time series are a powerful tool to study the physical properties and surface 
characteristics of JFCs. 

2.  JFCs with higher albedo have steeper phase functions – a possible evolutionary trend. 
 
 

3.  Large nuclei do not experience significant period changes, and are less likely to undergo a break-up. 
4.  Large nuclei are more likely to reach the later stages of surface evolution. 

Summary 


