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ABSTRACT

We study the dynamical evolution of the near-Earth Jupiter family comets (NEJFCs) that came close to or crossed the Earth’s orbit at
the epoch of their discovery (perihelion distances qdisc < 1.3 AU). We found a minimum in the time evolution of the mean perihelion
distance q̄ of the NEJFCs at the discovery time of each comet (taken as t = 0) and a past-future asymmetry of q̄ in an interval –1000 yr,
+1000 yr centred on t = 0, confirming previous results. The asymmetry indicates that there are more comets with greater q in the
past than in the future. For comparison purposes, we also analysed the population of near-Earth asteroids in cometary orbits (defined
as those with aphelion distances Q > 4.5 AU) and with absolute magnitudes H < 18. We found some remarkable differences in the
dynamical evolution of both populations that argue against a common origin. To further analyse the dynamical evolution of NEJFCs,
we integrated in time a large sample of fictitious comets, cloned from the observed NEJFCs, over a 20 000 yr time interval and started
the integration before the comet’s discovery time, when it had a perihelion distance q > 2 AU. By assuming that NEJFCs are mostly
discovered when they decrease their perihelion distances below a certain threshold qthre = 1.05 AU for the first time during their
evolution, we were able to reproduce the main features of the observed q̄ evolution in the interval [–1000, 1000] yr with respect to the
discovery time. Our best fits indicate that ∼40% of the population of NEJFCs would be composed of young, fresh comets that entered
the region q < 2 AU a few hundred years before decreasing their perihelion distances below qthre, while ∼60% would be composed
of older, more evolved comets, discovered after spending at least ∼3000 yr in the q < 2 AU region before their perihelion distances
drop below qthre. As a byproduct, we put some constraints on the physical lifetime τphys of NEJFCs in the q < 2 AU region. We
found a lower limit of a few hundreds of revolutions and an upper limit of about 10 000–12 000 yr, or about 1600–2000 revolutions,
somewhat longer than some previous estimates. These constraints are consistent with other estimates of τphys, based either on mass
loss (sublimation, outbursts, splittings) or on the extinction rate of Jupiter family comets (JFCs).
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1. Introduction

The Jupiter family comets (JFCs) form a particular group of
short-period comets (SPCs, orbital periods P < 20 yr, corre-
sponding to semi-major axes a < 7.37 AU), whose dynami-
cal evolution is mainly controlled by Jupiter, as evidenced by
the clustering of their aphelia around Jupiter’s orbit and the
clustering of their arguments of perihelion around ω = 0◦ and
ω = 180◦. The combination of these orbital features allows for
the occurrence of frequent close encounters with Jupiter, since
most of the JFC aphelion points lie close to the line of nodes
and hence to the plane of Jupiter’s orbit (see Fernández 2005).
Since Jupiter controls the dynamical evolution of JFCs, their dy-
namics can be analysed under the framework of the three-body
problem (Sun-Jupiter-comet), where an invariant of the comet’s
motion, known as the Tisserand parameter, can be determined.
The JFCs have a Tisserand parameter T (with respect to Jupiter)
constrained to the range 2 < T < 3. A value T � 2 defines the
boundary between long-period comets (LPCs) and Halley-type
comets coming from the Oort cloud and JFCs coming from the

� Now at: Centro de Estudios Científicos (CECs), Casilla 1469,
Valdivia, Chile, and Universidad Andrés Bello, República 440,
Santiago, Chile.

trans-Neptunian belt. Therefore, comets with T < 2, even if they
have periods P < 20 yr, should be considered as Halley types
that do not belong to the Jupiter family (Carusi et al. 1987). On
the other hand, for T > 3 encounters with Jupiter are not possi-
ble (actually, because Jupiter’s orbit is slightly elliptic, T values
slightly above 3 are still allowed for a JFC).

In this work, we study the dynamical evolution of the
NEJFCs with perihelion distances at discovery qdisc < 1.3 AU
because of their greater degree of completeness. For comparison
purposes, we will also analyse the population of near-Earth as-
teroids (NEAs), which are defined as those asteroids that have
q < 1.3 AU. Our selected NEAs move on “cometary orbits” (de-
fined as those with aphelion distances Q > 4.5 AU), and are
brighter than absolute magnitudes H = 18. The populations of
NEJFCs and NEAs in cometary orbits have at first sight similar
orbital characteristics, though they show remarkable differences
in their dynamical evolution, as we will see in Sect. 4.1. Some
authors (e.g. Wetherill 1991; Binzel et al. 1992; Fernández et al.
2005) have argued that some NEAs, mostly those in cometary
orbits, might be dormant or extinct comets, though other authors
(e.g. Fernández et al. 2002) have found that there are efficient
dynamical routes from the outer asteroid belt to the near-Earth
zone to explain the existence of such a population.
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The dynamical evolution of JFCs, and in particular of those
that come close to the Earth, have been analysed before (e.g.
Fernández 1985; Tancredi & Rickman 1992). One of the most
striking features that has emerged from these studies is that the
perihelion distances of JFCs are on average higher before their
discovery time than after it. In this paper, we decided to analyse
this curious feature in more depth by restricting the studied sam-
ple to NEJFCs (for which the most recent orbital database was
used) and by doing different tests, among them a comparison
with the NEA population. We also try to set some constraints on
the physical lifetimes of JFCs.

The paper is organised as follows. The second section de-
scribes the samples of objects for our study. The third section
describes the sets of numerical integrations performed. Our main
results are presented and analysed in the fourth section. The
fifth section discusses the results. Finally, the sixth section sum-
marises our main results and conclusions.

2. The samples and data sets

There are 439 JFCs according to the NASA/JPL Small-Body
Database1, as known by mid-2011 (excluding the 66 fragments
of comet 73P/SW3), 56 of those are NEJFCs. We left aside
comet 2P/Encke because its orbit is not typical of a NEJFC (it
has an aphelion distance Q ∼ 4.1 AU and T = 3.03). We also
exclude P/1999 R1 (SOHO) from the initial sample of NEJFCs,
because it is a sungrazer (and thus an object of a different na-
ture with respect to JFCs). The final sample of NEJFCs for the
present study includes 54 objects. Their osculant elements for
the discovery epoch (or for an epoch close to the discovery time)
are presented in Table 1. The orbital data were extracted from
the catalogue of cometary orbits (Marsden & Williams 2008).
We complemented this data set with more recent data from the
NASA/JPL Small-Body Database, as known by mid-2011.

It is worth noting that some comets included in our sample
actually no longer qualify as NEJFCs because they raised their
perihelion distances above 1.3 AU since their discovery times.
These are the cases of 6P/d’Arrest, 11P/Tempel-Swift-LINEAR,
and 54P/de Vico-Swift-NEAT. On the other hand, some JFCs
(like 46P/Wirtanen) that were discovered with q > 1.3 AU
have decreased their perihelion distances to current values q <
1.3 AU. The fact that these comets vary their perihelia in this
way, during a relatively short period of time, can be regarded
as a consequence of the fast dynamical evolution imposed by
Jupiter.

We also selected 110 NEAs in cometary orbits with H < 18
and imposed the condition that the Tisserand constant be in the
interval 2 < T < 3. The data for this sample were extracted from
the JPL-Small Body Database, by mid-2011.

3. The method

The dynamical evolution of JFCs is characterized by frequent
close encounters with Jupiter. For this reason, when studying
their evolution by means of numerical simulations, care must
be taken in the choice of a suitable integrator that handles close
encounters between test particles and massive bodies. In this
regard, we made some performance tests with the orbital in-
tegrator MERCURY (Chambers 1999), concluding that it was
suitable for our studies. MERCURY is designed to simulate the
orbital evolution of objects moving in the gravitational field of a
large central body (e.g. the motion of the planets, asteroids, and

1 http://ssd.jpl.nasa.gov/sbdb.cgi

comets orbiting the Sun). This package allows the user to switch
between several N-body algorithms of variable step-size. In the
case of close encounters, these types of algorithms have better
performances compared to fixed-step ones. We chose the general
Bulirsch-Stoer as the N-body algorithm, which is slow, e.g. two
to three times slower than other routines like Everhart’s RA15
(RADAU), but accurate in most situations, especially when very
close encounters are involved.

All the minor bodies were considered as point masses. If
not otherwise indicated, only Newtonian gravitational forces
(including those from the eight planets) were considered.
MERCURY can also calculate nongravitational (ng) forces for
comets by using the symmetrical standard model by Marsden
et al. (1973). We integrated in time the sample of NEJFCs (each
body separately) over a period of 2000 yr centred on the dis-
covery epoch. Each integration was split in two parts (we in-
tegrated from the discovery time 1000 yr backwards and then
from the discovery time 1000 yr forwards). The output interval
was chosen as 1 yr. We integrated in time the sample of NEAs in
cometary orbits in the same way. We also integrated larger sam-
ples of fictitious comets (cloned from the studied NEJFCs). The
generation of the clones and their integrations are described in
Sect. 4.2.

4. The results

4.1. The observed samples

As pointed out before, NEJFCs and NEAs in cometary orbits
are of similar orbital characteristics, but of remarkable differ-
ences in their dynamical evolution. This can be seen in Fig. 1,
where the number of encounters with Jupiter and the minimum
distance to the planet are plotted as a function of the aphelion
distance. For instance, we can see that NEJFCs have a larger
number of close encounters with Jupiter and that their aphelion
distances are more scattered well beyond the planet than NEAs
in cometary orbits. The NEJFCs also present smaller minimum
distances to Jupiter than NEAs in cometary orbits.

Another example of the dynamical differences between
NEAs in cometary orbits and NEJFCs is shown in Fig. 2. We can
see there that the argument of perihelion ω for NEJFCs clusters
around ω ∼ 0◦ and ω ∼ 180◦, as mentioned in Sect. 1, while
the NEAs in cometary orbits present a rather uniform distribu-
tion in ω. This fact reasserts the idea that NEAs in cometary or-
bits and NEJFCs are coming from different source regions. We
note, however, that these results are for NEAS with H < 18.
For fainter NEAS, particularly for the faintest ones (i.e. with
H > 21), theω distribution is not uniform, with a spike at ∼180◦.
We think that this feature might be due to some contamination
of the known population of the fainter NEAS in cometary or-
bits with cometary fragments, produced by the disintegration of
some JFCs. This is a topic that deserves further study, but it is
beyond the main scope of this study.

Figure 3 shows the resulting evolution of the mean perihelion
distance q̄ for the NEJFCs over a period of 2000 yr, centred on
the discovery time of each comet. To be explicit, if we have a
number N of NEJFCs with perihelion distances q1(t), . . ., qN(t)
at a given time t, then q̄(t) is obtained as

q̄(t) =
1
N

N∑

i=1

qi(t), (1)

where qi(0) is the perihelion distance of the comet i at discovery.
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Table 1. Initial conditions for the selected 54 NEJFCs.

Comet Ep q a e i ω Ω Tp

(year month day) (AU) (AU) (◦) (◦) (◦) (JD)

3D/Biela 1772 02 21 0.990 3.613 0.726 17.054 213.340 260.942 2 368 317.1750
5D/Brorsen 1846 03 5 0.650 3.142 0.793 30.914 13.814 104.812 2 395 353.3685
6P/dArrest 1678 07 3 1.163 3.524 0.670 2.821 159.578 169.496 2 334 171.9440
7P/Pons-Winnecke 1819 07 25 0.772 3.140 0.754 10.746 161.991 115.483 2 385 635.1810
11P/Tempel-Swift-LINEAR 1869 12 9 1.063 3.110 0.658 5.409 106.066 298.738 2 404 020.8053
15P/Finlay 1886 11 30 0.998 3.535 0.718 3.036 315.336 53.833 2 410 233.3897
18D/Perrine-Mrkos 1896 11 17 1.110 3.455 0.679 13.665 163.848 248.068 2 413 888.6200
21P/Giacobini-Zinner 1900 12 7 0.932 3.470 0.732 29.829 171.046 198.136 2 415 351.9965
24P/Schaumasse 1911 11 20 1.226 4.004 0.694 17.697 44.163 94.881 2 419 354.0247
26P/Grigg-Skjellerup 1902 03 3.503 0.753 2.856 0.736 8.294 350.699 221.996 2 415 934.0030
34D/Gale 1927 06 9 1.214 5.030 0.759 11.635 209.872 68.090 2 425 046.0551
41P/Tuttle-Giacobini-Kresak 1858 05 1 1.140 3.059 0.627 18.899 25.775 177.810 2 399 803.0840
45P/Honda-Mrkos-Pajdusakova 1948 11 25 0.559 3.010 0.814 13.156 184.100 233.817 2 432 873.2165
54P/de Vico-Swift-NEAT 1844 06 28 1.186 3.101 0.617 2.920 279.052 65.626 2 394 812.4748
66P/du Toit 1944 05 30 1.277 6.023 0.788 18.750 257.026 23.147 2 431 258.9953
67P/Churyumov-Gerasimenko 1969 09 16 1.285 3.501 0.633 7.149 11.246 51.011 2 440 475.5348
72D/Denning-Fujikawa 1881 08 28 0.725 4.234 0.829 6.861 312.664 67.483 2 408 337.3318
73P/Schwassmann-Wachmann 1930 07 3 1.011 3.081 0.672 17.393 192.349 77.727 2 426 141.6976
79P/du Toit-Hartley 1945 04 15 1.250 3.034 0.588 6.930 201.534 359.553 2 431 564.2209
85P/Boethin 1974 12 19 1.094 4.953 0.779 5.917 11.140 27.639 2 442 418.1148
103P/Hartley 1985 06 24 0.952 3.397 0.720 9.253 174.811 226.854 2 446 221.3690
141P/Machholz2-D 1994 09 5 0.753 3.013 0.750 12.787 149.256 246.180 2 449 614.3021
162P/Siding Spring 1988 11 15 1.227 3.048 0.597 27.853 356.486 31.250 2 447 496.5934
169P/NEAT (2002 EX12) 2001 06 20 0.605 2.604 0.767 11.319 217.938 176.265 2 452 097.9618
181P/Shoemaker-Levy 6 (1991 V1) 1991 10 31 1.132 3.851 0.706 16.857 333.134 37.931 2 448 543.3642
182P/LONEOS (2001 WF2) 2002 02 15 0.976 2.930 0.667 16.923 51.352 75.133 2 452 304.3481
185P/Petriew (2001 Q2) 2001 09 8 0.946 3.113 0.696 13.944 181.901 214.107 2 452 154.4221
189P/NEAT (2002 O5) 2002 07 25 1.174 2.917 0.597 20.400 15.306 282.210 2 452 489.6013
197P/LINEAR (2003 KV2) 2003 07 20 1.063 2.868 0.629 25.540 188.741 66.408 2 452 831.3473
207P/NEAT (2001 J1 ) 2001 04 1 0.937 3.877 0.758 10.160 271.026 200.795 2 451 982.6057
209P/LINEAR (2004 CB) 2004 03 16 0.912 2.937 0.689 19.147 149.656 66.487 2 453 097.6634
210P/Christensen (2003 K2) 2003 03 22 0.549 3.218 0.829 10.141 345.580 93.896 2 452 737.3590
217P/LINEAR (2001 MD7 ) 2001 11 27 1.254 3.970 0.684 13.524 244.848 129.168 2 452 243.6327
222P/LINEAR (2004 X1) 2004 11 11 0.782 2.862 0.727 5.141 345.447 7.141 2 453 311.4256
225P/LINEAR (2002 T1) 2002 10 13 1.192 3.545 0.664 20.710 1.312 15.504 2 452 555.5852
249P/LINEAR (2006 U1) 2006 08 13 0.511 2.777 0.816 8.433 64.042 240.647 2 453 976.0341
252P/LINEAR (2000 G1) 2000 02 26 1.003 3.061 0.672 10.374 343.287 191.033 2 451 613.3095
255P/Levy 2006 09 22 0.989 3.018 0.672 18.321 179.450 279.805 2 454 015.9282
263P/Gibbs 2006 12 11 1.251 3.029 0.587 14.471 26.301 113.354 2 454 098.2530
D/1819 W1 (Blanpain) 1819 11 20.8 0.892 2.962 0.699 9.108 350.261 79.812 2 385 759.3474
D/1884 O1 (Barnard 1) 1884 05 24 1.279 3.070 0.583 5.470 301.051 6.760 2 409 405.4680
D/1894 F1 (Denning) 1894 02 21 1.147 3.797 0.698 5.527 46.350 85.733 2 412 869.4349
D/1895 Q1 (Swift) 1895 08 25 1.298 3.729 0.652 2.992 167.782 171.754 2 413 426.8156
D/1978 R1 (Haneda-Campos) 1978 10 19 1.101 3.290 0.665 5.946 240.479 132.242 2 443 790.9963
P/1999 RO28 (LONEOS ) 1999 09 19 1.232 3.526 0.651 8.190 219.862 148.449 2 451 453.8461
P/2003 O3 (LINEAR) 2003 08 29 1.246 3.105 0.599 8.364 0.763 341.501 2 452 865.5641
P/2004 R1 (McNaught) 2004 08 23 0.988 3.110 0.682 4.890 0.599 296.008 2 453 247.7073
P/2005 JQ5 (Catalina) 2005 07 9 0.826 2.694 0.694 5.696 222.684 95.861 2 453 579.5340
P/2007 T2 (Kowalski) 2007 09 17 0.696 3.090 0.775 9.897 358.544 4.004 2 454 362.5226
P/2008 S1 (McNaught) 2008 10 21.0 1.190 3.568 0.666 15.102 203.631 111.390 2 454 741.3294
P/2008 Y1 (Boattini) 2009 01 20.0 1.272 4.800 0.735 8.805 162.362 259.709 2 454 887.5936
P/2009 L2 (Yang-Gao) 2009 07 10.0 1.296 3.419 0.621 16.159 346.954 259.305 2 454 973.2547
P/2009 WX51 (Catalina) 2010 02 13.0 0.800 3.080 0.740 9.591 118.031 31.742 2 455 227.5741
P/2010 K2 (WISE) 2010 06 09.0 1.198 2.918 0.589 10.642 328.530 281.146 2 455 385.0524

Notes. Osculating epoch of the orbital elements (Ep) close to the discovery time, perihelion distance (q), semimajor axis (a), eccentricity (e),
inclination (i), argument of perihelion (ω), longitude of the ascending node (Ω), and the time of the perihelion passage (Tp).

We found some striking features: a sharp minimum of q̄
at the discovery epoch and a noticeable past-future asymmetry,
meaning that there was a larger number of comets with greater q
in the past than in the future. A minimum close to the present
epoch and the past-future asymmetry of q̄ have already been
noticed by Fernández (1985) and Tancredi & Rickman (1992).

According to Fernández (1985), the minimum at the discovery
time could be attributed to an observational bias, since comets
tend to be discovered when they get small-q orbits. Karm &
Rickman (1982) studied the pre-discovery encounters of JFCs
with Jupiter and found a remarkable tendency for close encoun-
ters to occurre right before their discovery. We also find that the
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Fig. 1. Number of encounters with Jupiter (left panel) and the minimum
distance to the planet (right panel), as a function of the aphelion dis-
tance, for NEJFCs and NEAs in cometary orbits.
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Fig. 2. Histogram of the argument of perihelion ω for NEJFCs (top
panel) and NEAS in cometary orbits (bottom panel) at the discovery
epoch.

mean q̄ experiences a very steep drop before the discovery time.
If we consider the median of q instead of the mean, we still find
an asymmetry, but the profile is flattened: the median is ∼1.4 AU
at –1000 yr and ∼1.2 AU at +1000 yr. The fact that the asym-
metry is greatly enhanced when we consider the mean, mainly
in the pre-discovery branch, indicates that there is a fraction of
comets coming from orbits with large q that greatly increases the
dispersion.

Tancredi & Rickman (1992) studied the orbital evolution of
a sample of JFCs over a time interval of 2000 yr centred on the
present epoch. They also analysed the statistics of orbital evo-
lution and the correlation with physical parameters or discovery
circumstances. They confirmed the minimum of q̄ at the present
epoch and the past-future asymmetry of the time evolution found
by Fernández (1985), not only in q̄ but also in the averaged semi-
major axis a, eccentricity e, and inclination i. This was an ex-
pected result, since these orbital elements are not independent,
not only due to the obvious relation between a, e, and q, but also
due to the quasi-invariance of the Tisserand parameter, which
relates i to a (or q), and e.

Figure 3 also shows the evolution of the mean perihelion dis-
tance for the selected sample of NEAs in cometary orbits. As we
pointed out before, there are noticeable differences with respect
to the evolution of q̄ for the NEJFCs. For instance, the mini-
mum at the discovery time is not sharply defined as in the case
of NEJFCs and the curve is nearly symmetrical, leaving aside
some random fluctuations. Besides, the NEA curve is practically
flat in comparison to that of the NEJFCs’ curve; its amplitude
is less than 0.1 AU (while the amplitude of the NEJFC curve is
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Fig. 3. Mean perihelion distance as function of time for the studied sam-
ples of 54 NEJFCs and 113 NEAs in cometary orbits.

about 0.8 AU). The faster dynamical evolution of NEJFCs, as
compared to the much quieter evolution of NEAs in cometary
orbits, can be attributed to the larger number of close encounters
with Jupiter and to much closer distances to the planet, as shown
in Fig. 1.

We also investigated the effect of nongravitational forces
in the evolution of q̄ for the studied sample of NEJFCs. Only
16 comets from this sample have computed nongravitational pa-
rameters for an epoch close to the discovery time, according to
Marsden & Williams (2008). We found that the main features
of the asymmetry showed in Fig. 3 were held (i.e. the sharp
decrease of q̄ to the minimum at discovery time and its subse-
quent slower growth). Both curves for q̄ (i.e. without and with
ng effects) practically overlap in the interval ∼[–600, 300] yr.
From ∼–600 yr backwards to –1000 yr, the branch of the evo-
lution curve varies very little (just a few hundredths of AU at
its maximum difference), but the future branch starts to diverge
from ∼300 yr onwards, reaching a maximum difference of about
0.15 AU at 1000 yr. To see if this was due to a systematic ef-
fect introduced by ng forces, we analysed the individual evolu-
tion of q for each of the 16 comets with known ng parameters,
comparing in each case the pure gravitational model against the
gravitational plus ng forces. We found that the differences be-
tween the pure gravitational and the gravitational plus ng evolu-
tion of q vary randomly. We conclude that the ng forces do not
significantly affect the main features of the asymmetry shown in
Fig. 3 and only add a random noise to the observed evolution. By
extension, we can also say that the uncertainties in the computed
orbital parameters of our sample of JFCs will add some noise in
our results, but their main features remain unchanged.

4.2. Simulations with clones of NEJFCs

We performed numerical integrations of fictitious comets, gener-
ated from the observed sample of NEJFCs. The 540 clones (ten
for each comet) were obtained by varying the mean anomaly in
the interval [0, 2π] at the discovery time with a uniform ran-
dom distribution. The remaining orbital elements were the same
as those of the comet at the discovery epoch. In this way, we
randomise the orbital positions of the real comets, and thereby
the fictitious comets “forget” the information about the encoun-
ters they suffered with the planets (particularly with Jupiter) be-
cause of the different geometries generated as compared to those
of the real comets. We integrated in time this sample of ficti-
tious comets in the same way that we integrated the observed
NEJFCs. Figure 4 shows the resulting curve q̄ of 535 clones (five
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were ejected) for a time interval of 2000 yr, centred on t = 0
(namely, the normalized discovery time of each comet). This
curve is practically symmetrical and, in spite of a well-defined
minimum at the discovery time, the pre-discovery branch does
not show the steep drop towards the minimum that the original
NEJFC curve does (which is superposed to highlight the stark
differences).

Finally, we integrated in time a sample of 4000 fictitious
comets over a period of 20 000 yr. The initial conditions for
this sample were obtained in the following way: we integrated
backwards (starting from the discovery epoch) the original sam-
ple of observed NEJFCs until they reached a perihelion distance
greater than 2 AU, or a time limit of 2000 yr. A total of 40 comets
reached q > 2 AU in the considered interval. Then we recorded
the final planetary configuration and orbital elements for each
of these comets (we used a time bin of 1 yr). Finally, 100 fic-
titious comets were generated for each of the 40 real comets as
explained before, i.e. by randomly varying the mean anomaly in
the interval [0, 2π], but keeping the orbital elements of the com-
puted comet orbits at the end of the backward integration. We
obtained a total number of 4000 clones in this way. The initial
planetary configuration for each set of 100 clones was the same
as the recorded configuration for the “parent” comet. Once the
initial conditions for the fictitious comets and their correspond-
ing planetary configurations were set, we integrated the clones
for 20 000 yr forwards. During the integration, a total number
of 316 clones resulted ejected (i.e. they reached a heliocentric
distance above 100 AU).

We define a crossing to be when the comet perihelion dis-
tance decreases below a given threshold qthre. We assume a
canonical value of qthre = 1.05 AU, based on the observed curve
(cf. Fig. 3), that reaches a minimum at 1.02 AU. From the sam-
ple of 4000 clones, a number of 1179 experienced at least one
crossing. To define a second, third, fourth (and so on) crossing,
we imposed the condition that after a given crossing, the clone
first raised its perihelion distance to above 1.3 AU and then de-
creased it again below qthre.

Figure 5 (top panel) shows the resulting q̄ profile, over a pe-
riod of 2000 yr centred on the discovery time by assuming that a
test comet is discovered at any random time when its perihelion
distance q < qthre. These random times are determined in the fol-
lowing way: for each clone, we randomly extract a time value t
from the integration time interval (more precisely from the inter-
val [1000, 19 000] yr) until we find a time t for which q(t) < qthre
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Fig. 5. Simulated evolution of q̄ based on a sample of 4000 clones of
the observed NEJFCs by assuming that the clones are discovered at any
time when their q is smaller than 1.05 AU (top panel) or decreases to
1.05 AU for the first time (bottom panel). The time is relative to the
discovery epoch of the corresponding comet.

(for each clone, we make a maximum number of 1000 trials to
find a t that fulfills the requirement). As can be seen at the top
panel of Fig. 5, neither the asymmetry nor the steep drop towards
the minimum are reproduced under these discovery conditions.
The resulting q̄ profile is more or less symmetrical, with a slight
increase at the end of the post-discovery branch. We performed
several runs in order to assess the robustness of these results.

However, when we assume that the fictitious comets are dis-
covered at the first crossing, we are able to roughly reproduce the
main features of the evolution of q̄ showed in Fig. 3: we repro-
duce not only the asymmetry and the minimum but also the sud-
den drop towards the minimum, as shown in the bottom panel of
Fig. 5. When we changed the threshold to a different value with
respect to the canonical one, e.g. to qthre = 1.3 AU, the result-
ing q̄ profile also reproduced the main features of the observed q̄
profile, though it shifted to somewhat larger q̄ values. To test the
robustness of our results, we repeated the previous analysis with
two subsamples, each including 2000 clones. We did not find any
meaningful difference with respect to the corresponding profiles
based on the entire sample.

To investigate the primary causes of the asymmetry showed
in the bottom panel of Fig. 5, we made a quick inspection by eye
of the q evolution for each clone over the 20 000 yr integration
interval. To simplify the procedure, we considered only those
clones with crossing times ≥1000 yr (908 clones), i.e. we left
aside 271 clones that crossed the threshold qthre before 1000 yr.
At first glance, we could distinguish three types of dynamical
behaviour: some clones reached their first crossing after a steep
fall from q > 2 AU, either starting directly from the beginning
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Fig. 6. Some examples of the different dynamical behaviours as defined
in the text: perihelion distance as a function of time for a clone of comet
6P (top panel) and two clones of comet 3D (middle and bottom panels).
The top panel shows an example of type I, while examples of types II
and III are shown in the middle and bottom panels, respectively. The
horizontal dashed line indicates the threshold of 1.05 AU.

of the integration or after spending a relatively long stay in the
q > 2 AU zone (we define these two kinds of behaviours as
types I and III, respectively), while the remaining clones reached
their first crossings after a smooth decrease of their perihelion
distances spending a minimum of 3000 yr in the q < 2 AU region
(this will be called type II behaviour). About two-thirds of the
clones were classified as types I or III and the rest as type II.
Figure 6 shows examples of each type of dynamical evolution.
The clones of types I and III seem to contribute mostly to the
past-future asymmetry shown in the bottom panel of Fig. 5.

As a byproduct of the study of the clones during 20 000 yr,
we made an estimate of the half-life of the clones keeping short-
period orbits (P < 20 yr) with q < 2 AU, which was found to be
about 2.4×104 yr. This is in rather good agreement with Levison
& Duncan (1994), who estimated an overall dynamical lifetime
of 4.5 × 105 yr for JFCs of all qs. The authors found that JFCs
spend ∼7% of this time with q < 2.5 AU, i.e. about 3.15×104 yr,
which is consistent with a lifetime of 2.4×104 yr with q < 2 AU.

Figure 7 shows the q̄ profiles obtained by assuming that the
comets are discovered at the start of their first, second, third,
fourth, fifth, or sixth crossings. In order to compute the mean
perihelion distance over a period of 2000 yr centred on the first
crossing time for those clones with a crossing time <1000 yr, we
integrated their orbits (in time) until completing 1000 yr back-
wards. As we can show in the figure, as the order of the crossing
increases, the past and future branches tend to flatten and, af-
ter the third crossing, the asymmetry tends to reduce and even
reverse the greater slope from the pre- to the post-discovery
branch. By contrast, the observed profile of q̄ shows a strong
asymmetry (cf. Fig. 3), so we can infer that very few comets are
discovered after a second crossing, since otherwise we would
observe a flatter and more symmetrical q̄ profile. The average
times of the clones to reach the first, second, and third crossings
are found to be 5500, 7400, and 8800 yr, respectively. However,
standard deviations are 5200, 5100, and 4700 yr respectively.
Then, the median would be a better estimation than the mean
for the half time of each crossing. The median times to reach
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Fig. 7. Simulated evolution of q̄ considering that the comets are discov-
ered during their (1) first crossing, . . ., (6) sixth crossing.

the first, second, and third crossings are found to be 3700, 6500,
and 8700 yr, respectively. If we assume an orbital period of 6 yr
estimated from the mean orbital period of the observed NEJFC
sample, then the median times to reach the first, second, and third
crossings would be approximately 600, 1100, and 1450 revolu-
tions, respectively.

Figure 8 shows some theoretical q̄ profiles compared to the
observed one. The simulated profiles were obtained by assum-
ing that the comets were discovered when their perihelia crossed
the threshold at 1.05 AU for the first time and that a certain frac-
tion F of the comets were of type II (and the remaining of types I
and III). The sample was drawn from test comets randomly ex-
tracted from the 254 clones of type II and from the 575 clones of
types I and III. We left aside 79 clones that crossed after 1000 yr,
but did not fit well to any dynamical type. To allow for a cer-
tain degree of randomness, we constrained the size of the type II
sub-sample to 50% of the original one. The figure shows three
examples of the theoretical curves obtained for three different
fractions F: 0.3 (top panel), 0.6 (middle panel), and 0.8 (bottom
panel). As the fraction of type II comets increases, the simu-
lated curve tends to flatten and then to reduce the asymmetry.
The number of comets included in the sample for each of the
simulated curves varies with the parameter F (since the number
of type II comets was taken as a fixed quantity, i.e. 127, while
the number of type I and III comets was adjusted in each case to
the fraction 1-F). Thus, the sample for the first curve (top panel)
includes 406 comets, the sample for the second curve (middle
panel) considers 213 comets, and the sample for the third curve
(bottom panel) comprises 151 comets. The best-fit parameter
was F ∼ 0.6, i.e. about 60% of the fictitious NEJFCs were of
type II, while about 40% were of types I or III. The latter can be
related to young, fresh comets coming straight from orbits with
q > 2 AU, while the former can be related to older, more evolved
comets that have spent >∼3000 yr with q < 2 AU, according to
our definition of each type.

4.3. Physical lifetime of NEJFCs

As a corollary to this work we can estimate lower and upper lim-
its for the median physical (i.e. active) lifetime τphys of NEJFCs
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Fig. 8. Some theoretical curves q̄ (blue dots) compared to the observed
one (green dots). The figure shows three examples of the theoretical
curves obtained for three different values of the fraction F: 0.3 (top
panel), 0.6 (middle panel), and 0.8 (bottom panel).

in the q < 2 AU region, based on our theoretical fits to the ob-
served q̄ profile (cf. Fig. 8). We can set an upper limit to the
NEJFCs τphys of about half the dynamical time scale of JFCs
with q < 2 AU, i.e. about 10 000–12 000 yr, or equivalently of
about 1600–2000 revolutions, since otherwise, for longer dis-
covery time scales, most comets would be discovered during the
fourth or later crossings, which, as we saw (cf. Fig. 7) would
produce fairly symmetrical q̄ profiles. We can also set a lower
limit by considering the minimum time that a comet requires to
reach its first crossing. This would be typically several hundred
years (∼100 revolutions).

5. Discussion

Fernández (1985) estimated the physical lifetime of the JFCs by
assuming a balance between comet gains and losses and a cer-
tain transfer rate of JFCs to the region of the terrestrial planets.
He derived an average physical lifetime of about 1000 revolu-
tions for a typical kilometer-sized JFC with q ∼ 1 AU, which
actually can be regarded as an upper limit. Other estimates of
the physical lifetime of JFCs, constrained to the q < 1.5 AU
region, are 400 revolutions (Kresák 1981), 300 revolutions
(Kresák & Kresáková 1990), 200 revolutions (Emel’yanenko
et al. 2004), and 150−200 revolutions (di Sisto et al. 2009).

Levison & Duncan (1997) estimated a physical lifetime of
600 revolutions for JFCs without constraints on q. As compared
to the previous authors, our estimated physical lifetime is for
a somewhat larger q (<2 AU) population. The upper limit of
∼104 yr (or 1600–2000 revolutions) is still consistent with the
previous estimates, though somewhat longer.

As we can see in the top panel of Fig. 5, the evolution of q̄
around random discovery times for the fictitious comets is prac-
tically symmetrical. This is an easily understood result, since
once the orbital elements of the clones (actually, it was enough
to randomize the mean anomaly) were randomised, the mem-
ory of the evolution of the real comets is lost. The lack of the
main features shown by the observed NEJFCs’ evolution of q̄
(i.e. the remarkable past-future asymmetry and the sudden drop
to the minimum at discovery time) in the clones’ evolution of q̄
suggests that those features may be attributed to some bias that
favors the discovery of the NEJFCs, when their q is decreasing
fairly steadily. Comet 72D/Denning-Fujikawa is a good exam-
ple of those comets that contribute to the observed past-future
asymmetry (cf. top panel of Fig. 3). According to our integra-
tions, this comet would have been a Centaur until it changed its
semimajor axis from ∼12 AU to less than 6 AU approximately
400 years before its discovery. This was due to a very close en-
counter with Saturn that turned it into a JFC. The gap of about
0.1 AU, which can be observed at approximately –400 yr in the
NEJFCs’ q̄ profile of Fig. 3, is due to this comet, which shows a
fast decrease of its perihelion distance, from values of q > 2 AU,
prior to its discovery.

5.1. An estimate of τphys based on the sublimation lifetime

To analyse if our estimated physical lifetime is consistent with
other physical features of comets, we assume that the cometary
lifetime is set by the mass loss due to sublimation of water ice.
The sublimation lifetime τphys,subl (in number of revolutions) of
a free-sublimating comet nucleus is given by (Fernández 2005)

τphys,subl =
RN

Δh
, (2)

where RN is the radius of the comet nucleus and Δh is the thick-
ness of the sublimated outer layer per orbital revolution, which
is related to the bulk density ρN of the nucleus and to the mass
loss Δm per unit area and per orbital revolution of the nucleus by
means of

Δh =
Δm
ρN
· (3)

The mass loss Δm can be computed from the polynomial fit
given by di Sisto et al. (2009) to theoretical thermodynamical
models of a free-sublimating comet nucleus:

Δm ≈ 1074.99− 4170.89q+ 8296.96q2 − 8791.78q3

+4988.9q4 − 1431.4q5 + 162.975q6, (4)

where q is given in AU and Δm in g cm−2. We can intro-
duce a correcting factor in the computation of τphys,subl to ac-
count for a certain fraction f of active surface area. By as-
suming f = 0.1, the corrected sublimation lifetime would be
τ′phys,subl = τphys,subl × 10. Then, for a NEJFC of q = 1.5 AU,

ρN = 0.4 g cm−3, and RN = 1 km, we would have a sublimation
lifetime of about 6950 revolutions. Strictly speaking, this value
should be taken as an upper limit since comets are subject to
frequent outbursts and splittings (e.g. Chen & Jewitt 1994) with
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greatly enhanced mass loss. Bearing this in mind, we can say
that a physical lifetime of ∼1000 revolutions is consistent with
the estimated mass loss by sublimation, outbursts, and splittings.

5.2. An estimate of τphys based on the extinct JFCs

We can also try to estimate the physical lifetime of JFCs τphys,ext
based on the size n of the population of observed JFCs with
q < 2 AU and on the extinction rate ṅext of this population by
means of

τphys,ext =
n

ṅext
, (5)

where the extinction rate can be estimated from the known
JFCs that are assumed to have become extinct. In the Marsden
& Williams (2008) catalogue, there are several comets indi-
cated with a D (standing for disappeared) though they might
be still around and active. Strictly speaking, they have been
missed for several apparitions, though that does not neces-
sarily imply that they are extinct. The rediscovery of several
of them, D/1896 R2 (205P/Giacobini), D/1892 T1 Barnard 3
(206P/Barnard-Boattini), and D/1783 W1 Piggot (226P/Piggot-
LINEAR-Kowalski), gives support to the idea that all or most of
them might still be active. Among the most firm candidates to
have become currently extinct, we have 3D/Biela (split in 1846,
not seen since then), 5D/Brorsen (not seen since 1879, despite
very favorable returns), 25D/Neujmin 2 (not seen since 1927, de-
spite very favorable returns), 18D/Perrine-Mrkos (showed large
brightness fluctuations and erratic nongravitational effects, last
seen in 1968 when it was very faint, 12m, probably extinct), and
34D/Gale (not seen since 1938, very faint object, it could be ex-
tinct, see a discussion by Kresák 1981). D/1819 W1 Blanpain
is another good candidate. The NEA 2003 WY25 may be asso-
ciated to this comet. According to Jewitt (2006), its radius was
estimated to be 160 m and showed residual activity, so it may
be a fragment of the disintegration of the comet. We conclude
that the extinction rate of JFCs with q < 2 AU may be at most
2–3 comets century−1.

By substituting ṅext = 2.5 comets century−1 and assum-
ing n ∼ 200, from Eq. (5) we see that the physical lifetime
based on the extinction rate would be τphys,ext � 80 centuries =
8000 yr (�1300 revolutions), which is consistent with our esti-
mated physical lifetime.

6. Concluding remarks

We studied the dynamical evolution of JFCs that come close to
the Earth and compared it with that of NEAs. We were able to
reproduce fairly well the time evolution of the mean perihelion
distance q̄ of the NEJFCs and, as a byproduct, put some con-
straints on the physical lifetime of this population of short-period
comets. Our main conclusions are the following:

– We confirm a well-defined minimum of the mean perihelion
distance q̄ of the NEJFCs at discovery time and a remark-
able past-future asymmetry in the [–1000,+1000] yr interval
centred on the discovery time of each comet. The asymme-
try means that there are more comets with greater q in the
pre-discovery branch than in the post-discovery branch. We
also find a very steep drop of q̄ towards the minimum at the
discovery time (assumed to be t = 0 for all comets). Since
the median of q appears more flattened, we conclude that the
past-future asymmetry is mainly due to some comets that
decrease their perihelia very fast from the q > 2 AU region,
until they are discovered.

– We found some remarkable differences in the dynamical evo-
lution of NEJFCs and NEAs in cometary orbits. For instance,
the evolution of q̄ for NEAs in cometary orbits is practically
flat and symmetrical, as compared to that for NEJFCs. The
flatness can be attributed to a more quiet dynamical evolu-
tion since NEAs experience on average less close encounters
with Jupiter, as compared to NEJFCs. The symmetry would
be because NEAs can be discovered at any time during their
evolution, even after a long stay in the q < 1.3 AU region,
since their lifetimes are dynamical, not physical, with a me-
dian dynamical time scale of ∼10 Myr (Gladman et al. 2000).
In addition, the argument of the perihelionω of NEJFC clus-
ters around ω ∼ 0◦ and ω ∼ 180◦ as expected, while NEAs
in cometary orbits (with H < 18) show fairly uniform dis-
tribution in ω. These significant differences in the dynamical
evolution argues against a common origin for both popula-
tions, in which the NEAs in cometary orbits were assumed to
be dormant or extinct comets. We conclude that some of the
differences in the dynamical evolution of both populations
would be due to their different physical nature, meaning that
the lifetimes of NEAs are just dynamical, while for NEJFCs
the physical lifetimes are relevant.

– By assuming that NEJFCs are mostly discovered during their
first crossing (i.e. when they decrease their perihelion dis-
tance below a certain threshold qthre = 1.05 AU for the first
time during their evolution in the q < 2 AU region), we are
able to reproduce the main features of their observed q̄ evo-
lution in the interval [–1000, 1000] yr with respect to the
discovery time. We reproduce not only the asymmetry and
the minimum but also the sudden drop towards the mini-
mum. The fact that comets would be mostly discovered dur-
ing their first crossing is consistent with the fragile structure
and icy composition of the cometary nucleus, which are re-
flected in a short physical lifetime. As with the observed evo-
lution of NEAs in cometary orbits, when we allow the ficti-
tious NEJFCs to be discovered at any random time t with
q(t) < qthre, neither the asymmetry nor the steep drop to-
wards the minimum in the q̄ profile is reproduced.

– Our best fits to the observed q̄ profile of the NEJFCs indicate
that ∼40% of this population would be composed of young,
fresh comets that entered the region q < 2 AU a few hundred
years before their perihelion distances fell below qthre, while
∼60% would be composed of older, more evolved comets,
discovered after spending at least ∼3000 yr in the q < 2 AU
region.

– According to what was reported above, if the NEJFCs had
lifetimes set by their dynamics (which we estimate to be
around 24 000 yr), their q̄ profile around the discovery time
should be symmetrical like the one showed by NEAs in
cometary orbits. Since the NEJFC q̄ profile is noticeable
asymmetrical, NEJFCs should have a physical lifetime sig-
nificantly shorter than their dynamical one, say less than a
half of that. This will allow comets to be largely discovered
at their first or second crossing at most. We estimate lower
and upper limits for the physical lifetime τphys of NEJFCs in
the q < 2 AU region, based on the comparison between the
NEJFC q̄ profile and the theoretical q̄ profile for first cross-
ings. We set a lower limit of several hundred years and an up-
per limit of about 10 000–12 000 yr, or about 1600–2000 rev-
olutions. Probably a typical JFC will last several 103 yr (or
about 103 revolutions) in this region. These constraints are
consistent with other estimates of τphys, based either on mass
loss (sublimation, outbursts, splittings) or on the extinction
rate of JFCs.
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