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Abstract. Calculations of water production rates and temper-
atures for rotating irregularly shaped bodies with and without
topography are presented. These calculations are compared with
the case of a spherical nucleus. For any combination of orbital
parameters, rotation axis orientation, spin period, and physi-
cal properties of the nucleus (geometric albedo, emissivity, and
thermodynamical properties) the heat diffusion equation in the
surface normal direction is solved with the energy balance at the
surface, which includes shadowing effects, as a boundary con-
dition. This is done for all the cells in which the object is divided
and for a complete orbital revolution around the Sun. Some of
the main results obtained are: 1) Bodies with topographic fea-
tures produce more water vapor than equal area spheres along
most of their orbits; 2) Asymmetries in the behavior at pre and
postperihelion are less pronounced than in the case of the sphere
at large heliocentric distances; 3) Jet-like structures in the inner
coma can result from topographic features; 4) Diurnal oscilla-
tions can be detectable away from perihelion, even for slightly
irregular bodies.
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1. Introduction

At present, there are a number of sophisticated thermophysical
nucleus models that account for a variety of complex processes,
such as dust mantling (e.g., Brin and Mendis 1979; Fanale and
Salvail 1984; Rickman and Fernández 1986), gas flow through
pores (e.g., Mekler et al. 1990; Prialnik 1992; Benkhoff and
Boice 1997), sublimation of several volatiles (e.g., Fanale and
Salvail 1987, 1990; Espinase et al. 1991, 1993), 2-D heat and
gas diffusion (Enzian et al. 1997), etc., but most of them still
consider the nucleus as a sphere. However, there are a number
of reasons to conclude that most of the comets are indeed non-
spherical. Clear evidences are direct images of comet P/Halley
taken by Giotto and Vega spacecrafts and variability in light
curves of bare comet nuclei. Yet a few theoretical investigations
have addressed the issue of non-spherical shape (e.g., Huebner
and Boice 1992; Crifo and Rodionov 1997), some of them in a
preliminary fashion (Enzian et al. 1999; Gutiérrez et al. 1999).
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Since sublimation depends on temperature in a highly non-
linear way, irregularly-shaped bodies (for which temperatures
at some latitudes may be very different to those of an equiva-
lent sphere) can produce different outgassing rates to the case
of the sphere. In addition, we believe that the changing aspect
of an irregular nucleus orbiting the Sun can change the energy
input considerably. In particular, the irregular shape can induce
diurnal oscillations in the sublimation rate, which can be used
to derive the rotational state of the nucleus. Also, topography is
known to play an important role in the outgassing (see e.g. Col-
well 1997, who investigated the effect of craters in a spherical
body). In view of this fact, we believe that analyzing the effects
of positive relief (mountains) would also be interesting.

For these reasons we decided to study temperature and water
production rates of irregularly-shaped bodies with and without
topography as they orbit the Sun, comparing the results with
those of a spherical body. Here we describe the main results
of that investigation. One must note, however, that our model
is not intended to fully describe the behavior of any particular
comet nucleus, and in this regard, our model is probably no
more realistic than other works.

2. Comet model

2.1. Physical processes

In order to calculate the net gas flux leaving the nucleus sur-
face in response to the energy absorbed, an outgassing model
has to be adopted. The model considered in this study as-
sumes that the nucleus consists of crystalline water ice. Al-
though there is evidence that comets formed at temperatures
for which the existence of amorphous ice is very likely, it is
not necessary to include this ice in short-period comet models.
Klinger (1981), (1983) pointed out that, due to the heat balance
of short-period comets, amorphous ice should crystallize on a
rather short time scale. Herman and Weissman (1987) confirmed
this idea and Espinase et al. (1991) showed that for short-period
comets the phase transition limit, after a few tens of years, is
located below the nucleus region where the heat transfer is im-
portant.

Another approximation of our model is that there is no flow
of vapor through pores. This means that heat is transfered into
the interior of the body by solid state heat conduction only.
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Several models (e.g., Smoluchowsky 1982; Espinase et al. 1991;
Prialnik 1992; Rickman 1992) have shown that heat transport
by vapor flowing through a porous matrix is important, and
therefore, this effect should be included in order to realistically
simulate the lightcurve of any particular comet. As the principal
aim of the current study is to compare the gas production of
several irregular bodies, such a description is not necessary.

Another idealization, now concerning the energy input, is
that the effect of the coma on the energy budget is negligible. The
influence of the coma was found to be significant in early models
by Hellmich (1981), Weissman and Kieffer (1981) and Fanale
and Salvail (1984). Nevertheless, the results of Monte Carlo
calculations by Salo (1988) seem to suggest that, in general, the
total energy input to the nucleus is only weakly dependent on
the opacity of the coma, the radial distribution of the dust, or the
details of the extinction processes. Another effect of the coma is
the redistribution of the flux on the nucleus surface reducing the
magnitude of diurnal variations. However, from Salo (1988),
even for an optical depth of 2.5 the total amount of radiation
reaching the sunlit hemisphere is about a factor of 3 larger than
for the unilluminated side of the nucleus. Also, Rickman (1992)
pointed out that the limited optical depth estimated near the
footprints of P/Halley jets suggests that the effect of the coma
is small.

With the simplifications mentioned above, the mathematical
expression for the sublimation rate,Zs, is the known kinetic
theory relationship of a gas escaping from a surface into vacuum.
If the equation of state of the sublimated gas is that of an ideal
gas, then

Zs =
Ps(Ts)√
2πmkTs

(1)

wherem is the molecular mass of the gas,k is Boltzman’s con-
stant andPs andTs are the pressure and temperature on the
surface; they both are related by the Clausius-Clapeyron equa-
tion. With the coefficients used by Fanale and Salvail (1984) for
the vapor pressure of water gas over an icy surface, i.e:

Pv = 3.56 · 1012e−6141.667/Ts N m−2 (2)

the gas flux can be calculated once the surface temperature is
known.

If the surface of the studied body is divided innc cells, the
total production rate is given by

Q =

nc
∑

i=1

aiZs,i molecules s−1 (3)

whereai is the area of celli andZs,i its sublimated gas flux.
The temperature of each surface cell is obtained from the

time-dependent heat diffusion equation. Thus, if the heat trans-
port in the horizontal direction to the surface is negligible, the
temperature,T , in a compact object as a function of time,t, and
depth,z, is the solution of:

ρ · C(T )
∂T

∂t
=

∂

∂z

[

κ(T ) · ∂T

∂z

]

(4)

whereρ is the comet density,C(T ) is the specific heat capacity
andκ(T ) the thermal conductivity of the ice. Theρ considered
in these calculations is 0.5 g cm−3, which is close to the densities
calculated by Rickman (1986, 1989) for P/Halley and by Solem
(1994) and Asphaug and Benz (1994) for Shoemaker-Levy 9.
ConcerningC(T ) andκ(T ), for solid crystalline ice, Klinger
(1981) gave the following empirical laws:

C(T ) = 9 · 10−2 + 7.49 · 10−3 · T W s g−1 K−1 (5)

and

κ(T ) =
567

T
W m−1 K−1 (6)

A factor of 0.1 is used to reduce the thermal conductivity to
simulate the effects of porosity.

In order to suitably integrate the diffusion equation, the con-
siderable variation of surface temperature as the comet moves
about its orbit has to be taken into account. This variation will
propagate into the nucleus by conduction but the propagation
will be attenuated and eventually a depth where the temperature
is constant will be reached. A rough measure of this depth is
given by the thermal skin depth,δ, for a time interval,t. δ is the
depth at which a sinusoidal temperature variation with a period
equal tot is reduced by a factor ‘e’ and can be expressed as:

δ =

√

κ · t

2πρC
(7)

With the values of heat conductivity, thermal capacity and
density used in this study,δ is less than 10 m for heating cycles
of years. This circumstance has two implications:

1) if the nucleus length scales (radius and topography) are
much longer thanδ, there is no need to consider horizontal heat
transport and Eq. (4) is strictly valid. The bodies used in this
study meet these requirements.

2) A boundary condition, dT /dz=0, can be placed at a posi-
tion of several timesδ under the surface provided that the radius
is much longer thanδ.

The other boundary condition is the energy balance equa-
tion at the surface which is (taking into account the hypothesis
described above):

πF�(1 − Av,i)cos(θi)Ci

r2
h

=

= εσT 4
s,i + HZs,i(Ts,i) + κ(T )

∂T

∂z

)

s,i

(8)

whereπF� is the solar constant,Av,i the visual Bond albedo of
cell i, rh the heliocentric distance,θi the angle between the nor-
mal of celli and the solar direction,ε is the IR emissivity,σ the
Stefan-Boltzman constant,H the latent heat of sublimation per
molecule andTs,i the surface temperature of celli. Ci is 0 when
cos(θi) < 0 or when the celli is shaded and it is 1 if the cell
is illuminated. This equation, representing the energy conser-
vation principle, has the implicit assumption that the total areas
of emission and absorption are equal. The left hand side of (8)
represents the energy absorbed per unit time over a plane of unit
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area with a solar incidence angle ofθ, while the right hand side
expresses the energy loss rate (by thermal radiation, sublima-
tion and conduction to the interior, respectively) per unit area.
Therefore, for curved and/or rough surfaces, the representation
of the energy conservation principle demands an integration of
the cos(θ) over the total area because the local solar incidence
angle changes over the surface. In order to avoid these calcula-
tions, the studied irregular surfaces are divided in small nearly
plane cells and we consider that there is no roughness. This
allows us to use Eq. (8) for each surface cell of our irregular
bodies. A more realistic surface boundary condition should in-
clude, principally, heating by absorption of reflected or radiated
light from other surface cells viewed from the control cell and
heating by the collisions of the sublimated gas with the surface.
Colwell and Jakosky (1987) show that these effects are impor-
tant at large heliocentric distances and/or if the topography has
very steep features. The surface boundary condition used here
prevents us from dealing with deep crater or trench features,
for which these effects have to be considered. The neglection of
these terms in our model should lead to a slight underestimation
of the sublimation rates as our terrain features are not very steep
(see next section).

Summarizing, the sublimated gas flux is obtained from
Eq. (1) which needs the surface temperature of each cell. This
temperature is obtained integrating the heat diffusion Eq. (4) in
the normal direction to the surface with the boundary conditions
(8) and dT /dz=0)z >> δ.

2.2. The irregular shape

At present, parametric functions have been used to define the
nucleus surface. This permits to carry out the division of the
surface in cells and the calculations of the area of each cell
in an easy way. Rather than starting from scratch in creating
irregular bodies, we have used a parametric form similar to the
function used by Crifo and Rodionov (1997) who worked with
the aspherical surface:

r = RN ·
(

1 − h · cos2(θ)cos2

(

ϕ

2

)

)

(9)

where r is the distance to the origin,θ is the cometocentric lati-
tude,ϕ is the cometocentric longitude,RN is the characteristic
nucleus dimension, andh (1/3 < h < 1) is a dimensionless
asphericity parameter. We have used a term similar to the term
above to produce long-scale perturbations over a sphere and an-
other factor, with different frequencies, to create shorter scale
perturbations. Hence, the studied surfaces have the parametric
form

r = RN ·
(

1 − A · sinb

(

θ

a

)

· cosd
(

ϕ

c

)

)

·

·
(

1 − B · sin(θ) · sinf

(

θ

e

)

· cosh
(

ϕ

g

)

)

(10)

where Latin letters are parameters and Greek letters are the usual
spherical coordinates.

6

PPPPPq

�
�

���

Z

Y

X

a b

c d

Fig. 1a – d.Nucleus shapes considered in the present study. The spin
axis coincides with the geographic North-South axis (Z axis).

As already stated in 2.1, there are two important restrictions
on the surfaces that can be used with the described thermal
model. First, the length scales of the nucleus have to be much
larger than the estimated thermal skin depth. Second, the sur-
faces have to be sufficiently smooth. If the parameters defining
the surface are adequately chosen, the nucleus scales and slopes
of the topography comply with the requirements of the described
thermal model.

3. Model calculations

The input of the code is, essentially, the shape of the nucleus and
the parameters defining the rotation and the orbit of the comet.
In Fig. 1, the surfaces considered in the current study are plotted.
In Table 1 we show the values of the parameters of Eq. (10) and
the total area for those bodies. With the simplest surfaces (a,b,c)
we use 10 steps in latitude and 20 in longitude, giving rise to
200 surface cells. For “d” (in Fig. 1), because of the topography,
we have to increase the number of latitude and longitude bins to
40 and 80 respectively. That means 3200 surface cells are used
for the object “d”. For this object (the most complex one) there
are some points with local slope around 20%, but for most of it,
the slope is less than the 10%. Therefore, the neglection of the
energy sources discussed in the previous section is a reasonable
approximation and, hence, the production rates of the objects
“c” and “d” may be only slightly underestimated.

Concerning the orbit, two parameters must be specified and
we have chosen the most usual ones: the semimajor axis and
the eccentricity. The rotation is defined by the spin period and
the axis orientation. Following the notation of Sekanina (1981),
the rotation axis orientation is selected introducing the angle
Φ of the subsolar meridian at perihelion from the ascending
node, and the obliquity, I, of the orbit plane to the equator. At
present, complex states of rotation cannot be studied with our
code. In Table 2, the comet orbit and rotation axis orientations
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Table 1.Values of the Eq. (10) parameters defining the surfaces of Fig. 1. The ellipsoid has an axial ratio of 1:1:2.

Object A a b c d B e f g h RN (Km) Total Area(m2)

a 0 — — — — 0 — — — — 1 1.26 · 107

b 0.5/1 — — — — 0 — — — — 1 5.37 · 106

c 0.8 1 2 2 2 0 — — — — 1 8.42 · 106

d 0.8 1 2 2 2 0.1 0.1 1 0.2 1 1 9.01 · 106

Table 2.Orbit and rotation parameters.

Semimajor axis 3.5 AU
Eccentricity 0.6
Comet rotation period 24 hr
Rotation axis orientation Case 1 I=0◦ Φ= 90◦

Case 2 I=90◦ Φ= 90◦

Case 3 I=90◦ Φ= 60◦

Case 4 I=45◦ Φ= 45◦

Table 3.Nucleus model parameters.

Comet density 0.5 g cm−3

Albedo 0.1
Emissivity 1
Conductivity Eq. 6
Heat capacity Eq. 5
Latent heat 48.6 kJ mol−1

used in the calculations are summarized. The assumed nucleus
properties are shown in Table 3. All the parameters used in the
model calculations were chosen to coincide with those used by
Colwell (1997) in order to compare his results with our results
for the sphere.

The code starts at aphelion with an initial nuclear tempera-
ture, increasing time with a small∆t. The time step used is 250
s (∼ 400 time steps per rotation). At every time step the new
orbital position and the new cometocentric latitude and longi-
tude of the subsolar point are calculated. After that, and in order
to obtain the surface thermal gradient from Eq. (8), it is nec-
essary to calculate the local solar incidence angle (θi) andCi.
To computeCi, we proceeded in several steps. First, a refer-
ence system for each cell is defined. The Z axis of the reference
system is perpendicular to the surface and the other two axes
are chosen somewhat arbitrarily, but orthogonal to the Z axis.
Then, for each cell, the elevation and azimuth of all the other
cells are computed, and hence a map of topographic elevation
versus azimuth is built (see the graph on Fig. 2). This allows
to compute “the true horizon line” or “skyline” from any cell.
Once the skyline is determined,Ci can be easily computed by
calculating the Sun azimuth and elevation at any given time and
comparing its elevation with that of the skyline at the Sun az-
imuth; if the Sun elevation is smaller than the skyline elevation,
Ci is set to zero, because the cell is in shadow or at night time.

Once the surface thermal gradient is obtained from Eq. (8),
the time dependent heat diffusion Eq. (4) is numerically solved.
This equation is integrated using Kirchoff’s transformation and

a Crank-Nicholson scheme which is stable for any depth bin
size. The maximum depth of temperature calculations is 10 m (
∼ 5 timesδ) and the number of depth bins is 64. The simulations
finish when a stable light curve is obtained. Concerning the sen-
sitivity of the model, we have verified that the initial conditions
have no effect on the results. In principle, different values of
the numerical parameters (∆t and∆z) can lead to significantly
different results of the total production; the reason is that the
sublimation scales exponentially with temperature and a small
difference in the temperature obtained produces an important
variation in production. We have chosen adequately small val-
ues, and we have verified that the results obtained do not change
with smaller values of these parameters.

4. Results

Water production rates per unit area (Q̂) for the objects of Fig. 1
are plotted in Figs. 3, 4, 7, and 8 for the spin axis orientations
listed in Table 2. The mean temperatures corresponding to cases
1 and 2 are plotted in Figs. 5 and 6. Mean temperatures have been
calculated with the expression:

Tm =

∑nc

i=1 ai · Ti
∑nc

i=1 ai
(11)

wherenc is the number of surface cells,ai is the area of the cell
i, andTi its temperature.

For case 1 (in Table 2), as the subsolar point circles the equa-
tor of the object in an orbital period, the ellipsoid has a constant
cross section viewed from the Sun. The cross sections of the
sphere and of the ellipsoid are 25% and 29% of the total area
respectively. This means that the ellipsoid absorbs more energy
per unit area than the sphere and because of that, the former
has a higher sublimated gas flux and a larger mean tempera-
ture. In principle, it is expected that the relative cross sections
can explain the shape and differences in the outgassing curves.
Nevertheless, the production rate for the object “d” cannot be
explained only by relative cross section. This object has a similar
relative cross section to object “c” (oscillating around 26%) but
the production rates are different. The high production and rela-
tively low mean temperature of the object “d” is a consequence
of the mountains: for certain spin axis orientations, topography
can reduce the “effective” area but the object has small regions
with a surface normal direction parallel or close to the Sun di-
rection. These regions have temperatures similar to the one of
the subsolar point, which has the highest production rate. In this
case, the production rate from these small areas of object “d” is
higher than the production rate of the ellipsoid, which has the
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Fig. 2. A small region of object “d” is depicted on the left. The reference frame of cell (i=30, j=1) is also shown. The graph on the right is a
cylindrical map of the topography of object “d” seen from the cell. The dots represent the elevation and azimuth of all the cells of the body as
viewed from the cell. The solid line is what we call the true horizon line or skyline. The coordinates of three nearby cells are indicated by the
arrows. The coordinates of the Sun viewed from the cell are plotted for a full rotation (dashed line) of the body when it is at aphelion and for a
rotation axis orientation normal to the orbit plane.

Fig. 3.Water production rate per unit area versus heliocentric distance
for the objects of Fig. 1 with the rotation axis orientation I=0◦, Φ= 90◦.
The small box on the left is an enlargement of the region close to the
perihelion.

largest cross section. While the production rate per unit area of
object “c” is similar to the production of the sphere, the produc-
tion rate per unit area of object “d” is a factor of 15 higher than
that of the sphere at 4.5 AU when the objects go from aphelion
to perihelion and a factor of∼ 10 when the objects go from per-
ihelion to aphelion. At 4.5 AU, the production rate per unit area
of object “d” is a factor of 4 (going to the Sun) and a factor of 3
(coming back from the Sun) higher than the one of the ellipsoid.

The ratio Q̂object d/Q̂sphere diminishes when the objects
approach the Sun. At 3.5 AU the ratios, going and coming
back from the Sun, are 9 and 5, respectively. At perihelion,
this ratio is only 1.15. Close to the perihelion, the production
is practically controlled by the cross section. Thus, the ratio

Fig. 4.The same as Fig. 3 with a different spin axis orientation. In this
plot, I=90◦, Φ= 90◦.

Q̂object d/Q̂ellipsoid is lower than 1 at heliocentric distances
smaller than 2.5 AU. As the total production rate increases
when the comet approaches the Sun, the effects of topography
or geometric shape seem to diminish by looking at the out-
gassing curves. Nevertheless, the mean temperature plots show
that these effects are present at rh < 2.5 AU (or | t | < ∼
200 days) as well. In these figures, the differences between the
curves for the objects “c” and “d” show that topography leads
to a lower mean temperature.

For case 2 (Figs. 4 and 6), the cross section of the objects
viewed from the Sun changes considerably with heliocentric
distance. The cross section of the ellipsoid increases from 14.5
% at aphelion, when one of the poles faces the Sun, to 29%
when the subsolar point is on the equator at 2.3 AU. From 2.3
AU to perihelion, the cross section diminishes down to 14.5%
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Fig. 5. Mean surface temperature (Eq. 11) corresponding to Fig. 3
(I=0◦, Φ= 90◦) as a function of time. The time origin is at perihelion.

Fig. 6. Mean surface temperature corresponding to Fig. 4 (I=90◦, Φ=
90◦).

again because the subsolar point goes from the equator to the
other pole. This explains the changes in slope of the production
rate of this object with heliocentric distance. The relative cross
section of objects “c” and “d” change in a similar way and in
a similar amount (from∼19% when the poles face the Sun to
26% when the subsolar point is on the equator) but their out-
gassing curves show different behaviors. We can see that the
object with topography presents a higher slope of production
at large heliocentric distances. At aphelion, with this spin axis
orientation, a 13% of the area of the object “d” is shadowed.
This is because of the irregular shape and the mountains (for
the same spin axis orientation, object “c” has a 5% of the total
area in shadow). The area in shadow of this object diminishes
progressively when the comet approaches the Sun. The pro-
gressive reduction of the area in shadow makes the production
increase faster than in bodies without topography. This is the
main effect of small scale shadowing that we have found. Other
than that, small scale shadowing caused by mountains does not
seem to play a significant role.

Fig. 7.The same as Fig. 3 with a different spin axis orientation. In this
plot, I=90◦, Φ= 60◦.

Fig. 8.The same as Fig. 3 with a different spin axis orientation. In this
plot, I=45◦, Φ= 45◦.

The other spin axis orientations show seasonal asymmetries
clearly. The asymmetry of lightcurves can be characterized by
the asymmetry parameter,E, defined by Festou et al. (1990) as

E = Q−1
m

∫ a(1+e)

a(1−e)

(Qa − Qb)dr (12)

wherea ande are the comet’s semimajor axis and eccentricity,
r is the distance from the Sun, andQm, Qa andQb are the
maximum production rate, and the production rate after and
before perihelion, respectively.

The asymmetry parameter for the 4 outgassing curves with
I=90◦ Φ= 60◦ is presented in Table 4. This table and the out-
gassing curves in Figs. 7 and 8 show that the ellipsoid presents
a larger asymmetry than the spherical nucleus at r< 2.5 AU
but lower at r> 2.5 AU. This is because of the asymmetric
subsolar point path on the object and the subsequent change in
relative cross section viewed from the Sun. This change is very
fast when the north hemisphere faces the Sun. Moreover, in this
period of north summer, the subsolar point moves much faster
from the equator to high latitudes (reaching the north pole af-
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ter perihelion) when the comet approaches the Sun than from
high latitudes to the equator when the comet goes away from
perihelion.

Because the cross sections of object “c” and “d” also change
considerably, a large asymmetry would be expected. Neverthe-
less, Table 4 and Figs. 7 and 8 show that irregular objects present
a much lower asymmetry than the ellipsoid. Moreover, the data
of Table 4 show that the irregular objects present an asymmetry
slightly lower than the asymmetry of the sphere at large helio-
centric distances (r> 2.5 AU). Similar results are obtained for
the spin axis orientation of Fig. 8.

Thus, we can conclude that irregular shape and topogra-
phy tend to diminish the pre and post perihelion asymmetry of
the outgassing curves. Colwell (1997) concluded that craters on
spherical bodies decrease the pre and post perihelion asymme-
tries. Our findings are in agreement with this conclusion.

4.1. Short term variability

Fig. 9 shows the integrated production rate and heliocentric
magnitude as a function of heliocentric distance for all the ob-
jects studied when the spin axis orientation is I=90◦, Φ= 90◦.
The equation used to convert water production rate to heliocen-
tric magnitude is the one by Jorda et al. (1991). We assume that
this equation is valid within our range of heliocentric distances,
although the equation can only be considered applicable in the
range from 0.32 to 2.8 AU. Short term variability in outgassing
curves of irregular bodies can be seen clearly in this figure.
These oscillations are a consequence of changes in the illumi-
nated fraction of the total area as the object rotates (it should
be noted that the data in the figures are shown every 250 000 s.
For this reason the sinusoid period looks longer than the rota-
tion period (24 h) but a Fourier analysis readily shows a peak at
24 h). For object “d” and case 2, the illuminated area oscillates
with an amplitude of∼ 10% but the oscillations in the light
curve are considerably larger than 10% away from perihelion
(reaching a maximum of 1 or 2 magnitudes). In general, the de-
tectability of this kind of oscillations depends on the amplitude
of the illuminated area variation, on the mean magnitude of the
light curve, and, also, on the rate of change of production with
heliocentric distance (see Figs. 3 and 4, taking into account that
the illuminated area of object “d” oscillates a similar amount
for all spin axis orientation studied).

4.2. Surface temperature distribution

In Figs. 10 and 11 we show sinusoidal projections of surface
temperature for all the objects and for all the spin axis orien-
tations at perihelion and aphelion respectively. In Columns 3
and 4 we can see that irregular shape and especially topography
lead to a complex distribution of temperature on the surface. Iso-
lated high-emission regions can be seen in Column 4, as well
as low-emission or inactive regions in the middle of a broad
emitting region. Therefore, irregular shape and topography can
produce gas and dust jet features. These features can turn on/off
depending on the spin axis orientation and the orbital phase.

Fig. 9. Total production rates and heliocentric magnitudes for objects
listed in Fig. 1, with axis orientation I=90◦, Φ= 90◦.

Table 4.Asymmetry parameter (Eq. 12) for the 4 outgassing curves of
Fig. 7. The first row was obtained using the entire outgassing curves.
The second row was obtained using only the part of the outgassing
curves with r< 2.5 AU. The third row was obtained using only r> 2.5
AU.

SPH. ELLI. OBJ. “C” OBJ. “D”

orbit 0.012 -0.17 -0.06 -0.07
r < 2.5 AU 0.05 -0.16 -0.03 -0.05
r > 2.5 AU -0.038 -0.01 -0.03 -0.02

These figures and the curves of mean temperature (Figs. 5
and 6) show that topographic features produce a much colder
winter. Nevertheless, Column 4 shows that under winter illu-
mination some parts of the hills receive nearly perpendicular
sunlight, which increases the net production with respect to a
regular surface. This is the reason why object “d” has a larger
water production than object “c”. Colwell (1997) obtained sim-
ilar results for a sphere with craters.

Regarding the low temperatures of the winter hemisphere for
irregular objects, it must be noted that the inclusion of additional
heating terms (see Sect. 2.1) would lead to a higher winter mean
temperature.

5. Conclusions

From our simulations at heliocentric distances greater than 2
AU, very irregularly shaped nuclei produce generally more wa-
ter vapor than equal-area spheres regardless of the orientation
of the spin axis. For certain spin axis orientations the water
production rate from objects with topographic features can be
larger in one order of magnitude than the production rate from a
smooth surface. This is basically a consequence of the existence
of many regions whose surfaces are oriented nearly perpendicu-
lar to the Sun direction. These regions reach temperatures which
are similar to that of the subsolar point. The net effect is an in-
crease of production. This result agrees with the conclusions of
Colwell (1997) for a spherical nucleus with craters. In addition,
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SPHERE ELLIPSOID OBJECT c OBJECT d
Case 1: I=0◦ Φ= 90◦

max=198.72 K, min=139.02 K max=198.87 K, min=145.57 K max=198.59 K, min=142.58 K max=199.45 K, min=90.85 K

Case 2: I=90◦ Φ= 90◦

max=199.34 K, min=66.10 K max=199.08 K, min=55.92 K max=199.29 K, min=90.13 K max=199.44 K, min=36.10 K

Case 3: I=90◦ Φ= 60◦

max=199.34 K, min=89.73 K max=199.22 K, min=75.35 K max=199.21 K, min=111.17 K max=199.43 K, min=44.48 K

Case 4: I=45◦ Φ= 45◦

max=198.90 K, min=101.57 K max=199.02 K, min=92.57 K max=198.74 K, min=117.30 K max=199.21 K, min=50.0 K

Fig. 10.Surface temperature distributions at perihelion. Contours of several temperatures are shown. All of these maps have the same gray scale
(white: 200 K, black:< 40 K).

jet-like features in the inner coma can arise from some of these
high-temperature regions. A similar conclusion was obtained by
Enzian et al. (1999). The locations of high-temperature regions
change along the orbit (unless the spin axis is oriented perpen-
dicular to the orbit plane) and thus, jet-like features produced
by this mechanism would not remain at the same positions all
the time. This might explain the turning on and turning off of
some “active areas” in some comets.

Regarding the pre and post perihelion asymmetry of the
lightcurves, we find that a large asymmetry can arise from abrupt
and asymmetric changes in cross section close to perihelion. To-
pography and irregular shape act in the contrary sense: irregular
bodies tend to decrease the asymmetry of pre and post perihelion
lightcurves. For instance, if the spin axis is in the orbit plane,
the cross section of the ellipsoid viewed from the Sun changes
very quickly from a 29% to a 14% of the total area close to

perihelion and from 14% to 29% much more slowly after peri-
helion. This change leads to an asymmetry parameter of -0.17.
Irregular objects, which experiment a similar change in cross
section, have a smaller asymmetry parameter:< -0.05.

Another noticeable result is that, for all spin axis orienta-
tions, diurnal oscillations in production can be easily detectable
at some orbital stages, even for small cross section variations
(slightly irregular bodies).
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SPHERE ELLIPSOID OBJECT c OBJECT d
Case 1: I=0◦ Φ= 90◦

max=128.2 K, min=76.1 K max=130.1 K, min=88.5 K max=127.1 K, min=77.8 K max=135.6 K, min=45.56 K

Case 2: I=90◦ Φ= 90◦

max=161.2 K, min=28.5 K max=159.7 K, min=24.8 K max=161.1 K, min=40.3 K max=161.5 K, min=27.7 K

Case 3: I=90◦ Φ= 60◦

max=156.2 K, min=31.1 K max=156.1 K, min=27.2 K max=154.6 K, min=44.3 K max=157.0 K, min=27.7 K

Case 4: I=45◦ Φ= 45◦

max=136.8 K, min=33.5 K max=137.8 K, min=31.5 K max=135.8 K, min=44.3 K max=141.2 K, min=22.2 K

Fig. 11.Surface temperature distributions at aphelion. Contours of several temperatures are shown. All of these maps have the same gray scale
(white: 160 K, black:< 40 K).
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