INFRARED BRIGHTNESS OF A COMET BELT BEYOND NEPTUNE
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Abstract. We consider the infrared brightness of a flattened comet belt beyond the orbit of Neptune using
a disk-like model with a power-law density distribution of comets. We compare this spectrum with the
emission from a model zodiacal dust cloud in the ecliptic and with published IRAS data and present some
consequences of dust in the comet belt.

1. Introduction

Oort (1950) modeled the source of long period comets as a spherical shell located in
a region beyond 10 000 AU. If this cloud is a natural by-product of the formation of
the solar system, then we wish to examine whether a relic of the protoplanetary disk
exists in the region between 50 and 10 000 AU (Kuiper, 1951; Cameron, 1962). This
‘inner Oort cloud’ might contain up to 100 Earth masses of comets (Hills, 1981;
Bailey, 1983c). The inner edge of the inner Oort cloud, called here the ‘comet belt’,
has been suggested as a source for short period comets (Fernandez, 1980; Bailey,
1986). Its perturbational effects on Neptune have been considered by Whipple (1964).
Hamid et al. (1968) estimated that the orbits of intermediate period comets limit the
mass of the comet belt to a few Earth masses. Bailey (1983b) noted the effect of a
dense inner cloud on the orbit of Neptune. Using spacecraft tracking data, Anderson
and Standish (1986) place an upper limit of five earth masses on a comet belt with an
inner boundary near Neptune. IRAS observations of dust clouds around main se-
quence stars are consistent with cometary disks as sources of IR excesses (Weissman,
1984). An extensive review of the inner Oort cloud is found in Weissman (1985).

2. Infrared Brightness

Bailey (1983b) and Bailey et al. (1984) calculated the infrared and dynamical con-
straints on a spherically-symmetric inner Oort cloud with a power-law density distri-
bution. They concluded that up to 300 Earth masses of comets might reside in such
a cloud. The inner part of a comet cloud beyond 40 AU will probably be quite
flattened (Fernandez, 1984). There is the possibility that over the age of the solar
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system the inner cometary disk could have been stirred by random field stars (Hills,
1983), but unless the passage were recent, inelastic collisions would have caused the
distribution to relax back to the near flat configuration from which it originated
(Brahic, 1977). Following Bailey (1983) the structure of the comet belt between 40
and 10 000 AU is modeled with a distribution function

Wr, z, m) = kr =% e #7’m b, €))

where r, z and ¢ are cylindrical coordinates and m is mass. Here, k is a normalizing
constant and z, is the scale height determined by Cuzzi et al. (1979)

Z(%=__e=C0r3’ (2)

where Q is the angular frequency at r. For an axisymmetric distribution of comets,
v(r, z, m) is the number of comets per unit volume in the range (r, r + dr), (z, z + dz)
and masses m in the range (m, m + dm). We let the vertical thickness of the disk be
determined, as in the primordial solar planetesimal disk, by a scale height dependent
on the dispersion velocity of the disk (Safronov, 1972). Apart from factors of order
unity, this random velocity is the escape velocity V,, of the largest body in the
population, given by
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where M, is its mass and R, its radius.
The comets are considered as spherical black bodies of uniform composition radi-
ating at uniform temperature

T = 280//R (K), (4)

and the distance, R, is in AU.
If the cometary disk is limited by an inner boundary r, and an outer boundary r,,
then the mean brightness in the plane of the ecliptic is given by

I = J"u dr Jmu dm n[3—m]2/3 B,[T(r)lv(r, 0, m), ©)
o s 4nd

where d is the mass density of a single comet and B,[7(r)] is the Planck function. The
factor n[3m/4nd]*” is the average projected area per comet. The Earth-Sun distance
is considered to be small compared to r.

The normalization constant k in the distribution function is determined by the total
mass of the cloud. If m; is the mass of the smallest body, then the total mass is given
by

my ~4n j ) f ) j v(r, z, m)ymr dr dz dm. (6)
T, 0

my L
The radial index will be constrained by the form of the surface density of the
cometary disk. Polyachenko and Fridman (1972) and Torbett et al. (1982) have used
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a surface density that varies inversely with the 1.5, 2, and 3 power, respectively. We
define the surface density as

o(r) =2 j ™ m dm j  dz v(r, 2, m), 7
0

For values of a = 1.5, 2, and 3, the mass of the inner belt will be less than 5 Earth
masses in accordance with the results of Anderson and Standish (1986). A calculation
of the mass contained between 40 and 50 AU shows that for ¢ = 1.5, 2 or 3 this
constraint is satisfied.

The brightness can be written as

1 My (3myjand)*® (2-b) [ulf*—1
4C0 my 5/2 (5/2 b) |: ]A(xu) (8)

with p =m,/m, and x, =r,/r,. For a surface density varying inversely with the
square of the distance,

A(x,) =

I =—

e f x "B [T(x)] dx; ©)

and for a surface density varying inversely with the cube of the distance,
2

5 f xR T dx. (10)
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3. Zodiacal Emission

For the spatial distributions given above, the spectrum will peak at a temperature of
40 to 50 deg Kelvin for an inner boundary at 40 AU. We compare the spectrum at
100 microns with the tail of the spectrum of the zodiacal dust in the ecliptic. The
standard ‘fan’ model of the small matter complex in the solar system described in
Giese and Kinatede (1985) and Leinert et al. (1980) will be used to compute the
spectrum or IR brightness. The dust distribution has the form

v(r, ﬁ, m) =Kr—13p-21 sin/im—b’ (11)

where f is the ecliptic latitude. The mass distribution is taken to be in approximate
collisional equilibrium and the spatial distribution is empirically derived by Grun et
al. (1985).

The normalization constant K will be determined by the requirement that the
spatial mass density match that measured at 1 AU, 9.6 x 10723 gm ¢cm 3 (Grun et al.
1985). With the mass limits m, = 107® gm and m, = 1 gm (Grun et al., 1985) and the
spatial limits from 1 to 5 AU, the constant K is 2.3 x 10~°, The brightness of the
zodiacal dust is then

K 3 o3 2 B 14, 5/3 5/3 b 1.3
I~ = —2.1sin — B - d 12
v rg [4nd:| € my |:5/3 b] J\ Qabs (x)x X. ( )

We set Q,,, the IR absorption coefficient, to unity, treating the particles as black
bodies.
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4. Comet Belt Parameters

Shoemaker and Wolfe (1984) show that evolution of planetesimals in the outer solar
system results in a population that is peaked towards the inner edge of the cloud. Thus
we choose the steeper power laws of 2 and 3 for the parameter, a. It is difficult to
estimate the upper mass in the population of comets. Theoretical considerations
(Goldreich and Ward, 1973) suggest that the upper mass should be about 10?! grams.
We choose a conservative lower limit of one kilogram. The ensemble of particles
considered is in collisional equilibrium; hence, the value of bis 11/6 (Dohnanyi, 1969).
The inner edge of the comet belt is placed at 40 AU. An outer limit of 1000 AU will
provide a safe margin from the disturbance by passing field stars and the galactic tide
(Bailey, 1986) which tend to give the comet cloud a more thermalized spherical
distribution.

With these parameters specified we numerically integrate the spectrum for the comet
belt and for the zodiacal dust. The spectra are plotted in Figure 1. The two cloud
models displayed correspond to surface densities of r ~2 and r —3, respectively. We
present the published data from the IRAS (Hauser et al., 1984) for comparison.
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Fig. 1. The infrared brightness, in the ecliptic, of a comet belt with inner edge at 40 AU. The dashed curve

is for a comet disk with a surface density that varies inversely with the square of the distance and the chain

dotted is for one that varies inversely with cube of the distance. The dotted curve is the infrared brightness

of the zodiacal dust cloud and the open squares are measured IRAS data as given in Hauser er al. (1984).
Model parameters are described in the text.
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5. Collisional Daust

Consider a simple case for the inner edge of the comet belt and suppose that there are
five or less Earth masses distributed in the region between 40 and 50 AU with half
height of 1 AU. If each comet has a diameter of approximately 10 km and a mass of
about 10'® grams in the bounded volume of 4150 AU, the number density, n, is ~ 10°
comets per cubic AU. If the comets have the dispersion velocity, v, of 0.1 km sec™!
and a collisional cross section, o, then the collision rate is given by

R = nov, (13)

implying almost 10 collisions per year between equal-sized objects. A mass distribu-
tion will give more collisions. At velocities of 0.1 km sec~?, the collision energy per
unit volume is ~ 10° ergs cm 3, which exceeds the impact strength of model comet
ice structures (Weidenschilling et al., 1984).

What of the debris of these collisions? The infrared brightness of a cloud of dust
in the ecliptic plane is estimated by

I~ f - f " 920 mB(Tuf()e(r) dr ds, (14)

where s is the particle radius, Q,,, is the infrared absorption coefficient, B,[T,. ] is the

Planck function, and f(s) and g(r) are the size and radial distributions, respectively.
If the dust dynamics is governed solely by collisions and radiation forces, the

spatial distribution can be shown to be given (Trulsen and Wikan, 1980) by

g(r,2) = Ayr e, (15)

where the radial index would be 1 for Poynting-Robertson force alone but greater
than 1 if collisions are included. We set the radial index to 3/2. The size distribution
should be typical of a collisional system (Dohnanyi, 1969). Thus we consider

fle) =A,87° (16)

We normalize these distributions by taking

4 S
My = 5nd 4, J S3f(s) ds, (17)
3 s,
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where Mp,, is the total mass of dust, and 4, and 4, are constants.
Setting Q,,. to unity, we estimate the temperature, 7, from (4) to be 42 K After
normalization, the calculated brightness at 100 microns is given by

9(7er)MDust
6n3?ds,, r3?ri?

1,(100 pm) ~ - In(S, /S,,). (19)

The largest particle size will be taken as that surviving Poynting-Robertson drag over
10° yr, or about 1 cm. Radiation pressure will effect particles with a small complex
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index of refraction such as the dust debris of dirty ice. Particles smaller than 0.1
micron will be blown away (Burns et al., 1979). For a belt of dirty ice dust located
between 40 and 50 AU, the brightness will be

1(100 pm) ~ 10~ Mp, (M Jz/sr). (20)

The average brightness at 100 microns is = 57TMJz/sr (Hauser et al., 1984), which
implies that Mp,, < 10% grams. For a uniform distribution, this implies a spatial
density of ~ 1072° gm cm 2, about 1000 times that at 1 AU (Grun ef al., 1984). The
zodiacal cloud has a collisional lifetime of about 10° yr. Since this time is inversely
proportional to the number density of the collisional dust, this annular ring would
have a lifetime of about 100 yr. Ten comet collisions per year would supply only
10" grams; thus dust debris which meets the IR constraints would be seriously
depleted in a short time. A more detailed calculation of catastrophic collisions
(Dohnanyi, 1969) produces as much as 10" gm sec™!, which shortens the dust
lifetime.

6. Conclusions

Comparison of the spectra in Figure 1 suggests that it may be possible to detect a
comet belt by examining the diffuse IR emission in the ecliptic plane, and that the tail
of the zodiacal brightness curve would not swamp the measured data. However,
because of the number of free parameters in the problem, it is difficult at this time to
draw any definitive conclusions. Nature could conspire to hide the proposed comet
belt by placing the inner boundary far enough out of the solar system that its
brightness becomes quite small. If most of the mass of the cloud lies too far away it
will become too difficult to distinguish between radiation from a cometary cloud and
the cosmic microwave background. If the cloud mass is small enough, the smooth
galactic component will dominate.

The inner edge of a comet belt having a power law distribution may be indirectly
detectable. If the number of collisions per year is not so excessive that catastrophic
grinding shortens the dust lifetime, Poynting-Robertson drag may supply a compo-
nent of the small particle population in the outer solar system. Thus dusty ice from
the comet belt may be a source of the ice meteoroids hypothesized by Zook (1980)
from data by Humes et al. (1974).
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