2.1.5 FLUX OF HYPERBOLIC METEOROIDS

J.S. Dohnanyi )
Max-Planck-Institut fiir Kernphysik, Heidelberg/F.R.G.

Abstract

The production of hyperbolic meteoroids by inelastic collisions
between meteoroids is estimated. It is found that, under reasonable
assumptions, the calculated flux of hyperbolic meteoroids agrees with
satellite data and with lunar microcrater distributions.

We have therefore obtained independent theoretical support for Zook
and Berg’s (1975) B-meteoroid hypothesis and for Fechtig et al. (1974)
suggestion that submicron lunar microcraters are produced by
B-meteoroids.

I. Introduction

Recent measurements (cf. Fechtig, 1976, for a review) by the Pioneer
8 and 9 satellites led Berg and Grin (1973) to conclude that a
substantial flux of micrometeoroids in hyperbolic orbits originate

in the region of space between the sun and earth’s orbit (also cf.
McDonnell, Berg and Richardson, 1975 and Griin, Berg and Dohnanyi,
1973). Zook and Berg (1975) and Zook (1975) have discussed the origin
of these particles which they named B-meteoroids. Whipple (1976) has
discussed the occurrence of these particles and given further support
to the hypothesis that these particles are being expelled from the
solar system by radiation pressure.

We shall, in this paper, quantitatively examine the dynamics of the
population of these particles as they are produced by inelastic
collisions between larger "parent" particles. It will be found that
with reasonable assumptions, Zook and Berg’s (1975) hypothesis is in
good quantitative agreement with predictions from an analysis of
meteoroidal collisions.

II. B-Meteoroids

When two meteoroids, in elliptic orbits, collide with each other, a
number of fragments will be produced. Many of these fragments will be
so small that the force of radiation pressure will be significant
compared with the gravitational atftraction of the sun. The particle
velocity will, in almost every case, be comparable to the velocity

of the larger parent object (ef. Gault et al., 1963 and Eichhorn, 1976,
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for a discussion of the ejecta velocity distribution). Diminishing the
effective attractive force of the sun by the repulsive radiation force
will also diminish the magnitude of the solar escape velocity of the
effected particles. In the extreme case, for example, when the re-
pulsive force of radiation préssure equals the attractive force of
gravity, no net force at all is acting on the particle and, in that
case, even the slightest speed relative the sun would cause it to
escape from the solar system. It then follows that, for sufficiently
small fragments, the velocity of the parent object exceeds the solar
escape velocity of the fragments and the latter will be expelled from
the solar system (¢f. Dohnanyi, 1970, 1972). This process has
originally been suggested by Harwit (1963) and the resulting fragments
in hyperbolic orbits have been named B-meteoroids by Zook and Berg
(1975).

III. Distribution of Parent Objects

In order to estimate the flux ¢f B-meteoroids, it is necessary to
estimate the space density and veloelty distribution of the parent
objects.

Inclinations: The distribution in inclinations of meteoroids will be
taken to be similar to that of photographic meteors reduced by
MeCrosby arid Posen (1961).

The following rough approximation to the density of inclination will be

adequate for our purposes:

(1) £, (1)di = 2,36 exp [-7.2 i/r]ai, O £
= Q B i

T/2
T/2

where £, (1)dl is the relative number of meteoroids having an in-

v N

clination in the range o6f 1 to i + di radians; fi (i) is normalized
to 1.

Impact Speed: The relative speed V of a particle having a helio-
centric velocity V relative to another particle with a heliocentric
veloclty W 1is

(2) V= T -W2 =TI+ |W[E - 20W

where the last term on the right-hand side of eq. 2 is the ordinary
inner product. For sun axes we shall use the radial, transverse and
z-coordinate axes where the z-direction is perpendicular to the ecliptic.
Using well-known relationships (cf. e.g. Handbook of Chemistry and
Physics), V2 can be expressed in terms of the orbital elements of the
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colliding particles and the distance from the sun.

We then assume that most collisions between 1 AU and the sun occur
near perihelion and expand V2 in the neighbourhood of the particles’
perihelion passage. The resultant formula is then weighted and
averaged using the McCrosky and Posen (1961) meteors. The result for
the radial dependence for the root mean square (RMS) value of relative
velocity is

&) [ —v, w59

where VO is the RMS value of the relative velocity at 1 AU from the sun
and r is the distance from the sun in AU.

Spacial Distribution: In order to estimate the number density of

particles as a function of distance from the sun we shall assume that

£(m) dm r~P R,£r

=0 r < RO

(#) f(m, r)dm

where f£(m, r)dm is the number density of pdrticles in the mass range
m to m + dm, at a distance r AU from the sun, b is a parameter and Ro
is the cut-off distance from the sun; within a distance Ro from the sun
all particles are assumed vaporized or otherwise destroyed by heat so
that the meteoroid population is taken to be negligible in that region.

For f(m)dm, we take (Dohnanyi, 1973)

(5) f(m)dm = A, m-11/6 dm m 10—10 kg
= 8, 2 am m 10710 kg
where
(6) A, = 1.36 x 10712
_ 1020/3
Al =10 AO'

IV. Collision Dynamics

In order to estimate the number density of fragments produced during
collisions, we shall use a method based on experimental results by
Gault et al. (1963) and discussed earlier by Dohnanyi (1969).
Accordingly, we take for the ejecta spectrum

(7) gy (m)dm = H(M)m-ndm

where gM(m)dm is the number density of fragments produced when an
object having a mass M is catastrophically disrupted. H{(M) is obtained
from the conservation of mass requirement:
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M
(8) M= H(mM) S P+l gy
U',
where Mb is the mass of the largest and p’ is that of the smallest

fragment and Y) is a constant. Eq. 8 can then be solved for H(M) in
" terms of M, My, W’ and O.

Following Dohnanyi (1969,10,12) we take

(9) M=Am
where
(10) A=.57v°

where the collision speed V is in km/sec.

The mass of the smallest projectile, M_, capable of catastrophically
disrupting the target mass M is taken to be (Dohnanyi, 1970)

(11) M= M/

p
where

(12) ¥

With this notation, the production rate (per second and per cubic

It

250 V2, where V is in km/sec.

meter) of fragments in the mass range of m to m + dm, due to cata-
strophic collisions between larger masses (M and Mg) is:

(13) g(m, r)dm = K(2-9) @-Dﬁp—e dm -
0 M
'SM K P (stn) (0 2,V 2) B =2 (1) 2 ()20
m/A

where £(M) is given by Eq. 4, 5 and 6 and where (in standard units)

(1) k=0 fapy

where p is the average material density of the colliding objects and

V is the average impact speed. For fragment mass ranges of our inter-
est, the contribution to g(m)dm of erosive collisions can be shown to
be minor (cf. Dohnanyi, 1969, 1970) for distributions of parent objects
given by Eq. 5.

When the integral in Eq. 13 is properly evaluated, and only the
dominating terms retained, we obtain for the number of fragments
produced per unit volume and unit time in the mass range m to m+dm
and a distance r from the sun,
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(15) e(m ram . k@-PAT2 42 P20 an x (27)

2.5-9.~1.14 2 6 6 1/6 ol
where '{T g A g - A T

(16) b= 10719 g

is the mass corresponding to the point where a break occurs on a double
logarithmic plot of the mass-flux curve (cf. EQ. 5). The dominating

contribution to this expression is the production of fragments when a

projectile with a mass smaller than 10"1O kg catastrophically collides

10

with a target object having a mass greater than 10 " “kg.

V. Flux of Fragments

When the fragment production per unit volume 1s integrated over a
sphere of radius r with the sun at the centre, we obtain the total
number of these particles, produced in this volume, every second. When
these fragments are B-meteoroids, then division of this production
rate by a surface element atr would also give the flux of these 8-
meteoroids through the surface element.

It was shown (Dohnanyi, 1970, 1972) that fragments having a mass of
about 10-9 kg will become B-meteoroids if the orbit of the parent body
is highly eccentric (e > .9). For parent orbits with smaller
eccentricities the limiting fragment size for hyperbolic orbits (B-
meteoroids) becomes smaller; for parent objects in circular orbits the
maximum fragment mass of the B-meteoroids is about 10'1}+ kg for a
material density of 1O3 kg/m3 and 10'15 kg for a material density of

3 x 103 kg/m3. We may therefore assume that most fragments having a
mass smaller than 10"15 kg will become B-meteoroids. We shall, in what
follows, assume that all fragments under consideration are B-meteoroids
and estimate their flux using our model.

We now proceed to calculate the flux of fragments. We use the ex-
pression g(m, r)dm, Eq. 15, for the production rate, per unit volume,
of f-meteoroids in the mass range m to m+dm at a distance r from the
sun. We substitute the expression Eq. 14 for K, expression Eg. 12 for
] , expression Eq. 10 for/\ and thus we obtain the explicit functional
dependence of g(m, r)dm on the average impact velocity, V. We now
employ the relationship between V and r: we estimate V with the
formula Eq. 3, i.e. we let

(17) vV 4["25?F?§: =V, p~ 559
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as given by Eq. 3 and hence obtain the explicit dependence of g(m,r)dm
on the distance from the sun, r.

The total number of fragments produced per second in a spherical volume
with radius r and in a mass range m to m+dm is '

r T 2T 5
(18) h(m,r)dm = dm S dRr j di S ag g(m,R) R fi(i) sin 1 di
' R, o o

where R is defined by Eg. 4.

The flux of particle fragments in the mass range dm, at a distance r
from the sun and per unit area in the ecliptic (i = 0) is then

(19) g(m,r)dm = Eﬁm;z%ém £, (o)

T r
where fi(i) is defined in Eg. 1.

The cumulative flux G of these particles having a mass m or greater is
then readily obtained

oQ
(20) G(M,r) = S g(M,r)dm
m
The result for the flux at 1 AU and = 5/3 is:
-18 ;.2 R 1.882-2Db
(21)  G(m,1 AU) = 2 x 10 — Vo [1 - (E%) ]m'g/j, M.X.S.

where we have expressed the cumulative flux of fragments per mgsec
having a mass of m kg or greater as a function of the parameters Vo’
Ro and b. This expression is also an upper limit for the production
of B-meteoroids because this flux also includes the contribution to
the flux by meteorolds in bound orbits.

In Table 1 we list the numerical value of G(m, 1AU) for m = 10-15 kg
and for a number of values of the parameters RO, b and Vo‘ It can be
seen, from Table 1, that the largest fluxes of B-meteoroids are
obtained when b is large and RO small. This happens because for large
b the concentration of particles near RO is large compared with
smaller values of b and furthermore, the closer we are to the sun, the
faster are the collision speeds and hence, the more destructive are
the collisions.

The expression for the flux of B-meteoroids Eq. 21 can naturally be
evaluated for a large number of other reasonable values of the various
parameters. Table 1, however, provides an adeguate indication of the
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Table 1. Values of the flux of fragments G(m,1 AU) for m = 10715 kg
in units of particles per (meter2 sec 2T sterad)

R, = -02
\\\\io 10 20 4o
b
0 5.5 x 1077 2.2 x 1070 8.7 x 1070
1.0 5.1 % 1o'6 2.0 x 1072 8.2 x 1072
2.0 1.9 x 10772 7.7 x 1072 3,1 x 1071
R, = -0k
VO
b
0 5.5 x 1077 2.2 x 1070 8.7 x 1070
1.0 4.0 x 1070 1.6 x 1072 6.4 x 1072
2.0 4,5 x 107" 1.7 x 1072 7.1 x 1072
R, = .1
\\Z-o
b
0 5.4 x 1077 2.1 x 10°° 8.6 x 107°
1.0 3.9 x 1070 1.5 x 1072 6.2 x 1072
2.0 6.3 x 1072 2.5 x 10°F 1.0 x 1072

sensitivity of the flux to the values of the parameters used. We shall
employ, in what follows, a value of 7 = 5/3 because it is within the
range of values obtained experimentally and because it will provide

a slightly better fit to the lunar data than the slightly higher value
of q = 1.8,

VI. Distribution of Lunar Microcraters

We shall now attempt to express lunar microcrater frequency data as a
function of the mass of the projectile objects and compare it with
our results for the flux of B-meteoroids Eq. 21. This will then enable
us to verify, in some detail, the suggestion of Fechtig et al. (1974)
that lunar craters smaller than 1 micron are produced, mainly, by 8-

meteoroids.
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We use the results of Fechtig et al. (1975) for the composite relative
crater cumulation frequency, Fig. 1. Using Mandeville and Vedder’s

oS = e s e 0 S 1 Y 1 A O A (1971) calibration, (also
" E Js

- il e 18 cof. Fechtig et al., 1974)

- S 155273 ‘ .
o JEemy a5 um ¢ Sevwcor e 73 _| we convert crater sizes

- o 60502174 —

C o 024,84 24um 3] to projectile masses

° ‘xiov:i:‘ BT ESUT s om ot 1872
4' 5 laeay  Damce s 7 using the relation

b o)

+ 15286.11 10 um  Brownles et al., 1972
(Average)

TTT]
L

(22) M = 1.88x10" D72

where M is the mass of
the projectile, in kg, D
is the crater diameter
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1’ w©° 10! 10? 1©° 10°? ;s .
Crater Diameter (Central Pit) Dp (um) the similar break in the
Fig. 1 meffgr01d flux curve at
Compilation of microcrater measurements from 10 kg; (cf. Eq. 5) we
Fechtig et a2l. (1975). Frequencies are can then compare the
normalized; absolute frequency contains an .
arbitrary factor. lunar microcrater data

with satellite flux data
and with the results of our calculation. The result is Fig. 2 where
we have plotted the model incoming flux, the cumulative frequency of
lunar microcrater producing particles and our calculated results for
the flux of B-meteoroids.

It can be seen from Fig. 2 that reascnable values for the parameters
in Eq. 21 will provide estimates of B-meteoroids in good agreement
with satellite data.and with the flux curve derived from lunar micro-
craters. We have therefore provided independent theoretical support
for Fechtig et al. (1974) suggestion.
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VII. Conclusion

The present study shows that using reasonable assumptions regarding
the values of the physical parameters employed, disruptive collisions
between meteoroids accompanied by fragmentation will produce a flux

of B-meteoroids in agreement with satellite and lunar microcrater data.
We have therefore provided independent theoretical support for Zook
and Berg’s (1975) hypothesis of B-meteoroids and to Fechtig et al.
(1974) suggestion that lunar microcraters smaller than 1 micron are
produced mostly by B-meteoroids.
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