Rubincam 3/22/17

Lack of Low-mass Meteoroids in
the Earth’s Meteoroid Flux:

Due to Space Erosion?

by

David Parry Rubincam

Geodesy and Geophysics Laboratory, Code 61A
Earth Sciences Division
NASA Goddard Space Flight Center
Building 34, Room S280

Greenbelt, MD 20771

voice: 301-614-6464
fax: 301-614-6522

email: david.p.rubincam(@nasa.gov




Rubincam 3/22/17 2

Abstract

The Earth’s cumulative meteoroid flux, when plotted on a log flux vs. log mass graph,
has a shallower slope for meteoroid masses less than ~2.5 kg compared to those with
masses greater than ~2.5 kg, indicating a lack of low-mass objects. The lack may be due
to a few centimeters of space erosion in a single population, rather than being due to two

different meteoroid populations as proposed by Halliday et al. (1996).
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1. Introduction

Halliday et al. (1989, 1996) show the Earth’s cumulative meteoroid flux N(>M) as
a function of meteoroid mass M on a log-log plot, where N(>M) is measured in number of
fireballs per Earth year. The plot of Halliday et al. (1996) (AA in their Fig. 1) for
asteroidal meteoroids in the range 10" kg < M =< ~10 kg is shown here as the heavy
broken line in Fig. 1. The plot is a straight line for masses between ~2.5 kg and 10 kg,
and another straight line but with a shallower slope for masses between 10" kg and ~2.5
kg. (Bland and Artemieva (2006, their Fig. 1) show Halliday et al.’s data as the upper part
of their curve.) The dashed lines in Fig. 1 extend Halliday et al.’s straight lines beyond
their data.

Halliday et al. (1996) believe that the change in slope is real, indicating a lack of
meteoroids at low mass. They suggest that the break in slope is due to two different
meteoroid populations.

The present paper suggests instead that the change in slope is caused by space
erosion within a single population. The erosion of meteoroids from the ceaseless impacts
of interplanetary dust is an old topic (Whipple and Fireman, 1959; Fisher, 1961; Whipple,
1962; Schaeffer et al., 1981; Hughes, 1982; Wieler and Graf, 2001, p. 227; Welten et al.,
2001; Rubincam, 2015; Wiegert, 2015).

Two simple models of space erosion are investigated here. Both models show a
bend in the cumulative flux curve near 2.5 kg, with erosion in the range of 0.025-0.050 m

fitting the data fairly well; in other words, erosion of a few centimeters.
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2. First space erosion model

The meteoroid mass distribution f{M) due to mutual collisions is initially taken to

be
fo
M)YdM = L dM
fM)d Mzd (D)

without any erosion having taken place. Here f; is a constant and M is the meteoroid
mass. Dohnanyi (1969) derives 1.837 as the exponent on M, but this is rounded up to 2
here for ease of analytical integration. Moreover, integrating (1) to get the cumulative
flux gives a slope of —1, which agrees with the slope of Halliday et al.’s (1996) data for
the more massive meteoroids (rightmost heavy line in Fig. 1).

The meteoroids are assumed to be stony and spherical in shape so that
M = 47pR°/3, (2)

where p = 2800 kg m™ and R is the radius. In (2) the meteoroid’s radius shrinks from

abrasive space erosion (Gault et al., 1972) with time according to

R=&—mp, (3)
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where R, is the meteoroid’s radius at time 7 = 0 and R is the rate at which the radius
changes with time. Rubincam (2015) indicates that R is constant for an unchanging dust
environment. The constancy of R is assumed here. (See also Rubincam submitted,
2016).

The first model assumes that erosion takes place only after the distribution (1) is
established. For instance, collisions with little erosion produce (1) in the main asteroid
belt and then all erosion taking place on the way to Earth, as resonances pump up the
meteoroids’ orbital eccentricities (Gladman et al., 1997). The first model further assumes
that all meteoroids suffer the exact same erosional change in radius AR before reaching

Earth with radius R. The cumulative distribution will then be

w1 3\ noost
M) = aM=A || (4
N1(> ) AOfM Mzd A0(4ﬂp) ( Ep)fR (s+—)6ds

4

(3l

after using dM = 4mpRs’ds and setting ¢ = AR/R. The integral is evaluated with the aid of
Gradshteyn and Ryzhik (1980, p. 58).

The result for AR = 0.025 m = 2.5 cm is shown as squares in Fig. 1, where the
amplitude 4y has been adjusted so that the squares approximate the straight lines. The
squares show a bend in the curve at M = 2.5 kg as in Halliday et al. (1996) and follow the

two solid lines quite well over the range of their data. The squares also follow the 1/M
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law for large masses, because ¢ — 0 as R — « in (4). At low masses beyond the range of

the data, the slope becomes shallower and shallower.

3. Second space erosion model

Like the first model, the second model assumes that space erosion takes place

only after (1) is established. Unlike the first model in which each meteoroid eroded by the
same amount AR, the second model assumes that some percentage of masses in the range
R + AR, to R + AR, shrink down into the range R +* dR/2, where AR, and AR, are
constants. This is illustrated in Fig. 2. In the upper grey region, a certain fraction k of
meteoroids with radii between R + AR, and R + AR, shrink down to radius ~R, as shown
in the lower grey region. The same k is assumed to hold for all meteoroids at all radii.
The numerical value of x is unimportant; it is absorbed into other constants as shown

below. The number of meteoroids in dR is proportional to

2
| 3 R+AR, §° 3 1 1
[ —am = 4ap) [ =ds= - - (5)
MM 4o R+ARy g 4mp ]| (R+AR)) (R+AR,))
The cumulative flux for all meteoroids between radii R and R, is proportional to
Ry 1 1 1 1 1
f 3 3 =5 2~ 2| (6)
F1(R+AR) (R+AR)) 2| (R+AR)" (R,+AR))
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Hence

N2(>M)z(%)

11 =t%R)
(1+¢,) (+c¢,) M

1 1 ] o

(I+c) (+c,)

assuming R, >> R. Here 4; and A, are constants which k is absorbed into, while ¢; =
AR,/R and ¢; = AR,/R.

The circles in Fig. 1 show the results for AR, = 0.025 m and AR, = 0.050 m, while
the crosses are for AR, = 0.050 m and AR, = 0.100 m. As with the squares, 4 is adjusted
so that both the circles and the crosses approximate the data. And as with (4), (7)

approaches the 1/M law as the masses become large: as R — o, the right side of (7) tends

to
AR o : zz/%RO—Zq—1+h5).
M |(1+¢) (+c¢)’| M

=%RF&_A&%A4EEj§q. ®)

M \ R R M

Also like the first model, the slope becomes shallower and shallower as M — 0.
4. Discussion

The two simple models suggest space erosion may be in the range of 0.025-0.100

m. How do the above results tally with the erosion rates found in Rubincam (submitted,
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2016)? For meteoroids in prograde circular orbits, a meteoroid’s radius erodes at the rate

R, due to impacts from the retrograde dust population (Wiegert, 2015). The rate of

retro

shrinkage is approximately

R

retro

3 512
=0.0074(0—2)(2800 Kgm )(3AU) mMy~ | 9)
) 0 a

where a is the meteoroid’s orbital semimajor axis, s is the fraction of dust in retrograde
orbits, and p is the meteoroid’s density. Nominal values are taken to be s = 0.5 (Wiegert,
2015) and p=2800 kg m™.

Meteoroids will be in elliptical orbits while on their way to Earth, and not in
circular orbits as assumed in (9). However, using a = 2 AU in (9) probably gives a
reasonable estimate for the overall erosion rate. Using this value for semimajor axis in (9)

gives a change in radius
AR=02m (10)

after a meteoroid lifetime of 107 y. This is somewhat greater than that found above, but
seems reasonably in line with the results found here.

The two models investigated here are crude, but they are suggestive. Both indicate
that abrasive space erosion of a few centimeters within a single population may be the
reason for the change in slope near 2.5 kg in the cumulative meteoroid flux, rather than

being due to two distinct meteoroid populations. Furthermore, both models predict a
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further flattening out of the slope at lower and lower masses beyond the scope of
Halliday et al.’s (1996) data. How much these features would change with a more

sophisticated model remains to be seen.
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Fig. 1 Cumulative asteroidal meteoroid flux N(>M) at the Earth, where M is meteoroid
mass. The heavy broken line for 10" kg < M < 10" kg is the data of Halliday et al. (1996,
curve AA in their Fig. 1). The dashed lines extend the broken line to lower and higher
masses. The squares are for the first space erosion model, which assumes all meteoroids
erode by the same amount AR = 0.025 m in radius before reaching Earth. The circles and
crosses are for the second erosion model, which assumes some meteoroids with radii in
the range R+AR, - R+AR, erode down to R. The circles are for AR, = 0.025 m, AR, = 0.05

m, while the crosses are for AR, = 0.05 m, AR, = 0.10 m. The amplitudes in both models
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are adjusted so as to approximate the Halliday et al. (1996) data.
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Fig. 2 Schematic diagram illustrating the second space erosion model. Radius R is
represented by the vertical line. Some fraction x of the meteoroids with radii between
R+AR, and R+AR, (spheres in the upper grey area) erode down to the range R + dR

(lower grey area). The same fraction k applies to meteoroids of all radii.



