Q_e“”&

R
4ope

;f Kobe University Repository : Kernel

PDF issue: 2025-06-24

Study of impact ejecta from small bodies in the

solar system

Yamamoto, Satoru

(Degree)
Bt (EZF)

(Date of Degree)
1999-03-31

(Date of Publication)
2015-06-11

(Resource Type)
doctoral thesis

(Report Number)
1907

(JaLCDOI)
https://doi.org/10.11501/3156308

(URL)
https://hdl. handle. net/20.500. 14094/D1001907

X HAVT VY RMPFRZOZMERTY. BNER - TEFASZELEY. ZEEETROON TV ZEENT, BIICTRACEIW,

\j].\i\'l:lihl'['\'
AN



LA

Study of impact ejecta from small

bodies in the Solar System

SRk 1 141 H
K2R H AR IR

A B

Satoru Yamamoto



[mee3

Study of impact ejecta from small
bodies in the Solar System

CKB R /NRIRIC BT B HRBIG B K OER KD OB

Satoru Yamamoto

The graduate School of Science and Technology,
Kobe University, Nada, Kobe, 657-8501, Japan



Contents
1 General Introduction

2 Velocity Measurement of Impact Ejecta from Regolith Target

2.1 IDtroductiOn . » v v v v v o e e e e e e e e e e e e e e e e e e e e e e e e e e e e
2.2 Experimental procedure . . . ... .. ... e
2.3 Size distribution of holes . . . . . . . . ... e e e e e e e e
2.4 Velocity distribution of ejecta . . . . . . .. .. Lo oo
2.5 Comparison with extrapolation of a relation determined for low velocity ejecta . . ... ...
2.6 SUIMIMATY . « o« v v v v e et e e et e et e e e e e e

3 New Model of Continuous Dust Production from the Lunar Surface
3.1 Introduction . . . . v v o i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

3.2 Mass production rate of the lunarejecta . . . . . . ... ... o oo o ool
3.3 Production rate of the lunar ejecta as a functionofsize . ... ... .. ... ... ......
3.3.1 Minimum case: Model for comminuted grain . .. ........ ... ... ... ...
3.3.2 Maximum case: Model for intact grain . . . . . . e e e e e e e e e e e
3.3.3 DISCUSSION .+ + v v v i e e e e e e e e e e e e e e e e e e e e e e PR
34 SUIMINATY - « v v v o e e e e b et e e e et e e e e e e e e e e

4 Dust Production by Impacts of Interstellar Dust on Edgewoi'th-Kuiper Belt Objects
41 Introduction . . .« v v v v v e e e e e e e e e e e e e e e e e e e

4.2 Model ConstrucCtion . . . . . v v v i i et e e e e e e e e e e e e e e e e e e
4.2.1 Model for a hard surface of icematerial . . . . .. ... ... ... 0o
4.2.2 Model for alayer of icy particulate . . . . . . ... ..o oo

4.3 Dust production rate by interstellar dust impacts . . . . . ... ... Lo oo
43.1 Fromone EKO . . . . . . 0 i e e e e e e e e e e
432 Tromall EKOS . . . o o v i i e e e e e e e e e e e e e e e e e e e
4.3.3 DISCUSSION . « . & v v v i e e e e e e e e e e e e e e e e e e e e e e e e e e

4.4 Comparison with the dust production rate by mutual collisions of EKOs . . . ... ......

4.5 SUININATY o v v v o v e e e e e e et e e et e e e e e e e e e e

5 Sources of Interplanetary Dust beyond Neptune

5.1 Introduction . . . . . . it e e e e e e e e e e e e e e e e e e e e e e e e
5.2 Orbital elements of ejected dust grains from EKOs . . .. ... . ... .............
5.2.1 Radiation pressure . . . . . . . o o v i bt i i e e e e
5.2.2 Effect of ejection velocity of dust grain . . . . . .. ... ... ... oo
5.3 Orbital distribution of dust grains at the Jupiter crossing orbit . .. ... ... ... ......
5.4 Summary and discussion . . . . . ... ..o oo

6 Thermal Radiation from Dust Grains in Edgeworth-Kuiper Belt

6.1 Introduction . . . . . & o i e e e e e e e e e e e e e e e e e e e e e e
6.2 Temperatureof EKBdust grain. . . . . .. .. ... ol
6.3 Thermal emission from EKB dust cloud . . . . .. . ... ... o oo
6.4 Summary ................. e e e e e e e e e e e e e e e e

7 Dust Disk in Outer Solar System

7.1 IRtroduction . . & v v v e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s
7.2 Dust production ratefrom EKOs . . . ... .. ... o oo
7.3 Mass distribution of EKB dust disk . . . . . . . . . . oo o e e e

23
23
24
26
28
29
31
31

36
36
37
37
39
40
40
41
43
44
45

47
47
47
47
49
49
51

53
53
53
54
59



7.4 Thermal emission brightness from EKB dust disk
7.5 SUIMIMATY . o v v v v v v v e e e e oo e e

.........................

.........................



1 General Intro duction

Continuous bombardments of meteoroids onto airless bodies, such as the Moon or planetary satellites, result
in enhancement of dust in the vicinity of the planetary bodies and can result in formation of dust rings. The
mutual collisions between small bodies, such as asteroids or Edgeworth-Kuiper Belt objects (EKOs), provide
a significant amount of dust grains in the interplanetary space. These impact ejecta are one of major sources
of dust grains of the zodiacal cloud. This thesis is dedicated to the understanding of dynamical properties
of the impact ejecta produced by the mutual collisions of planetary bodies and by the bombardment of
meteoroids. This thesis consists of two parts. The first part (Chapters 2 and 3) is devoted to impact ejecta
escaping from the Moon (the so-called ‘lunar ejecta’). The second part (Chapters 4, 5, 6, and 7) is devoted
to the dust grains from Edgeworth-Kuiper Belt (EKB). '

Hypervelocity impacts of interplanetary meteoroids on the surface of the Moon provide lunar ejecta with
velocities higher than the lunar escape velocity (~ 2.4 km s~1). Ten meteorites identified as lunar rock have
been discovered in the Antarctic on the Earth (e.g. Warren, 1994). These large meteorites, with masses
larger than several grams, were produced by sporadic impact of much larger meteoroids. It is natural to
assume that lighter lunar micro-sized particles are more frequently ejected from the lunar surface to the
space.

In previous studies of lunar ejecta, the surface of the Moon was treated as hard rock and the velocity
distribution of ejecta from hard surface was incorporated (e.g. Alexander et al. 1984; Yamamoto & Mukai
1996). However, the real surface of the Moon is covered by regolith layer. Large meteoroids excavate deeper,
hard rock regions of the Moon. On the contrary, the impacts of small particles, which provide a continuous
flux of ejecta, produce the craters in the regolith layers. Consequently, in order to examine the continuous
flux of ejecta produced by impacts of small meteoroids rather than sporadic collisions of large meteoroids,
the data of velocity distribution of ejecta from regolith target is highly needed. In previous works, the
measurements of the velocity distribution of powdery ejecta were derived only for low velocity ejecta (<
tens of m s™!)(e.g. Housen et al. 1983; Hartmann 1985). In order to estimate the continuous flux of the
lunar ejecta, it is necessary to know the amount of ejecta with velocity higher than the lunar escape velocity
(~2.4km s71).

In Chapter 2, I performed new impact experiments onto the regolith-like layers to obtain the velocity
distribution of ejecta with velocity higher than several hundred m s~!. Spherical nylon projectile of 7.0 mm
in diameter was accelerated to about 4 km s~! by using a two-stage light-gas gun. The ejecta were detected
by thin Al foil targets of different thickness, and the resulting holes on the foil were counted to derive the
velocity distribution using an empirical formula of threshold penetration (McDonnell & Sullivan, 1992).
From the resulting velocity distribution, the total mass of ejecta with velocity higher than several hundreds
of m s—! were derived. The results were compared to a scaling formula (Housen et al., 1983) deduced from
the low velocity data of the ejecta from sand targets. It is found that, although our results of the volume of
ejecta with higher velocity lie below the extrapolation of the lower velocity data, the differences were within
about one order of magnitude.

In Chapter 3, I estimated a production rate of lunar ejecta escaping from the Moon, by using the results
obtained in Chapter 2. I found that the mass production of lunar ejecta from the particulate surface is more
effective compared with that from hard surface.

The lunar ejecta evolve their orbits under the effects of the gravitational forces by the Moon, Earth and
the Sun, mutual collisions, solar radiation pressure, Poynting-Robertson effects, and electromagnetic forces
in the Earth-Moon system. These dynamical processes depend strongly on the grain size as well as its
shape and material component. In order to study the contribution of lunar ejecta to zodiacal cloud and
interplanetary dust particles (IDPs) collected in the stratosphere of the Earth, it is important to investigate
the production process of lunar ejecta as a function of size. Therefore, in Chapter 3, I also estimated the
cumulative flux of lunar ejecta as a function of size. The size distribution of the lunar ejecta is assumed
to be related to that of the lunar soil sample (McKay et al. 1991) from the Moon. In the previous studies



based on the hard surface model (e.g. Alexander et al. 1984; Yamamoto & Mukai 1996), the maximum sizes
of lunar ejecta were estimated to be a few pm. On the other hand, for the case of regolith layers, the lunar
ejecta with radii larger than tens of ym could escape from the Moon.

The second part of this thesis (Chapters 4, 5, 6, and 7) is devoted to the dust grains from EKOs. Recently,
it has been suggested that significant dust production occurs in EKB (e.g. Backman et al. 1995; Stern 1996).
Jewitt et al. (1996) estimated that about 7.0 x 10* objects with diameters larger than 100km exist in EKB.
Duncan et al. (1995) estimated that, within 50 AU, the total number of comets in EKB is roughly 5 x 10°.
It has been proposed that the collisions between these objects provide a significant amount of dust grains in
EKB. Stern (1996) estimated the production rate of collisional debris, and predicted a time-averaged mass
supply rate of 3 x 1016 ~ 1019 yr~1, for collisional debris ranging from multi-kilometer blocks to fine dust.

In Chapter 4, I proposed that the impacts by such interstellar dust on EKOs produce a considerable
amount of dust grains. EKOs are continuously bombarded by interstellar dust grains with high relative
velocities (~ 26 km s~1). Although the amount of target material excavated by the individual impacts of
interstellar dust is smaller than the amount produced by catastrophic collisions between large EKOs, impacts
by interstellar dust grains occur more frequently and continuously. Moreover, all EKOs are bombarded by
interstellar dust simultaneously, whereas the mutual collisions of EKOs occur locally. As a consequence,
the continuous impacts by interstellar dust should provide a considerable amount of dust grains all over the
EKB. By using the flux of interstellar dust measured by the Ulysses space craft, I estimated the production
rate of dust grains by the impacts of interstellar dust grains on EKOs. I concluded that dust production
due to the impacts by interstellar dust on EKOs is a significant source of interplanetary dust grains with
radii smaller than about 10 um, at least for those far from the Sun.

In spite of the significant dust production in EKB, the existence of these dust grains coming from EKOs
has not yet been directly confirmed by observations of zodiacal light/emission or in situ measurements. Just
releasing from EKOs, the orbital elements of dust grains are immediately changed due to their ejection
velocity and solar radiation pressure on them. The dust grains taking bound orbits form the dust cloud in
EKB, and then reduce gradually their perihelion distances and eccentricities under the Poynting-Robertson
effect. Therefore, a fraction of the dust grains produced in EKB may contribute to the population of the
interplanetary dust inside the orbit of Jupiter.

In Chapter 5, the dynamical evolution and the detectabilities of EKB dust grains by in situ measurement
were investigated. Taking into account the gravitational force of the Sun, the solar radiation pressure, the
Poynting-Robertson effect, as well as the ejection velocity of dust grain, I investigated the orbital evolution
of dust grains, consisting of water-ice, released from EKOs. It is found that all dust grains with radii greater
than 1um ejected from EKOs can stay in the Solar System against the solar radiation pressure, when the
parent EKOs have eccentricities less than 0.3. At the Jupiter crossing orbit, the major part of survival dust
grains have already circular orbits because of the Poynting-Robertson effect. Consequently, I concluded that
when the grains with sizes larger than 1um on the nearly circular orbits would be detected beyond Jupiter,
their origin is the EKOs. S

In Chapter 6, I investigated the detectability of thermal radiation from the dust cloud in EKB. The
temperatures of EKB dust grains were calculated based on the model of heterogeneous icy material consisting
of small refractory inclusions embedded in icy matrix such as cometary dust. Applying the results of
temperature for EKB dust grains, we examined the thermal emission from dust cloud existing between 30
AU and 50 AU. Since the predicted thermal emission from EKB dust cloud is fainter than that of IRAS
data, it seems to be difficult to find a sign of thermal emission from EKB dust cloud in the past observations
from the Farth. On the other hand, I found that the maximum case of thermal emission from EKB dust
cloud becomes to be comparable to that of foreground zodiacal emission in far-infrared and submillimeter
wavelength domains.

In addition to EKOs between the solar distances of 30 AU and 50 AU, it is suggested that the aggregates
of planetesimals, which are too faint to detect from the Earth, must exist beyond 50 AU (Yamamoto &
Kozasa 1988). In Chapter 7, the contribution of thermal emission from the objects in EKB beyond 50



AU were considered. Furthermore, the mass distributions of dust grains beyond 50 AU were investigated
based on numerical model which takes into account grain-grain collisions and the Poynting-Robertson effect
(Ishimoto & Mann 1998). The resulting brightness of the thermal emission from EKB dust disk beyond 50
AU is fainter than the foreground zodiacal emission in infrared wavelength domain. Therefore, it seems to
be difficult to find a sign of thermal emission from EKB dust disk beyond 50 AU in the past observation.
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2 Velocity Measurement of Impact Ejecta from Regolith Target

S.Yamamoto & A.M.Nakamura
Icarus, 128, 160-170 (1997)

Abstract

We performed new impact experiments onto regolith-like layers of glass spheres to investigate the
spatial and velocity distributions of ejecta with velocities higher than several hundred m s=*. Spherical
aylon projectiles of 7.0 mm in diameter were accelerated to about 4 km s~! by using a two-stage light-gas
gun. The ejecta were detected by thin Al foil targets of different thickness, and the resulting holes on the
foil were counted to derive the velocity distribution using an empirical formula of threshold penetration
(McDonnell & Sullivan, 1992). The spatial distribution of the ejecta was also derived from the analysis of
the position of the penetration holes. The high velocity ejecta concentrated toward downrange azimuth of
impacting projectile, because of the oblique impacts of the projectiles into the targets. In order to estimate
the total volume of ejecta with velocity higher than a given velocity, the measured spatial distributions
were extrapolated to regions where no Al targets were exposed. The results were compared to a scaling
formula (Housen et al., 1983) which is based on low velocity data of the ejecta from sand targets. Though
our results of the volume of ejecta with higher velocity lie below the extrapolation of the lower velocity
data, the differences were within about one order of magnitude.

2.1 Introduction

Impacts of meteoroids on the surface of airless bodies produce dust particles, redistribute material over the
surface, and erode the target bodies. Hypervelocity impacts of interplanetary meteoroids on the surface of
the Moon provide lunar ejecta with velocities higher than the lunar escape velocity (~ 2.4 km s™1). Ten
meteorites, which have been identified as lunar rock, have been discovered in the Antarctic on the Earth (e.g.
Warren, 1994). These large meteorites with masses larger than several grams were produced by sporadic
impact of much larger meteoroids (Melosh 1984, 1985). It is natural to assume that lighter lunar micro-sized
particles are more frequently ejected than the larger meteorites. Alexander et al. (1984) have formulated a
model of cumulative flux of micron and submicron ejecta from the Moon, empirically based on an analysis
of impact experiments of rocky targets. Martian dust rings are composed of particles escaping from Phobos
and Deimos by hypervelocity impacts of interplanetary meteoroids. The number density of these dust rings
has been estimated based on impact experimental data onto rocky materials (e.g., Juhasz et al., 1993;
Ishimoto & Mukai, 1994; Ishimoto, 1996). However, the surfaces of the Moon and martian satellites as
well as asteroids are covered with regolith layers. Large meteoroids excavate deeper, hard rock regions of
such bodies. On the contrary, impacts of small particles, which provide a continuous flux of ejecta, produce
craters in the regolith layers. Consequently, in order to examine the continuous flux of ejecta produced by
impacts of small meteoroids rather than sporadic collisions of large meteoroids, data of velocity distribution
of ejecta from regolith targets is highly needed.

Juhész et al. (1993) and Ishimoto (1996) also reported the spatial density of martian dust rings for models
of the regolith surfaces of Martian satellites. However, the velocity distribution they used was based on the
experimental data onto rocky materials (See Greenberg et al., 1978). Greenberg et al. (1978) hypothesized
the velocity distribution of powdery ejecta could be represented by shifting the distribution of basalt, because
of lack of the experimental data onto regolith layers.

We now briefly review previous works on regolith-like targets. Braslau (1970) measured contours of the
expanding ejecta envelope during the first microseconds of the crater-forming process on photographs. He
found no ejecta with speed higher than the projectile speed, and he found that the velocity of the ejecta
was the highest immediately after impact. Hartmann (1985) investigated the leading edge of ejecta on films,
and the velocity distribution of ejecta of a lower range of ejection velocities (< 4 m s™1) from the spatial
distribution of the deposited ejecta. Yanagisawa & Itoi (1994) measured the velocities of ejecta from brittle
targets and sands on flash X-ray radiograph. Their measurements were also for a lower range of ejection
velocities (< 110 m s™1). Housen et al. (1983) have formulated the velocity distribution of ejecta from sand
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targets based on a dimensional analysis. Their result was expressed as Vi(> v) x v¥, with o = —1.22+0.02
being obtained for lower velocity (~ m s™!) ejecta, where v is ejecta velocity and Vi(> v) denotes ejecta
volume with velocity greater than v.

The amount of escaping ejecta depends both on the velocity distribution of excavated material and the
gravity of target bodies. From the velocity distribution of powdery ejecta derived in the previous works,
we can estimate the flux of ejecta escaping from the gravitational field of target bodies of diameter smaller
than tens of km. In order to treat larger target bodies of diameter larger than hundreds of km, however, it
is necessary to know the amount of ejecta with velocity higher than hundreds of m s~ (e.g. for the Moon,
~ 2.4 km s, and for Vesta, ~350 m s! (Binzel & Xu, 1993)). It is important to examine whether the
formula by Housen et al. (1983) can be extrapolated to the ejecta with a higher velocity.

We performed new impact experiments onto regolith-like layers to obtain the velocity distribution of ejecta
with velocity higher than several hundred m s™!. We detected the ejecta by exposing secondary targets in
a similar way to those in Asada (1985) and Nakamura et al. (1994). Secondary targets of Al foil were set
around powdery targets. A detail of experimental procedure will be described in Sect. 2.2. The analytical
procedure to obtain the flux of the ejecta penetrated the Al foil targets is described in Sect. 2.3. The velocity
distribution of the ejecta is shown in Sect. 2.4. The spatial distribution of the ejecta was derived in Sect.
9.5 from the analysis of positions of the holes on the Al foil targets. In order to estimate the total volume
of the ejecta which can penetrate the Al foil of each thickness, the data were interpolated and extrapolated
to the regions where no secondary target was exposed. Total volume of ejecta with velocity higher than
a given velocity was derived using an émpirical relation of threshold penetration (McDonnell & Sullivan,
1992). According to cratering scaling laws, the results were compared with the data of powdery ejecta with
lower velocity and the values extrapolated from the results of the low velocity ejecta (Housen et al., 1983;
Hartmann, 1985). The results and discussion are summarized in Sect. 2.6.

2.2 Experimental procedure

Spherical nylon projectiles of 7.0mm in diameter and mass 0.213g were accelerated to about 4 km s7! by
using a two-stage light-gas gun at the Institute of Space and Astronautical Science (ISAS). Targets were
soda-lime glass powders with density of 2.5 g c¢cm~3. The median diameters of the glass spheres were 50um
and 80um. The bulk density and porosity of the glass powders were, respectively, 1.4 g cm™> and 44%. The
glass spheres were put in the experimental chamber with an ambient pressure less than 1.0 Torr. Because
the gun can accelerate projectiles horizontally and the angle of repose of powders is around 30° to the target
surface (Statham 1974; Mann & Kanagy II, 1990), we performed the experiments of 30° impact angle to
the surface of targets. The experimental conditions are summarized in Table 1.

Shot No. Impact velocity Diameter of Thickness of Ambient Minimum detectable
(km s™1) target glass sphere Al foil pressure (Torr)  velocity (km s™!)
Shot 1 3.92 0um 40pm, 50um 0.9 0.60 , 0.83
Shot 2 4.08 80um 25um, T5um 0.9 031,147
Shot 3 3.70 50um 40pm, 50um 0.8 1.22, 1.68
Shot 4 4.00 50pum 15pum, 25um 0.8 0.30, 0.62

Table 1: Experimental conditions.

Five supporting panels with Al foil were set as a secondary target at a radial distance of 14cm from the
impact site of the target. Because the Al foil gets shredded without a support, the panels of acrylic resin
were used to support the thin pieces of Al foil. There are 48 apertures, each 10mm in diameter, at regular
intervals on each panel of acrylic resin (Fig. 1). We placed two pieces of Al foil with different thicknesses
on each panel bilateral symmetrically. Figure 1 shows the experimental configuration. The target surface
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Figure 1: (a) Experimental configuration and coordinate system. © and 6 are zenith angle in spherical
coordinates and incident angle of ejecta to Al foil, respectively. (b) Configuration of apertures on each panel
of acrylic resin.

component of the flight direction of the projectile defines the z axis. We define ©® and @ as zenith angle and
azimuth angle in spherical coordinates, respectively. The normal direction of the target surface corresponds
to ® = 0°,"and z axis corresponds to ® = 0° and © = 90°. Table 2 shows the detectable coverage of each
panel. v

In shot 1 and shot 2, we placed a piezo-electric sensor above the Al foil on No.4 and No.5 panels, re-
spectively. The maximum velocity of particles was directly obtained from the time interval between the
instances of projectile’s impact into the powdery target and the detection by the piezo-electric sensor.

The ejecta were detected by the Al foil targets of different thicknesses and the resulting holes on them
were studied. Ejecta with sufficient velocity penetrated Al foil, and left holes. We approximated that all
glass spheres suffer no fragmentation as will be discussed in Sect. 2.3. Microscopic photographs of the Al
foil were taken in order to measure the number density and the size distribution of holes penetrated by the
ejecta. In our analysis, an empirical relation of threshold penetration was adopted to determine the limiting



velocity of the penetrating particles (McDonnell & Sullivan, 1992),

0.476 0.134
T = 0.970D%%%¢ (£> (3’-’—’) 20701 (1)

Pt Ot

where T = f/D,, v is impact velocity [km s~1], f and D, are, respectively, thickness of foil [um] and size of
incident particle [um], 04 and o, denote, respectively, tensile strength of aluminum and the sheet material,
§ is particle’s density, and p; is foil density. In oblique incidence with incident angle of 8, we replaced v by
vsin @ according to Pailer & Griin (1980). The minimum detectable velocities by each Al foil are shown in
Table 1. Nakamura et al. (1994) estimated the error in velocity estimation by using Eq. (1) was within a

factor of 2.5.

Center of each panel Coverage Coverage

(6,2) (deg) O(deg)  O(deg)
Panel 1 (45,180) 136 to 224 36 to 58
Panel 2 (15,180) 111 t0 249 6 to 41
Panel 3 (15,0) -69to 69 6to4l
Panel 4 (45,0) 44t044 36 to 58
Panel 5 (75,0) -35t035 67 to 82

Table 2: Location and detectable coverage of apertures on panels.

2.3 Size distribution of holes

After experiments, holes with various sizes were left on each Al foil target. Figure 2 shows an example of
a perforation on the Al foil after experiments. We compared the size distribution of the glass spheres with
that of the holes penetrated on the Al foil (Fig. 3). Since the shapes of the holes were nearly circular as
described in the following, we adopted the diameter of an equivalent area circle as the penetration hole size.

The distribution of the holes is shifted to larger size from the original size distribution of the glass spheres.
When the projectile size is comparable to the thickness of target, the penetration hole size becomes larger
than that of the projectile, in general. The hole diameter is approximately a linear function of velocity of
the incident particle (see Gehring, 1970; Baker & Persechino, 1993).

Now we estimate the range of the penetration hole size, Dmin and Dmqz, by using an empirical relation
between impactor size, target thickness, impacting velocity and the penetration hole size. According to the
estimated hole size, we count only holes with sizes between D,in and Dpgue, and determine the number
density of penetration holes. It is expected that large holes are left on the Al foil due to overlapping of plural
ejecta or fragments of ricocheting projectile. Therefore, we first discuss the overlapping and the ricochet,
and then estimate the range of the penetration hole size in the following.

The overlapping probabilities of ejecta, P(c, k), where ¢ and k are, respectively, total number of ejecta
impacting on an aperture and number of overlapping particles, were calculated for particles with diameters
of 50um and 80um. Since in our experiments the maximum value of ¢ was about 500, the maximum P(c,k)
were calculated for ¢ = 500 (Table 3). The value of k£ = 0 corresponds to the case in that no ejecta overlap.
From Table 3 the maximum number of overlapping holes was estimated to be roughly about 10% of the
total number of ejecta.

Furthermore, we investigate the shape of penetration hole on the Al foil and compare the experimental
results with the overlapping probability described above in order to confirm the estimation in Table 3. The
circularity of holes on the Al foil is plotted in Fig. 4. The measure of circularity, ¢, is defined here to be the
ratio Dgjor / Dminor Where Dygjor and Dinor are, respectively, the major diameter and the minor diameter
of a penetration hole. The value of ¢ = 1 corresponds to a round hole. The distortion of penetration holes
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Figure 2: SEM image of 15um-thick Al foil after shot 4.

was due to an effect of the oblique incidence, the overlapping and disruption of the Al foil. In our analysis,
the holes of detectable disruption were ignored and were not counted. The effect of oblique impact on the
hole shape was obtained as (Barker & Persechino, 1993),

¢=1+(1/sinf—1)e™™ (2)
where 8 is an impact angle from the surface of the Al foil and A is given by the following function
A = 0.84(1-6/90°)T — 0.035) 6 > 35°

From Eq. (2) the maximum value of circularity due to the oblique incidence is calculated to be 1.3 in our
experiment. Since the overlapping caused by two particles (k=1) is dominant (see Table 3) and partial
overlapping is more probable than complete overlapping, the most frequent value of circularity due to the
overlapping is within 2.0. For the overlapping caused by two particles, the overlapping probability of the
circularities between ¢ to ¢ + d¢, denoted p(¢)de, is given by

é—1

Tp

p(¢)do = X P(c,1) (3)
where 7, is the particle’s radius. Since the probability of the overlapping increases in proportion to ¢, the
overlapping with circularities near 2.0 is more probable than complete overlapping. Thus, we assume that
all the circularities between 1.4 and 2.0 are caused by the overlapping. From Fig. 4, the number fractions
of the overlapping particles with circularities between 1.4 and 2.0, namely the overlapping probabilities, are
from 0.08 to 0.14. These values agree with the result shown in Table 3. Finally, we estimated the overlapping
probability was up to around 10%.

Gault & Wedekind (1978) reported that ricochet occurs for low-angle impacts. In this case, projectile
shattered into many small fragments and they could tear some part of Al foil. In our experiment the incident
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angle was 30° to the surface. According to Gault & Wedekind (1987) the critical value of incident angle for
sand targets is about 15° and full development of the ricochet occurs at angles less than 10°. Therefore, the
ricochet is expected to be not major source of the distorted holes in our experiments.

Some parts of the Al foil were disrupted since too many ejecta hit in one spot. In this case, the hole
becomes irregular and the circularity of the hole can be larger than 2.0. The major sources of the holes with
circularities larger than 2.0 came from the overlapping caused by more than three ejecta (k > 2) and the

disruption of foil targets.
We expected penetration hole size as follows. The relation between the penetration hole size and the

particle size was experimentally determined (e.g., Horz et al., 1993; Barker & Persechino, 1993). According
to Baker & Persechino (1993), the hole size can be fitted by an equation of the form

Dy/Dy = an + 0nv (4)

where Dy, and D, are, respectively, diameters of the hole and the particle, and v is the impact velocity of the
particle. The values of the slope oy, and the intercept o, are given by the following function of the target

thickness:

on = (0.26+0.15T)(1 — e~32T—003%))
an = 1+40.085(1— e '8T) for T < 0.70
an = 1+ 0.085—(0.313 4 0.62(T — 0.70))(T - 0.70) for T > 0.70

The equation is derived from experimental data for normal impacts of Al particles into Al foil. However,
we used soda-lime glass particles. In order to determine the hole size distribution for the impact of glass
particles into Al foil, it is necessary to know the dependency on the material of impacting particle. An
equation for soda-lime glass projectiles onto Al foil at 6 km s~! was experimentally determined by Horz et
al. (1993). Table 4 shows a comparison of the experimental data by Horz et al. (1993) with the values given
by Eq. (4) at a velocity of 6 km s™!. For low T, the hole size obtained from Eq. (4) is in good agreement
with that obtained from Hérz et al. (1993). However, for high 7', the value of Eq. (4) is larger than that
of Hérz et al. (1993). Since the counted number of penetration hole is dependent on the expected hole
size derived from Eq. (4), the difference of material of impacting particle gives the error in the counted
number of penetration holes. From Fig. 3 the number of the penetration holes derived from Eq.(4) may be
overestimated roughly by 10% at the maximum. i

The effect of oblique incidence of particles changes the hole size (Barker & Persechino, 1993). According
to Eq. (2) we replaced Dy in Eq. (4) by \/Dmajor Dminor for oblique incidence to the foil targets.

From Eq. (2) and (4) we obtained the maximum hole size, Dmaz, using the highest velocity of impacting
particles and the maximum size of the prepared glass spheres. As the highest velocity, we used the value of
3 km s~1, because the velocities obtained by the piezo-electric sensor were 2.97 km s~! and 3.15 km s~1.
As the maximum size of the glass spheres, we used 64 and 104 um for 50 and 80 um particles, respectively
(see Fig. 3). The minimum hole size, Dpin, Was taken to be 0.6 f according to the fact that the marginal
penetration limit of D/ f for Al foil was 0.6 (McDonnell & Sullivan 1992).

It should be noted that some of glass spheres can be comminuted (e.g., Cintala & Hérz, 1990, 1992). The
comminution of glass spheres gives an error in our measurement. We measured how many holes on the foil
were created by objects smaller than the nominal size of 50 or 80pm. The fraction of holes with diameter
smaller than the initial size ranges of glass spheres were from 1% to 13% (see Fig. 3). The smaller holes
are created not only by the fragments of comminuted glass spheres but also by marginal perforation of glass
spheres. Thus, we estimated the fraction of counted holes created by the fragments of glass spheres was up

to about 10%.

2.4 Velocity distribution of ejecta

We obtain the mass flux of ejecta with velocities higher than a given velocity as follows. The ejecta with
velocities equal to or higher than the minimum detectable velocity (see Table 1) penetrated the Al foil, and

13



left the holes. We get the number density of these holes in a unit area, ns, in a diameter range from D,.;n
t0 Dyaz- Then we define the true number density Nirue as

np
Nirue = 5

— (5)
A

where A and Ssp,,,, are, respectively, the area of the aperture and the total area of holes with diameter
larger than Dp,ez. The mean value of S5p,,../A was ~ 0.01. o

By using Eq. (1) and (5), mass flux of ejecta with velocities higher than v per unit solid angle, M (>
was obtained. The results are shown in Figs. 5 and 6. There were no ejecta penetrating the foil on No.1,
No.2 and No.3 panels. In addition, there were also no ejecta penetrated the foil of 75 yum thickness on the
No.4 panel in shot 2. These facts indicate that the high velocity ejecta concentrated towards the regions
with azimuth angle of -44° < & < 44°. This is due to oblique incidence of projectiles. Since the principal
change caused by increasing obliquity is a gradual enhancement of the highest-velocity components of ejecta
into downrange azimuths (Gault & Wedekind, 1978), the high velocity ejecta concentrated on No.4 and No.5
panels. The flux on No.5 panel is higher than that on No.4 panel (Figs. 5 and 6). No.5 panel was set at
higher zenith angle than No.4 panel (see Table 2). 4

It should be noted that the upturns to positive slope of mass flux distribution as a function of v are seen
in some regions on graphs of Figs. 5 and 6. On the bottom graph of Fig. 5, for instance, the mass flux is
greater at 1.68 km s than it is at 1.22 km s~1. These data sets at different velocities were not obtained
simultaneously in the same shot at the same direction, but were derived from measurements for the Al foil
of different thicknesses. For each shot there must be the statistical scatter in the experiment. It is likely
that the upturns to positive slope were due to the statistical scatter. ‘

2.5 Comparison with extrapolation of a relation determined for low velocity ejecta

Based on a dimensional analysis, the volume of ejecta with velocities higher than v is expressed by a power
law function of Vy(> v) o< v® (Housen et al., 1983). In the previous works, the power law index a was
obtained for ejecta with lower velocity. We will compare our results with the value extrapolated from this
formula. For a comparison based on the scaling law of Housen et al. (1983), it is necessary to know the total
volume of ejecta with velocity higher than v, Vi(> v). However, the particles ejected toward the regions
covered with no panels were not detected in our experiments. In addition, no data was available for the
missing regions of the Al foil (that is to say, inside the holes). The area fraction of the missing regions
due to the distuption averaged about 22% of the total area of the foil on No.4 and No.5 panels. In order
to estimate the total volume of ejecta, it is necessary to interpolate and extrapolate the flux of ejecta over

these regions.
We interpolated and extrapolated the flux as follows: The spatial distribution of ejecta was fitted by

spherical harmonics,

2
1(0,2) =) v"(0,2) o (6)
=0

where Y;(©, ®) is the surface harmonic of the first kind. The shape of spatial distribution of ejecta was
assumed to be smooth, and here we neglected the terms with [ > 3 in the spherical harmonics. Since there
were no ejecta penetrated on the foil on No.1, No.2 and No.3 panels, the flux at © = 0° was zero. Only with
this assumption, the fitting function for the hole number of the Al foil has a peak of the flux at & =~ 90°.
In this case, the extrapolation to the outside of panels can overestimate the total volume of the ejecta. At
zenith angles smaller than 41° the fluxes with @ > 69° and ® < —69° were zero. The high velocity ejecta
concentrated into downrange azimuths, as mentioned in Sect. 2.4. Therefore, we assumed that the fluxes

at ®=90° and -90° were zero.
We fit our data to Eq. (6) with these assumptions by using least-squares fitting. The results are shown
in Fig. 7. From the fitting results, we get the total volume of ejecta, Vi(> v), for the Al foil with each
thickness. It should be noted that the marginal velocity of the penetrated particles depends on the position
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of penetration on the Al foil, due to the difference in incident angle () of the penetrating particles. Since
the minimum incident angle 8 is 60°, the effect of oblique impact is sufficiently small relative to the range of
ejecta velocities. Thus, during the fitting, we assumed that the effect of the oblique incidence of penetrating
particles on the relative velocity difference was negligible.

In order to calculate the nondimensional volume of ejecta, we need to know the crater radius R. However,
the ejecta which do not have sufficient velocity to perforate the Al foil returned onto the target pile, and
then covered the crater. It was impossible to measure the crater size directly after shot. Consequently, we

derived the crater radius as follows.
According to Schmidt & Holsapple (1982), crater radius R for particulate targets was obtained from the

following relation, ,
1/3
Rgo°) Spuik (3.22ga>°-‘67
.62 = 0.847
0.6 ( 2 ( v ) = 0 )

where p, and p,x are, respectively, the density of projectile and the bulk density of sand target, U and a
are, respectively, the velocity and the diameter of projectile, and g is gravity. The radius of a crater formed
by an oblique impact, Rg is related to the radius of a crater formed by a normal impact, Rgoe

Rg = Rgoo sin'/3 8 (8)

where f is an incident angle from the surface of a sand target (Gault & Wedekind, 1978). This formula
is simplified. While it is not valid at very oblique angles of incidence of -projectile, it has negligible error
for incident angles > 30°. From Eq.(7) and (8) we estimated that crater radius Rg was from 8.1cm to
8.3cm according to the projectile’s velocity. With V(> v) and Rg, we get the nondimensional volume of
ejecta with velocity greater than a given velocity (Fig. 8). Housen et al. (1983) obtained a scaling formula
based on the low velocity data of ejecta from impact cratering experiments of sand targets. Their result
is expressed as V;/R® = 0.32 x (v/+/gR) 122002, The effect of gravity constant in this scaling formula is
not examined in the following. For comparison, the data they used are plotted in Fig. 8. Hartmann (1985)
measured the velocity distribution of ejecta from impacts into regolith. Their data was not expressed in the
scaling formula. We estimated the nondimensional form from their data. The result is also shown in Fig.
8. Our experiments were oblique impacts of projectiles into the targets. Though our results, shown in Fig.
8, lie below the extrapolation of the scaling formula based on the low velocity data of ejecta (Housen et
al., 1983), the differences were within about one order of magnitude. There is a downturn in slope for the
higher velocity ejecta in the data Housen et al. (1983) used. A line drawn through this would pass through
or underneath our data set. If we assume that the crater radii are halves of the values estimated above then
our data set will shift upward by a factor of eight. In this case the line of scaling formula of Housen et al.
(1983) would pass through our data set. These different data sets of higher and lower velocity ejecta may
be connected.

As a lower limit, the data without extrapolation for the regions covered with no panels are also shown
in Fig. 8. The total volumes of ejecta derived from the fitting are higher by a few times than the data
set without the interpolation and extrapolation. The disruption of Al foil is usually due to a large number
of ejecta. Therefore the interpolation to the missing regions of the Al foil due to the disruption led to the
major increase of total volume of ejecta. Thus, the extrapolation to the regions covered with no panel gave
the slight increase of the total volume of ejecta (see Fig. 8).

Error bars in Fig. 8 were determined as follows. The number of the penetration holes derived from Eq.(4)
was overestimated by 10% at a maximum due to the material difference between aluminum and glass, as
mentioned in Sect. 2.3. The overlapping probability was estimated to be around 10%. In addition, the
comminution of glass sphere gives an error of measurement, up to about 10%, as mentioned in Sect. 2.3.
However, these errors are sufficiently small relative to the error in the fitting of the data set. Figure 7 shows
differences between the fitting results and experimental data. The standard deviations of the differences
were factors between 1.65 and 2.86. In summary, the error in the fitting of the data set is a major source of
uncertainty in the results reported here. The error bars associated with the fitting error are shown in Fig.
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8. Because of the error in velocity estimation by using Eq.(1), the data set can shift horizontally within a
factor of 2.5 (Nakamura et al., 1994).

2.6 Summary

This paper presents spatial and velocity distributions of powdery ejecta with velocity higher than several
hundred m s~ by counting holes on Al foil exposed to the ejecta. According to the estimated hole size based
on empirical formulae, only the penetration holes were sorted out and counted. We estimated the ejection
velocity with the aid of an empirical formula for threshold penetration. The high velocity ejecta concentrated
toward downrange azimuth of impacting projectile. This is due to oblique incidence of projectiles. In order
to estimate the total volume of ejecta with velocity higher than a given velocity, the measured spatial
distributions were extrapolated to the regions where no Al foil target was exposed, and were interpolated to
the missing regions of Al foil due to the disruption. The major source of uncertainty in our results was the
error in the fitting. The results were compared with the data of powdery ejecta with lower velocity and a
scaling formula based on the data of low velocity ejecta from sand targets (Housen et al., 1983; Hartmann,
1985). Our experiments were oblique impacts of the projectiles to the targets. However, the differences
between our results for ejecta with higher velocity and the extrapolation from the results of ejecta with
lower velocity were within about one order of magnitude. These different data sets of higher and lower
velocity ejecta may be connected. In order to clarify the effects of oblique impact on the spatial and velocity
distribution of ejecta with high ejection velocity, further investigations are required.

In previous works the velocity distributions of powdery ejecta were obtained only for a lower range of
ejection velocities. These results provide the flux of ejecta escaping from the gravitational field of bodies
of diameter smaller than tens of km. This paper presents velocity distribution of powdery ejecta with
velocity higher than several hundred m s™. These velocities correspond to escape velocities of bodies with
diameter of hundreds of km to thousands of km. Consequently, our new results make it possible to derive
the continuous fluxes of ejecta escaping from the gravitational field of larger target bodies covered with
regolith layers, such as the Moon or larger asteroids.

The sizes of the Centaurs objects are tens of km to hundreds of km in diameter (Stern & Campins, 1996).
It has been suggested that Chiron, which belongs to the Centaurs groups, has thin regolith layer (e.g., Luu
et. al, 1994; Stern & Campins, 1996). These objects are considered to originate in the Kuiper belt. Thus,
our new data may provide useful information for studies of the surface evolution of Centaurs and the Kuiper

* belt objects.
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k .

0 1 2
50um particles | 0.951 0.047 0.001
80um particles | 0.879 0.110 0.007

Table 3: The overlapping probability for ¢=500. The values of k=1, 2 and 3 correspond to single (no
overlaps), double and triple impacts, respectively.

Impact particle Target thickness | Hole diameter (um) Hole diameter (um) i
diameter (um) (pm) Eq.(4) (Horz et al., 1993)
30 25 174 170
40 211 193
50 231 204
75 259 227
50 15 107 105
25 132 : 121
40 157 136
50 164 144

Table 4: Comparison of the experimental data by Horz et al. (1993) with the values given by Eq.(4) at a
velocity of 6 km s™1.
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3 New Model of Continuous Dust Production from the Lunar Surface

S.Yamamoto & A.M.Nakamura
submitted to A&A, (1998)

Abstract

We estimate production rate of lunar ejecta escaping from the Moon, taking into account probable
surface condition of the Moon, i.e., regolith layer. The mass production of lunar ejecta from the particulate
surface is more effective compared with that from hard surface. In the previous studies based on the hard
surface model (Alexander et al. 1984; Yamamoto & Mukai 1996), the maximum sizes of lunar ejecta are
estimated to be a few pm. On the other hand, our new results suggest that, in addition to micron and
submicron ejecta, the lunar ejecta with radii larger than tens of um can escape from the Moon. These
large grains from the Moon may contribute to the IDPs collected in the upper atmosphere of the Earth.

3.1 Introduction

Continuous bombardment of interplanetary meteoroids onto airless bodies, such as the Moon and Martian
satellite, results in enhancement of dust in the vicinity of the planetary bodies and can result in formation
of dust rings (e.g. Alexander et al. 1984; Ishimoto 1996; Yamamoto & Mukai 1996). Impact ejecta with
having enough ejection velocity to escape from the Moon (the so-called "lunar ejecta”) evolve their orbits
under the effects of the gravitational forces, mutual collisions, solar radiation pressure, Poynting-Robertson
effects, and electromagnetic forces in the Earth-Moon system. These dynamical processes depend strongly
on the grain size as well as its shape and material component. In order to study the contribution of lunar
ejecta to zodiacal cloud and IDPs collected in the stratosphere of the Earth, it is important to investigate
the production process of lunar ejecta as a function of size.

In previous studies of lunar ejecta, the surface of the Moon is treated as hard rock and the velocity
distribution of ejecta from hard surface is incorporated (e.g. Alexander et al. 1984; Yamamoto & Mukai
1996). Alexander et al. (1984) formulated the cumulative flux of lunar ejecta based on the results of
impact experiments onto rocky targets. Their model assumes that the size distribution of lunar ejecta was
Nesc(a) x a? where a is radius of lunar ejecta and power law index ¢ was 3.43 — 3.49, which was obtained
by impact experiments onto rocky targets (e.g. Zook et al. 1975). Namely, in Alexander et al. model, the
size distribution of lunar ejecta produced by the impacts of interplanetary meteoroids with various sizes was
assumed to be the same as that of fragments produced by a single impact of one particle. On the other
hand, Yamamoto & Mukai (1996) derived the cumulative flux of lunar ejecta from hard surface, summing
all the escaping ejecta produced by impacting particles with various sizes. Both in the models of Alexander
et al. (1984) and Yamamoto & Mukai (1996), the lunar ejecta with radii larger than a few um cannot escape
from the Moon due to their low ejection velocities.

Real surface of the Moon is covered by regolith layer. Large meteoroids excavate deeper, hard rock regions.
On the other hand, continuous impacts of interplanetary meteoroids, which provide continuous flux of lunar
ejecta, produce craters in the regolith layer. The lunar regolith has a wide range in size distribution (McKay
et al. 1991). If the size of particles in the layer is much larger than that of an impacting particle, an impact
crater is produced on individual grain of the layer. This case corresponds to the hard surface model. On the
other hand, if the size of particles at impact site is smaller than that of an impacting particle, the production
process of lunar ejecta should be investigated based on the cratering on particulate surface.

In the following, we first derive the mass production rate of the lunar ejecta both for hard surface and for
particulate surface and compare two cases in Sect. 3.2. We refer to crater scaling formulae (e.g. Holsapple
& Schmidt 1982; Schmidt & Holsapple 1982; Housen et al. 1983) and recent experimental result on regolith-
like targets (Yamamoto & Nakamura 1997). Based on the resulting mass production rate, we estimate the
cumulative flux of lunar ejecta as a function of size in Sect. 3.3. We assume that the size distribution of
the lunar ejecta is related to that of the lunar soil sample (McKay et al. 1991) from the Moon. Summary
of our results is presented in Sect. 3.4.
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3.2 Mass production rate of the lunar ejecta

Before we estimate the size distribution of the lunar ejecta from the particulate surface, it is important to
show how the production of lunar ejecta for case of the particulate surface becomes effective compared with
that of hard surface. Thus, we estimate the total mass production rate of the lunar ejecta produced by
continuous impacts of interplanetary meteoroids in this section. The results are also used to estimate the
production rate of the lunar ejecta as a function of size in Sect. 3.3.

The major part of the interplanetary meteoritic mass impacting onto the Moon is in particles of mass
10~'3kg to 10~ kg (Griin et al. 1985, Fig. 3). This means that the interplanetary meteoroids with masses
ranging from 10~'3kg to 10 'kg mainly contribute to the continuous production of lunar ejecta. The
equivalent radii range from a few micron to a few centimeter. On the other hand, the lunar regolith layer
has a wide range in size distribution (McKay et al. 1991). Therefore, the ratio of size of impacting particle
to that of grains in the impact site becomes a key factor. Namely, there are two cases of the particulate
surface and hard surface for the production of lunar ejecta by impacts of interplanetary meteoroids onto the
regolith layer. Since the mixed processes of both cases provide the lunar ejecta from the regolith layer, it
is very complicated to estimate the mass production rate of lunar ejecta rigorously. Therefore, we evaluate
the mass production rate of lunar ejecta separately both for a layer of particles (a particulate surface) and
for a hard surface.

We take that gravitational acceleration is ¢ = 1.62 m 571, the effective meteoroid density is § = 2.5 x 10°
kg m~> (Griin et. al 1985), and the density of the grains is py = 3 X 10°kg m~ (Carrier et al. 1991). The
bulk density of regolith layers p; depends on the porosity. We assume that the porosity is 0.5 (Yen & Chaki
1992) and adopt pp = 1.5 x 10% kg m~>. Substituting these values into Eq. (33) in Appendix A, the total
mass M(> v,) of ejecta with velocity higher than v, produced by an impact of particle with mass of m; is

derived,
0.833~

M(> v,) = 3.5 X 102K3(0.1500334)792C6" 3

(9)

where v; is impact velocity of interplanetary meteoroids, K3 is a constant, v = 3+e, /2, and e, is a constant
exponent. Housen et al. (1983) reported K3 = 0.32 and e, = 1.22 based on the low velocity data (~m
s~1) of experimental investigation onto sand targets. On the other hand, Yamamoto & Nakamura (1997)
measured the velocity distribution of powdery ejecta with velocities higher than several hundred m s1.
Their results of the total volume of high velocity ejecta lie below the extrapolation of the lower velocity data
of Housen et al. (1983). When we assumed e, = 1.2, we derived K3 = 0.03 by fitting the data of Yamamoto
& Nakamura (1997) to the same scaling formula of Eq.(30). The difference of K3 gives the difference of
the mass production rate of the lunar ejecta derived from Eq. (9). We define the former and the latter,
respectively, as the upper estimation and the lower estimation of the mass production rate of lunar ejecta
for the case of particulate surface.
When e, = 1.2, 0.8337/3 ~ 1. In this case, Eq.(9) can be expressed as

M(> ve) = 3.5 x 102K3(0.1500334) 792G, (10)

For the case of hard surface, M(> v, ) is derived from (37) in Appendix B,

-2
M(> v,) = 1.3 x 102y 0709} 42 (%) mi, (11)
min

where v is minimum velocity of fragments from the crater and depends on the strength of grain Y. The
velocity distribution of ejecta from rocky target has been derived from the impact experiments into basalt
targets by Gault et al. (1963). Based on the results of experiment of Gault et al.(1963), Housen (1992)
inferred vy, = 45 m s~1. In addition, Housen et al. (1983) inferred Y = 8.8 x 107 Pa for the basalt target
used by Gault et al. (1963). In this case, Eq.(11) is

M(> v.) = 0.610}*2v?m,. (12)
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Figure 9: Ratio of mass production rate of ejecta with velocities higher than a given velocity to a mass
of impacting particle for the cases of particulate surface (dotted line) and hard surface (solid line). The
dash-dotted line indicates M,,/m; for v; = 20 km s~'. The vertical dashed line indicates the lunar escape

velocity (~2.38 km s™1). i

In the analysis of flux of interplanetary meteoroids, Griin et al. (1985) assumed that the effective velocity
between different meteoroids onto the Moon is 20 km s™!. However, some of excavated material melt due
to hypervelocity impact of v; = 20 km s~!. Based on the results of O’keefe & Ahrens (1982), when v; >12
km s71, the ratio of the mass of melted material My, to m; is approximately by Melosh (1989),

M,, v?
=004 (13)
where e, is the specific internal energy for melting the target material. Substituting e, = 3.4 x 10% J kg™!
for gabbroic anorthosite (Melosh 1989) and »; = 20 km s™', we obtained M, /m; ~ 16. Substituting v; = 20
km s~! into Eqs.(10) and (12), M (> v.)/m; is calculated as a function of v, for both cases of particulate
surface and hard surface (Fig. 9). From Fig. 9, the values of M(> v.)/m; at v, = 2.38 km s7! are less by
two orders of magnitude than the resulting value of M,,/m; (dash-dotted line). This indicates that most
of the lunar ejecta escaping from the Moon melt for the case of v; = 20 km s™!. In this case, we have
no warrant for using the scaling law of ejection velocity distribution in Eqs. (30) and (35) to estimate the
amount of lunar ejecta.

According to Ahrens & O’Keefe (1977), when v; = 5 km s, the peak shock pressure is slightly lower than
the threshold pressure to induce melting. In this case, the lunar ejecta can escape from the Moon without
melting or vaporization. Zook (1975) reviews several reports of impact velocity of meteoritic material onto
the Moon based on meteor velocity observations. He reported that the impact velocity on the Moon ranges
from 2.78 km s~} to more than 50 km s~1. Although the major part of bombardments with average impact
velocity of 20 km s~! induce the melting, the impacts of v; < 5 km s~! provide the lunar ejecta without
melting or vaporization. Therefore, we estimate the production rate of the lunar ejecta at v; = 5 km s,

Substituting v; = 5 km s™! into Eqs.(10) and (12), M(> v.) is derived as

M(> ve) = 3.5 X 102K32.6"02C Vm;, (14)

for the case of particulate surface, and

M(> vo) = 1.1 x 10°v; ?m;, (15)

25



production rate of lunar ejecta

particulate surface 5.3 X106 ~ 4.9 x 1075 [kg s7]
(depending on the values of K3 and e,)
hard surface model 3.5 x 10~ 6[kg s71]

Alexander et al. (1984) model 4.8 x 1075 [kg s™'] (v; ~ 20 km s71)

Table 5: The mass production rate of lunar ejecta both for the case of a particulate surface and for a hard
surface (v; = 5 km s™!). For comparison, the result of hard surface model by Alexander et al. (1984)

(v; ~ 20 km s71) is also given.

for the case of hard surface. By using Egs.(14) and (15), we calculate the mass production rate of lunar

ejecta, P;(> esc), Where the lunar escape velocity is ve,c = 2.38 km s~1 as,

I:,t(> 'Ueac) = S/ e

tmin

f(mz)M(> ”esc)dmiy (16)

where f(m;)dm; is the flux of interplanetary meteoroids with masses between m; and m;+dm; for v; = 5 km
§~1 imap and pmin are, respectively, a maximum mass and minimum mass of interplanetary meteoroids, and
S is the total area of lunar surface. We use the mass distribution of the interplanetary flux model derived
by Griin et al. (1985). According to Fig. 3 in Zook (1975), the fraction of interplanetary meteoroids with
v; < 5 km s~! is about a few percents. For simplicity, the absolute magnitude of meteoroid flux with v; =5
km s~! is assumed to be 1% of that of interplanetary flux model with »; = 20 km s~1. Since the major part
of the interplanetary meteoric mass are in particles of mass 107*%kg to 107 kg, we set that imi; and imges
are, respectively, 107 1%kg and 10~ 'kg. We assume that the impact of interplanetary meteoroids onto the
Moon is isotropic (Griin et al. 1985) and §' = 3.8 x 10'°m?. Substituting these values into Egs.(14), (15),
and (16), the mass production rate of lunar ejecta is derived (Table 5).

The mass production rate of lunar ejecta for the case of particulate surface is higher than that of the
hard surface. Alexander et al. (1984) have estimated that the mass production rate of the lunar ejecta,
based on results of impact experiments onto rocky targets. They do not take into account melting due to
hypervelocity impacts, and used the interplanetary flux model with v; ~ 20 km s~!. While our results for
the case of hard surface model are lower than that of Alexander et al. (1984), due to our use of v; = 5 km
s~1, the maximum value of total production rate for the case of particulate surface is comparable to that of
Alexander et al. (1984). Consequently, the production of lunar ejecta from the particulate surface is more
effective compared with that for the case of hard surface.

3.3 Production rate of the lunar ejecta as a function of size

In this section, we estimate the production rate of the lunar ejecta as a function of size for the case of
particulate surface. We determine the size distribution of lunar ejecta for the M(> vesc) in Eqgs.(14) as
following.

We assume that the size distribution of lunar ejecta is related to that of the lunar surface soil. In this
study, we use three typical lunar soil samples of 71501,1 Mare, 73261,1 Massif, and 78421,1 Massif of Apollo
17 soils (McKay et al. 1991, Fig. 7.9). Some of original grains are comminuted during cratering processes
(Cintala & Horz 1990; 1992). The comminution of original grains changes the size distribution in the lunar
soil. According to Cintala & Hérz (1990), the comminuted target mass M. due to an impact of particle with
radius @ and velocity v; is given by an equation of the form

0.65
—_— —_ —_ v.
Mc —-1.2x%x 10 265.72pb 5'20(2(1)1'46]60']8}1.0'218 0.29 (pbvvtotal)o.‘ts (6‘1_) , (17)
. 9
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Figure 10: Ratio 7 of comminuted target mass to total excavated mass. Solid line, dotted-line, and dashed
line correspond to 71501,1 Mare, 73261,1 Massif, and 78421,1 Massif (McKay et al. 1991), respectively.

where the mass of excavated material pyVisiq is obtained from Eq.(29) in Appendix A, k£ and p are, re-
spectively, mean crystal size and mean grain size of the lunar soil, s is sorting of the grains (that is the
standard deviation of the size-frequency distribution) (cf. McKay et al. 1991), and C, is sound speed of the
grains. Substituting C, = 2.6 x 10°m s~ for basalt (Melosh 1989), v; = 5 km s~', pp = 1.5 X 10% kg m~3,
§ = 2.5 x 103 kg m~3, and a = (3m;/478)*/ into Eq.(17), the ratio n of M. to pyViotal is,

g Pb‘/total

= 76X 10—3k0.18”0.215—0.29m?.055. (18)

For each lunar soil sample, y and s are given in Carrier et al. (1991). The value of k¥ depends on the grains’
size. The value of k for the targets used by Cintala & Horz (1990) is ranging from 3.5 x 10~* to 2.5 x 1072
m. For simplicity, we adopted k¥ = 1073. The value of 7 is insensitive to the value of k in Eq.(18). From
Eq.(18), the value of 7 is calculated as a function of m; for each lunar soil sample (Fig. 10). The resulting
7 is ranging from 6 X 107* to 3 x 103, depending on p and s as well as m,.

From Figs. 9 and 10, we found that the total mass of lunar ejecta is smaller than that of comminuted
grains, that is M(> vesc) < M.. From Eqgs.(14), (18), and (29), the ratio { of M(> vesc) to M, is

_ M(> Ves) { 4.5 x 1072u~021 029,011 | for K3 = 0.32 and e, = 1.22.

¢ M, ]| 49x 107370202901 for K3 = 0.03 and e, = 1.2. (19)

When the value of m; ranges from 10~ 3kg to 107 'kg, ¢ < 1. I the fragments produced by the com-
minution have higher velocity compared to the ejection velocity of intact grains in the lunar soil, most of
lunar ejecta are the comminuted component. In their impact experiments onto regolith targets, Yamamoto
& Nakamura (1997) found that grains with velocities higher than a few km s~! from powdery targets are
both the original grains and comminuted fragments. Therefore, it is likely that the lunar ejecta are not only
comminuted fragments but also original lunar soil grains. Since the relation between size distribution and
velocity distribution of ejecta from regolith targets has not been investigated in previous impact experiments
onto regolith targets, it is difficult to determine how many intact grains and comminuted grains have enough
velocity to escape from the Moon. Therefore, we examine both cases of comminuted grains and intact lunar
soil grains separately. When all the lunar ejecta are from the comminuted component, the largest size of
the lunar ejecta becomes to be sufficiently smaller than that of original lunar grain, as shown in 3.1. On the
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other hand, when the size distribution of lunar ejecta is the same as that of the lunar soil samples, the larger
lunar ejecta can escape from the Moon. We consider that the former case and latter case are, respectively,
the minimum case and the maximum case of size distribution of lunar ejecta for the model of particulate

surface.

3.3.1 Minimum case: Model for comminuted grain

In this model, the lunar ejecta are produced by the comminution of grains in the regolith layer. We assume
that the fraction of comminuted grains amongst the lunar soil is independent of their size,; and that the
finer fragments produced by the comminution have higher ejection velocity. The maximum size of lunar
ejecta depends on the peak pressure loaded on the comminuted grains. Since we consider this model as the
minimum case of size distribution of lunar ejecta from the particulate surface, the grain is assumed to be
comminuted under an initial (maximum) peak pressure. In this case, the grain is sufficiently destroyed into
fine fragments and the size distribution of the comminuted fragments is well presented by single power law
distribution (Mizutani et al. 1990). The number n;(a,a;)de of comminuted fragments in radius ranging
from a to a + da is

ns(a,a;)da = C(ac)a®?da o m?dm, (20)
where C(a.) is a constant and a. is the radius of original grain before the comminution. When an impact
stress in grain is sufficiently high, the power law index approaches ¢ = —5/3 (Mizutani et al. 1990), that
is ns(a,a;) = C(ac)a™3. Assuming a spherical shape of lunar soil grain, the mass of comminuted grains is
7N (a.)da. x 4mpyal/3 where N(a.)da. is the number of grains with radii ranging from a. and a. + da. in
the lunar soil sample derived from McKay et al. (1991). By using this, the value of C(a.) is determined by

T fGcl
C’(ac)da,c/ a3a3da = a39N (a.)da., (21)
a2

where a.; and a.p are, respectively, the maximum and minimum radii of the comminuted fragments. From
Egs. (20) and (21), the number of comminuted fragment is

-3.3
wﬂ(ﬁ)dam (22)

ns(a,ac)da. = p—
C C.

The value of ac; depends on the magnitude of impact stress (e.g. Fujiwara et al. 1977; Mizutani et al.
~ 1990). According to Mizutani et al. (1990), the initial peak pressure is given by,

1 1 v
Py = §beCtvi(1 + §Stfa) (23)

where C, is bulk sound speed of regolith, s; is a constant, and £ is the parameter related to shock impedance
matching. Since the value of £ is on the order of 1 (Mizutani et al. 1990), we set £ = 1 for simplicity.
Substituting C; = 1.7 x 10°m s~ ! and s; = 1.31 for dry sand (Melosh 1989), p, = 1.5 X 10%kg m~3, and
v = 5 km s~! into Eq.(23), we estimated Pop = 1.9 x 10'°Pa. Since the comminuted grain is smaller
than impacting particle, we assume that the attenuation of the peak pressure Fp in the grain is negligibly
small and a nondimensional impact stress (NDIS) (Mizutani et al. 1990) is P; = Fy/Y. Substituting the
value of P into Eq.(34) in Mizutani et al. (1990), the mass ratio of largest fragment to original grain is
"~ 15%x 1074 for Y = 8.8 x 107Pa. Thus, assuming spherical comminuted fragment and lunar soil grain,
we got ac; = 0.05a.. We set acp = 0.1pm, because Asada (1985) detected the fine fragments with size of
about 0.1pm in his impact experiments into basalt targets. In this case, Eq.(22) is valid (a; > @c2), because
a. > 2um for the lunar soil grains of McKay et al. (1991). '

From Eq.(22), we calculated the size distribution n.(a) of fragments produced by the comminution of the

lunar soil grains as,

Qmaz emaz g3 N
nc(a) = / nf(a?ac)dac = (1'—_3/0l Mdac (24)
‘ ﬁs— 05 Qc1 — Gc2
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lunar soil sample largest size of lunar ejecta

71501,1 Mare 2 pm ~ 20 pm
73261,1 Massif 2 pm ~ 20 pm
78421,1 Massif 3 pm ~ 25 pm

Table 6: The largest size of lunar ejecta from each lunar soil sample.

where @pqy is the maximum radius of lunar soil grains. Since we assume that the size of grains in the
regolith layer is smaller than that of impacting particle for the case of particulate surface, we set amqsz = @i
where a; is a radius of impacting particle. From Eq.(14) and Eq.(24), the size distribution of lunar ejecta
Nesc(a,m;) is derived,

M (> vesc)

3
Qe n4zxpga’ ]
o c(a’)—4—da

where a.; is the maximum radius of fragments escaping from the Moon. Eq.(25) cancels the value of 77 in '
Eq.(24). Since M(> vesc) < M,, the largest size ae1 of fragments escaping from the Moon is smaller than
as = 0.05a;. Since we assume that the smaller fragments have higher ejection velocity, aey is derived by the
following relation, -

n.(a) (25)

nesc(a, mi) =

Qe 47mpga’
(= MO ved) _ Jug nele)” 5 da (26)
Mo 55 n(a) 4= da

From Egs.(26) and (19), the largest sizes of lunar ejecta for the case of a; = 0.02um (107! kg) are derived for
each lunar soil used here (Table 6). The largest sizes of lunar ejecta are about 2 pm for the lower estimation
and 20 pm for the upper estimation.

By using Eq. (25) and the flux of interplanetary meteoroids f(m;) in Eq. (16), the cumulative flux of
lunar ejecta F(a.) at the lunar surface is derived,

F(a.) = / * da / O el ma) f(mi)dm, (27)

where i, is the minimum mass which can produce the lunar ejecta with radii of a.. F(a,) are calculated
for the cases of the lunar soil samples of 71501,1 Mare, 78421,1 Massif, and 73261,1 Massif (Fig. 11).
The dotted curve and the dashed curve correspond to the upper estimation and the lower estimation of
M(> vey.) in Eq.(14), respectively. The difference of lunar soil sample (i-e., 71501,1 Mare, 78421,1 Massif,
and 73261,1 Massif) does not have influence on the results in Fig. 11 significantly. For comparison, the
cumulative flux of interplanetary meteoroids with ;=20 km s~! (Griin et al. 1985) (solid curve) and the
cumulative flux of meteoroids at v; = 5 km s~! (dash-dotted curve) are plotted in Fig .11. The cumulative
flux of submicron-sized lunar ejecta is comparable to or higher than those of interplanetary meteoroids.

3.3.2 Maximum case: Model for intact grain

Next, we assume that the lunar ejecta are the intact lunar soil grains. Since the data of lunar soil sample
have no grains with radii smaller than about 2um (McKay et al. 1991), we consider only the lunar ejecta
with radii larger than 2um. In this model, the ejection velocity is assumed to be independent of its size.
Namely, the size distribution of lunar ejecta produced by one impact of meteoroid is the same as that of
lunar soil in the regolith layer. Thus, the size distribution of lunar ejecta n.s. produced by one impact of
meteoroid is derived,

M (> Vesc)

[ N(a) s ot

N(a), (28)

nesc(aa ’ITI,,') =
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Figure 11: Cumulative flux of lunar ejecta at the lunar surface, for the model of comminuted grain. Dotted
curve and dashed curve are the upper estimation (K3 = 0.32 and e, = 1.22) and lower estimation (K3 = 0.03
and e, = 1.2), respectively. We use three typical samples of lunar surface soil of (a) 71501,1 Mare, (b) 73261,1
Massif, and (c) 78421,1 Massif (McKay et al. 1991). For comparison, the interplanetary flux model (Griin
et al. 1985) (solid curve) and the cumulative flux of meteoroids at »; = 5 km s~! (dash-dotted curve) are

plotted .
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where N(a) is given by McKay et al. (1991). Substituting Eq.(28) into Eq.(27), we calculated the cumulative
flux of lunar ejecta as a function of size for the model of intact grain (Fig. 12). We set 7, = 10713 kg in
Eq.(27). In this model, there are the lunar ejecta with sizes larger than tens of um escaping from the
Moon. The difference of lunar soil sample does not have influence on the results in Fig. 12 significantly. For
comparison, the cumulative flux of interplanetary meteoroids with v;=20 km s™! (Griin et al. 1985) (solid
carve) and the cumulative flux of meteoroids at v; = 5 km s™! (dash-dotted curve) are plotted in Fig. 12.
Although the cumulative fluxes of lunar ejecta escaping from the Moon lie below the interplanetary flux
model of Griin et al. (1985), the maximum value of cumulative flux of micron-sized lunar ejecta becomes

comparable to the interplanetary flux model.

3.3.3 Discussion

We estimated the production rate of lunar ejecta as a function of size for both cases of comminuted grain and
intact lunar soil grain separately. For the model of comminuted grain (minimum case of size distribution),
the largest size of the lunar ejecta ranges from about 2um to 20um (Table 6). On the other hand, in the
previous results based on the hard surface model (Alexander et al. 1984; Yamamoto & Mukai 1996), no
lunar ejecta with radii larger than a few pm escape from the Moon. Although we consider the minimum
case of size distribution, the largest size of lunar ejecta for the model of comminuted grain is comparable to
or greater than that for the case of hard surface.

For the model of intact grain (maximum case), the lunar ejecta with sizes larger than tens of um can
escape from the Moon. It is likely that the practical cumulative flux of the lunar ejecta lies between the
minimum case and the maximum case. However, it is difficult to predict rigorously how many intact grains
have enough ejection velocity to escape from the Moon as the lunar ejecta.

Based on the results of impact experiments onto regolith targets by Yamamoto & Nakamura (1997), we
calculated M(> v,) of Eq.(14) and M, of Eq.(17) for their results. We found that the resulting total mass
of ejecta with velocity higher than a few km s~ is smaller than the total mass of comminuted grains, that
is M(> v,) < M. at v, of a few km s™'. This is the same condition of lunar ejecta shown above. Yamamoto
& Nakamura (1997) estimated that the fraction of comminution fragments was up to 10%. Most of the high
velocity ejecta detected in their experiments were original grains from the regolith target. Consequently,
it is likely that a large number of original lunar soil grains escape from the Moon. We conclude that, in
addition to micron and submicron lunar ejecta, the lunar ejecta with radii larger than tens of ym escape
from the Moon for the case of particulate surface. _ -

Even for the impact of interplanetary meteoroids with »; > 5 km s™", some ejecta may escape from
the Moon without melting or vaporization. In this case, the contribution of the lunar ejecta produced by
impacts of interplanetary meteoroids with v; > 5 km s™! are added to the results of Figs. 11 and 12. The
presented results may correspond to the lower estimation on the production rate of lunar ejecta. Further
investigations are required to understand melting process as well as size distribution of ejecta from regolith

1

layers.

3.4 Summary

We estimated the production rate of lunar ejecta escaping from the Moon, taking into account the lunar
regolith surface. Since most of impacts of interplanetary meteoroids onto the Moon induce melting and/or
vaporization due to their hypervelocity impacts, we estimated the production rate of lunar ejecta due to the
partial contribution of meteoroids at v;=5 km s~1. The mass production rate of lunar ejecta for the case
of particulate surface is higher than that of hard surface. Furthermore, the maximum value of production
rate for the case of particulate surface with v; = 5 km s! is comparable to that of hard surface model
of Alexander et al. (1984) with »; = 20 km s~1. Consequently, the production of lunar ejecta from the
particulate surface is more effective compared with that from the hard surface.

In addition, we estimated the size distribution of lunar ejecta as a function of size for the case of particulate
surface. For the hard surface model by Alexander et al. (1984) and Yamamoto & Mukai (1996), the
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Figure 12: Cumulative flux of lunar ejecta at the lunar surface for the model of intact grain. Dotted curve
and dashed curve are the upper estimation and lower estimation, respectively. We use three typical samples
of lunar surface soil of (a) 71501,1 Mare, (b) 73261,1 Massif, and (c) 78421,1 Massif (McKay et al. 1991).
For comparison, the interplanetary flux model (Griin et al. 1985) (solid curve) and the cumulative flux of
meteoroids at v; = 5 km s™! (dash-dotted curve) are plotted.
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maximum sizes of lunar ejecta are a few um. On the other hand, for the case of particulate surface, the
lunar ejecta with radii larger than tens of um, as well as micron and submicron lunar ejecta, can escape
from the Moon.

The lunar ejecta with sizes smaller than a few pm are significantly influenced by the solar radiation
pressure (Burns et al. 1979), and some of them take hyperbolic orbits due to the solar radiation pressure.
On the other hand, the large lunar ejecta with sizes of tens of um can enter into geocentric orbits, because
the effect of solar radiation pressure is too small to change their orbits significantly. Some of these lunar
ejecta arrive at the Earth and may contribute to the IDPs collected in the upper atmosphere of the Earth.

Appendix A: Model of a particulate surface The first model assumes that an impact site on the
Moon is covered by a layer of fine particles compared to the impacting particle. In this case, the effect of
gravity dominates for cratering processes, referred to as the gravity regime (e.g. Housen et al. 1983). In
the gravity regime, the total volume of ejecta Viotar Was obtained from the following relation (Schmidt &

Holsapple 1982),

29 ; —0.506
P_b‘_’ﬁ-.l. = 0.234 (3 — ) : (29)

where g is a gravitational acceleration, v; is an impact velocity of projectile, a; and m; are, respectively,
radius and mass of projectile, and py is a bulk density of the layer of particles. The amount of ejecta escaping
from the Moon depends on the velocity distribution of ejecta and gravity. In the gravity regime, Housen et
al. (1983) formulated a scaling formula of the velocity distribution of powdery ejecta. The volume of ejecta
Vi(> ve) with velocity higher than a given velocity v, was expressed as,

W(Zave) - K, (\;’gié)—e" , (30)

where R, K3 and e, are radius of crater, a constant, and a constant exponent, respectively. The value of R
is given for a sand target from the following relation (Schmidt & Holsapple, 1982),

~1/3 \ —0.167
R = 0847 (—”i> (3'223“‘) . (31)

m; v

When we assume a; = (3m; /47r6)1/ 3 where § is a density of projectile,
B §1/3p2 ) 2167
R =0.75p; '/* (__;ﬁ) mi 833, (32)

Substituting Eq. (32) into Eq. (30), the total mass M(> ve) = psVi(> v.) of ejecta with velocity higher
than v, produced by an impact of particle with mass of m; is derived by,

0.833~

~ 61/3 2 0.167
M(> ve) = K3 X 0.757p, e0/6 (-——g'—v}—> ge"/zve—e”mi :, (33)

where v = 3 + e, /2.

Appendix: Model of a hard surface If a size of grain at the impact site is sufficiently larger than
that of an impacting particle, the impact produces a crater on the surface of individual grain. This process
should be treated as a hard surface model. In this case, the effects of material strength of grain dominate
for cratering processes, referred to as the strength regime (e.g. Housen et al. 1983). According to Holsapple
& Schmidt (1982), in the strength-regime, a crater volume V;,:q; Was given by the following relation,

—0.523 —0.709
BEYi‘f—*“—’ = 0.457 (—6—) ( Y ) : (34)

2
m; Pg dv;
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where Y is a target strength and p, is a density of target grain. The amount of ejecta escaping from the
Moon depends on the velocity distribution of ejecta, as mentioned above. In the strength regime, the volume
of ejecta Vi(> ve) with velocity higher than v, for basalt target can be expressed by Housen et al. (1983),

Vi(> ©e) AN
R3 e = K4 (vc "’Y.__q‘ 3 (35)

where K4 is a constant.
From the definition of V(> vmin) = Viotal,

Vtotul - K Py 2
R3 = A4 | Vmin ? 3 (36)

where v, is a minimum velocity of ejecta. From Egs.(34), (35) and (36), we obtained the total mass
M(> v.) = pyVi(> ve) produced by an impact of particle with mass of m; as,

—0.523 -0.709
) Y ve \ 72
= 0457 | — — 9
M(>v.)=0 7<pg) (&)?) (vmm) m; (37)
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4 Dust Production by Impacts of Interstellar Dust on Edgeworth-
Kuiper Belt Objects

S.Yamamoto & T.Mukai
A&A, 329, 785-791 (1998)

Abstract

We estimated the production rate of dust grains by the impacts of interstellar dust grains on Edgeworth-
Kuiper Belt objects (EKOs): In this scenario, the impact ejecta become interplanetary dust particles with
radii smaller than about 10 um. If the EKOs have hard icy surfaces and there are ~ 10'2 of these with
radii >0.1 km, the total dust production rate over the entire Edgeworth-Kuiper Belt ranges from 3.7 x 105¢
s~! to 2.4 x 10°g s~!, depending on the adopted minimum ejection velocity (10 em s™* ~10° cm s71).
If the surfaces of EKOs are covered by a layer of icy particulates with radii smaller than those of the
incident dust grains, then the total dust production rate is enhanced slightly to about 3.1 x 107g s™%.
Adopting the different collisional parameters used by Stern (1996), we find that the production rate of
dust grains with radii smaller than 10um by mutual collisions of EKOs is between 8.6 x 10%g s~ and
2.9 x 107g s~1. Therefore dust production due to the impacts by interstellar dust on EKOs is a significant
source of interplanetary dust grains, at least for those far from the sun with radii smaller than about 10

pm.

4.1 Introduction

Meteoroid detectors on board Pioneer 10 and 11 recorded a near constant rate of impact by dust grains,
which have moderately eccentric orbits with random inclinations, out to a distance of 18AU (Humes 1980).
Recent space probes such as Ulysses and Galileo, furthermore, detected dust grains in the ecliptic plane at
heliocentric distances between 0.7 and 5.4 AU, and in an almost perpendicular-plane from ecliptic latitude
—~79° to +79° (Griin et al. 1995a,b). Although these dust grains may originate from different sources of
interplanetary dust, the variation of the impact flux of meteoroids with heliocentric distance suggests the
existence of dust sources in the outer Solar System.

Active comets can be major contributors to these dust grains. However, since small dust grains released
from active comets are likely to have large eccentricities, most of them escape from the Solar System due to
solar radiation pressure forces (Mukai 1985). Therefore it is unlikely that active comets are a major source
of interplanetary dust at large heliocentric distances. )

Recently, it has been suggested that significant dust production occurs in the Edgeworth-Kuiper Belt
due to the mutual collisions of Edgeworth-Kuiper Belt objects (EKOs) (e.g. Backman et al. 1995; Liou et
al. 1996; Stern 1996). Jewitt & Luu (1995) estimated that about 3.5 X 10* objects with diameters larger
than 100km exist in the Edgeworth-Kuiper Belt. Observations by the Hubble Space Telescope suggest
that there are more than 2 x10® Halley-sized objects in the region (Cochran et al. 1995). Duncan et al.
(1995) estimated that, within 50 AU, the total number of comets in the Belt is roughly 5 X 10%. It has
been proposed that the collisions between these objects provide a significant amount of dust grains in the
Edgeworth-Kuiper Belt. Stern (1996) estimated the production rate of collisional debris, and predicted a
time-averaged mass supply rate of 3 x 1016 ~ 10'%g yr™', for collisional debris ranging from multi-kilometer
blocks to fine dust.

The in situ measurements by the Ulysses space craft show that the stream of interstellar grains penetrates
into the Solar System (Grin et al. 1993). In this paper, we propose that the impacts by such interstellar dust
on EKOs produce a considerable amount of dust grains. EKOs are continuously bombarded by interstellar
dust grains with high relative velocities (~ 26 km s~1). Although the amount of target material excavated
by the individual impacts of interstellar dust is smaller than the amount produced by collisions between
large EKOs, impacts by interstellar dust grains occur more frequently. Moreover, all EKOs are bombarded
by interstellar dust simultaneously, whereas mutual collisions of EKOs occur locally. As a comsequence,
the continuous impact by interstellar dust should provide a considerable amount of dust grains all over the

Edgeworth-Kuiper, Belt region.
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In Sect. 4.2, we investigate dust production under two different surface conditions. In one model the
surfaces are composed of hard icy material. In the other model the surfaces are covered by loose icy
particulate, produced by collisional resurfacing of EKOs. In Sect. 4.3 the total dust production rate over
the entire Edgeworth-Kuiper Belt is calculated by using the same size distribution of EKOs modeled by
Stern (1996). Our results are compared with the production rate of collisional debris predicted by Stern
(1996) in Sect. 4.3.3. A summary of our results is presented in Sect. 4.5.

4.2 Model Construction

We shall estimate the dust production rate of hypervelocity impacts on EKOs by interstellar dust. The
surface condition of the target is an important parameter in the cratering process. Since the escape velocity
of EKOs is small (less than about 10* cm s™'), for hard icy surfaces the effect of material strength dominates
over the effect of gravity in the cratering process. If the surface of an EKO is covered by a layer of icy
particulate (Luu & Jewitt 1996), however, the effect of gravity dominates the cratering process. Therefore,
we shall estimate the dust production rate separately for both a hard surface and for a surface covered by

icy particulate.

4.2.1 Model for a hard surface of ice material

The first model assumes that EKOs have a hard surface of ice material. In previous works, impact experi-
ments onto water ice targets were performed to investigate the crater volume (e.g., Lange & Ahrens 1987;
Frisch 1992; Eichhorn & Griin 1993). Frisch (1992) used particles with masses 7.6 x 107%g to 2.5 X 10%g
for the projectile, while Lange & Ahrens (1987) applied a particle mass of 8 g for the projectile. On the
other hand, Fichhorn & Griin (1993) used smaller particles with masses between 107g and 8 x 107*'g as
" the projectiles. The data of Eichhorn & Griin (1993) is appropriate for the study of craters produced by
the impacts of interstellar dust grains, which have an average mass of about 8 x 107*%g (Griin et al. 1993).
Eichhorn & Griin (1993) compared their results with those obtained by Frisch (1992) and Lange & Ahrens
(1987), and gave an expression for the crater volume V. [cm®], as a function of the kinetic energy Eiin [eV]
of the projectile, which holds over 10 orders of magnitude in kinetic energy:

Vip = 2.34x107PEX® x p, (38)
Erin = 0.5mv? ’ (39)

where p [g cm™3] is the density of the ice, and v; [cm s'] and m; [g] are the impact velocity and mean
mass of interstellar dust grains respectively. We assume that the density of ice targets p is 1.0 g cm ™3, the
mean particle mass of interstellar dust m; is 8 X 10~13g, and the impact velocity v; is 26 km s~1 (Griin et
al. 1993). Substituting these values into Egs.(38)-(39), we obtain,

V.p = 2.25 x 1078[g]. | (40)

Since the impact velocity is sufficiently high (26 km s71), the total mass of the ejecta is about four orders
of magnitude higher than the mass of the impacting particle.

Tt should be noted that some of the excavated material may melt or vaporize. According to Melosh (1989),
the ratio of the mass of melted material M,, to the mass of the projectile m; is given by

M, [/m; = 0.14v% [€n, (41)

where ¢,, is the specific internal energy for melting the target material. Substituting €, =2 X 10'0erg g1
for an ice target (Melosh 1989) and m; = 8 X 10~13g, we found M, = 3.8 x 107 !'g. Therefore, the mass of
the melted material is about 0.2% of the total mass of excavated material. In addition, the former is always
larger than the vapor mass by a factor of nearly 10 (Melosh 1989). Consequently, both the masses of the
melted and vaporized material are negligibly small compared to the total mass of excavated material.
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Impact ejecta with velocity smaller than the escape velocity of the target body would eventually fall back
and deposit on the surface. The amount of escaping ejecta depends on the velocity distribution of excavated
material and on the gravity of the target body. Unfortunately, the velocity distribution of icy ejecta has
not yet been investigated in previous impact experiments onto icy targets. Therefore, the amount of ejecta
escaping from the icy target bodies is estimated in the following way.

When the target is composed of hard materials, the effect of material strength dominates the cratering
process; this is referred to as the strength regime (e.g., Housen et al. 1983). According to Housen et al.
(1983), the volume V(> v.) of ejecta with velocity higher than v. can be expressed in the strength regime

by:
Vi(> o) a%
t Ve P>
———-—R3 = K4 (’Uc\/?—') (42)

where R is the crater radius, Y the target strength, K4 a constant, and o is a parameter related to energy
and momentum coupling in cratering events. By presenting the physical arguments for o, Holsapple &
Schmidt (1982) restricted o to the range 3/7 < o < 3/4. Physically, when o = 3/4, the projectile energy
is important for the crater dimensions. On the other hand, when a = 3/7, the projectile momentum is
important (Holsapple & Schmidt 1982). From the results of impact experiments, Housen et al. (1983)
reported a = 3/4 for a basalt target, and 0.51 for a sand target. The cratering process in an ice target is
expected to be similar to that for a basalt target rather than that for a loose sand target. Since the value of
o = 3/4 for a basalt target seems to be the theoretical upper limit of a, we assume that the value of a for
an ice target is equal to or smaller than 3/4. When the target body has a larger mass (e.g., the Moon), the
amount of escaping ejecta is very sensitive to the velocity distribution of the ejecta. In that case, the value
of a is a key factor. But since the majority of EKOs have low escape velocities, the amount of escaping
ejecta is not so sensitive to the value of c. Therefore in the following we adopt @ = 3/4 for impacts on hard
icy surfaces. ,
Substituting @ = 3/4 into Eq.(42), we obtained,

12 AN
= = Ko (vm,-n\/;) (44)

where Umin is the minimum velocity of the ejecta. From Eqgs.(43) and (44), we obtained,

From the definition of V;(> vmin) = Ve,

V(> ve) = Ve (2 ) o (45)

Umin
Substituting Eq.(40) into Eq.(45), we obtained the total mass of ejecta with velocities higher than the
escape velocity ves. of target body, as :

-2
Vi(> Vesc)p = 2.25 X 107 (—"—) . ’ (46)

Vmin
If we assume that the EKO with p=1¢ cm™3 has a spherical shape with radius s [cm], ves. is presented by
Desclem s71] = 7.48 x 107* x s. (47)

From the observations by the Ulysses space craft, the flux of interstellar grains f is estimated to be 8 X
10~%m~2s~! (Griin et al. 1993). Using this value and Eqs.(46) & (47), we can calculate the mass flux of
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escaping ejecta Fi(> vesc) produced by the impact of an interstellar dust particle,
Ft(> 'Ue.sc) = I/t(> 'Ueac)pf
= 32x107%° (

-2

) lesten (48)
Umin

We set minimum velocities ranging from 10 cm 5! to 10% cm s™! in Eq.(48). From impact experiments onto
water ice targets, Frisch (1992) measured velocities of ice ejecta ranging from 4 x 10? cm s™! t0 5.7 x 10* cm
s~1. Due to the detection limit of the experimental setup, the real minimum velocity could be lower than
4 x 102 ¢cm s—!. Based on her laboratory measurements, Onose (1996) reported that the minimum velocity
of ice ejecta was around tens of cm s™!. Thus the minimum velocities ranging from 10 cm s to 10° cm

s~! employed here seem to be reasonable for icy ejecta.

4.2.2 Model for a layer of icy particulate

The second model assumes that the surfaces of EKOs are covered by a layer of icy particulate. We note
that if the size of the particulate is sufficiently larger than that of the interstellar dust grain, the impact by
the latter produces a crater on the surface of an individual particulate. This process can then be treated
as the hard surface case presented in Sect. 4.2.1. On the other hand, if the layer of particulate is composed
of fine grains which are smaller than the interstellar dust grains, an impact crater will be produced in the
layer of the particulate. This case shall be examined in the following.

Gravity dominates over material strength for cratering in a layer of particulate; this is generally referred
to as the gravity regime (Housen et al. 1983). Therefore the cratering process is not sufficiently affected by
the properties of the target material. Hence we assume that the cratering process in an icy particulate is
similar to that of sand targets. o

Housen et al. (1983) formulated the distribution of velocity in the lower velocity (~ m s™') region of
powdery ejecta, based on experiments of impact cratering on sand targets. Their result is expressed as,

V;f(> vc) ( Ve )—1.22
— =032 —==
where ¢ is the surface gravity and R is the carter radius. On the other hand, the velocity distribution of
powdery ejecta with velocities higher than several hundred m s~ ! has been detected recently by Yamamoto
& Nakamura (1997). Their data are fitted by the same scaling formula to give the following relation:

‘/t(> 'Ue) Ve -1.2
55 = 0.03 (ﬁ) . (50)
In this study we estimate the impact ejecta from target bodies with radii ranging from hundreds of m to
hundreds of km, with corresponding escape velocities from about tens of cm s~ to hundreds of m s™!. The
reason why Vi(> v.) derived from Eq.(49) is about one order of magnitude higher than that derived from
Eq.(50) is unclear. This difference affects the total mass estimation of ejecta escaping from the target body.
Therefore, we use Eq.(49) and Eq.(50) separately to obtain the upper and lower estimates of the total dust
production rate from the surface of an icy particulate.

According to Schmidt & Holsapple (1982), the crater radius R in particulate targets is given by the
following:

I 15187 = 0.847 (51)

13 22
HT:R(—p“) s H2:322gr7

m; 'vi

where r is a radius of projectile. By using Eq.(47), the surface gravity is expressed as

D)
g= \/Gp—;vesc = 3.74 X 1004, (52)
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where G is the gravitational constant. Substituting Eq.(52), r = (3m; JA76)'/3, and an impactor density of
6§ =25 g cm~3 (Griin et al. 1985) into Eq.(51), the crater radius in the particulate target is:

R =0.23 x v 217, (53)

We have assumed that the porosity of particulate was 0.5 (Yen & Chaki 1992) and the bulk density was 0.5
g cm™3. Substituting Eq.(53) into Eqs.(49) and (50), the total volume of ejecta escaping from the target
body is derived. The upper estimate is

Vt(> 'Uesc) =1.3x107°x v;}:-ﬂ, (54)

whilst the lower estimate is
Vi(> vese) = 1.3 x 1076 x v L%, (55)

Substituting Eq.(47) into Eqs.(49) and (50), and using the value of f for the flux of interstellar dust grains
used in Eq.(48), we are able to calculate the mass flux of escaping ejecta by the impact of an interstellar

dust grain. The upper estimate is

Fy(> ese) = 3.2 x 107105718 g s~1ecm 2] (56)

whilst the lower estimate is _
Fi(> Vese) = 2.9 x 1071157 12[g s~1em=2] (57)

In both cases we quote the power index to 3 significant figures.

4.3 Dust production rate by interstellar dust impacts

4.3.1 From one EKO
For impacts by interstellar dust, the cross section of an EKO is assumed simply as 7s2. The hard surface
model leads to the production rate of dust escaping from one target as

Fy(> Vese) X T8 = 3.2 X 1070792 ... (58)

Thus the dust production rate from an object with a hard surface is independent of the target size s, if we
assume that the minimum velocity of the ejecta is independent of the target size (see Fig. 13). We note,
however, that for small objects (i.e. Umin > %Vesc), Vesc in Eq.(46) is replaced by vmin. As a result, the
production rate of dust escaping from a small object becomes

Vi(> Umin)of X 8% = 1.8 x 107 1%xs%. (59)

In the gravity regime, the crater volume in particulate targets V. is given by Schmidt & Holsapple (1982)
as .

I, 0559 = 0.234, (60)
Vep
II‘U — m1 2

where II, is defined in Eq.(51). From the definition of V;(> ¥min) = V. in Eq.(49), and from Egs.(47), (14),
(52) & (60), we obtained

(B 0,525 (61)
On the other hand, from Eqs.(50), (47), (14), (52) & (23),
Umin. ., 00757058, (62)
Vesc
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If 5> 10%cIm, Umin/Vese < 1 in Egs.(61) & (62). Therefore the escape velocity is always higher than vmn.
This implies that the conditions which apply to Eq.(59) do not apply for a particulate surface.
Therefore, the production rate of dust escaping from one target body is derived from Eqs.(56) and (57)

as
Fi(> vesc) X rs? =32 % 10-—101‘.30.79’ (63)

for the upper estimate, and
' Fi(> Vese) X 8% = 2.9 x 107 7508, (64)

for the lower estimate.

These results demonstrate why the dust production rate in the case of icy particulate surfaces depends
on the target radius s for all target bodies, in contrast with the two different s-dependence dust production
rates derived for the hard surface case (see Fig. 13).
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Figure 13: The production rate of dust escaping from a target body with radii ranging from 10 m to 100
km, and covered by a hard icy surface (solid line), or by ice particulate (dashed line).

4.3.2 From all EKOs

Next, we estimate the total dust production rate M; by summing the ejecta mass from one target body,
estimated in Sect. 4.3.1, over the entire Edgeworth-Kuiper Belt region. The size distribution of EKOs is a
key factor. Stern (1995, 1996) investigated the rate of mutual collisions of EKOs with radii from 0.1 km to
162 km, and predicted a total production rate of collisional debris. Since it is worthwhile to compare the
production rate by impacts of interstellar dust with that produced by mutual collisions of EKOs, we shall
adopt the size distribution model of EKOs used by Stern (1995, 1996).

Stern’s model assumes that EKOs obey a power law size distribution,

n(s)ds = NosPds (65)
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where n(s)ds is the number density of EKOs having radii between s and s+ ds, and No is a constant. Using
the two models of EKO size distribution used in Stern (1995, 1996), we estimate the total dust production
rate due to impacts by interstellar dust over all EKOs.

We note that the minimum size limit of EKOs is an important parameter in estimating the total dust
production rates, both for dust production by EKOs mutual collisions and for that by impacts of interstellar
dust on EKOs. Observations by the Hubble Space Telescope found 29 objects with radii ranging from 5 to
10 km in the Edgeworth-Kuiper Belt region (Cochran et al. 1995). Much smaller objects that are too faint
to be detected, however, may exist in the Edgeworth-Kuiper Belt. Recent works on collisional evolution
among EKOs assume the minimum radius of an EKO to be ~ 0.1 km (Stern 1995, 1996; Davis & Farinella
1997). In order to make a comparison with the dust production rate by mutual collisions of EKOs predicted
by Stern (1996), we also assume that the minimum radius of the object is 0.1 km. In addition, we adopt a
maximum radius of 162 km, which is also the same value used by Stern (1996).

Nominal model According to Jewitt & Luu (1995), there are about 3.5 x 10* QB; sized objects (> 50
km in radius) in the Edgeworth-Kuiper Belt region. As a simple power-law with 3 = —4.21, the first model
connects this population with about 10'® comets which Stern (1995, 1996) defined as bodies with radii
between 1 and 6 km.

Note that Stern (1995, 1996) uses a power law with = —11/3, and he defines the 3.5 x 10* QB; sized
objects as bodies with radii > 100 km, whereas Jewitt & Luu’s (1995) estimate applies for radii > 50 km.
In this work we define the QB sized objects as bodies with radii > 50 km.

The normalization constant Ny is calculated from the statistics of the 3.5 x 10% QB; sized objects by

(o] .
/ Nos™*2ds = 35000. (66)
5

x 108

From Eq.(66), we obtained Ng = 3.6 x 10%.
For the hard surface model, Egs.(58) and (59) lead to

M, = /7.48 x10—%
104

1.8 x 10712 Nos™ 42 ds

1.62x107
+ [ . 3.2x107%70},, Nos™ds. (67)

min

— Ymin _
7.48x10—4

Substituting vmin= 10 and 10® cm s~! into Eq.(30), we find that the total dust production rate M; ranges

from 1.4 x 106 g 571 to 2.4 x 106 g s~ 1.
On the other hand, from Egs.(63) and (64), the total production rate of dust from a surface of icy

particulate is

1.62x 107
M, = / 3.2 x 107107s% Nos™*?ds (68)
10*
= 3.1x107 [gs7!] for the upper estimate,
and
1.62x107
M; = / , 2.9 x 107 rs®¥0Nos™* ds (69)
10

= 3.1x10% [gs™!] for the lower estimate.

Constant mass model The second model assumes a constant EKO mass distribution in every logarithmic
size bin, and gives 8 = —4 (Stern 1995, 1996). Again, the normalization constant Ny is calculated from the
statistics of the 3.5 x 10* QB; sized objects (Jewitt & Luu 1995),

o0
/ Nos~*ds = 35000 (70)
5% 106
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Nominal model Constant mass model
for the size distribution of EKOs for the size distribution of EKOs

hard surface 1.4 x 106 ~ 2.4 x 10° [gs7] 3.7 x 10% ~ 7.3 x 105 [g s7}]
(Vmin = 10 ~ 10° cm s71) (Vmin = 10 ~ 10° cm s71)
particulate surface 3.1 x 10% ~ 3.1 x 107 [g 57"} 8.5 x 10° ~ 8.5 x 106 [g s71]
(depend on the velocity distribution (depend on the velocity distribution
of powdery ejecta) of powdery ejecta)

Table 7: Total dust production rate M; due to impacts by interstellar dust over the entire Edgeworth-Kuiper
Belt.

giving Ng = 1.3 X 10%5. This model produces 4.3 x 10° comets with radii between 1 km and 6 km, and this
result is consistent with the estimation by Duncan et al. (1995) that the total number of comets is roughly

5 x 10°.
Following similar arguments as those for the nominal case described above, the total dust production rate

for the hard surface model is,

-
7.48 xlO"Z
Mt =
1

04
1.62x107

+ o 32X 10719702, Nos™*ds. (71)
7.48)(10“;

1.8 x 10~ %7s% Ngs~ds

Substituting vmin= 10 and 10° c¢m s~} into Eq.(34), we find that the total dust production rate is M; =

3.7x 10° g 57! and 7.3 x 10° g s™! respectively.
For the case of icy particulate surface model, we derive

1.62x107 R
M; = /04 3.2 x 107070 Nys~ds (72)
1

= 85x10% [gs™] for the upper estimate,

and

1.62x107
M, = / 20X 107 S Nes s (73)
10

8.5 x 10°  [g s7!] for the lower estimate.

4.3.3 Discussion

The total dust production rate M; due to impacts by interstellar dust over the entire Edgeworth-Kuiper
Belt is summarized in Table 7 for the cases considered.

The production rate of dust escaping from a larger object (> 100 km) is about four orders of magnitude
higher than that from a smaller object (~ 0.1 km) (see Fig. 13). On the other hand, the smaller objects are
at least 7 orders of magnitude more numerous than the larger target bodies from Eq.(65). Therefore, the
major part of the dust produced in the Edgeworth-Kuiper Belt region originates from the smaller objects.
In other words, the total dust production rate due to impacts by interstellar dust depends strongly on the
number of small objects (< 1km) in the Edgeworth-Kuiper Belt. '
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The minimum radius of an EKO was set at 0.1 km for comparison with the dust production rate by mutual
collisions of EKOs (Stern 1996). However, much smaller objects that are too faint to be detected may exist
in this region. Since most of the dust produced by impacts of interstellar dust comes from small objects, a
reduction in the minimum radius of an EKO from 0.1 km to 10 or 1 m would lead to dust production rates
higher than those estimated in this paper.

The sensitivity of our results to the value of a in Eq.(42) is tested. By using a = 3/7, corresponding to
the theoretical lower limit (Holsapple & Schmidt 1982), we re-derived the total dust production rate over all
EKOs for the hard surface model. We find that the total dust production rates are 1.7x10%g s™! ~ 2.4 x 10°g
s=1 for the nominal EKO’s size distribution model, and 4.6 x 10°g s™! ~ 7.3 x 10°g s™! for the constant
mass model. These results are very similar to those derived for o = 3/4. Therefore we conclude that the
assumption of a = 3/4 for the ice targets does not have a significant influence on the total dust production
rate, as long as 3/7 < a < 3/4.

Next, we estimate the optical depth of a dust cloud consisting of grains with the properties estimated in
Table 7. The optical depth 7 is defined by

;o MI, ol
- 47“7'3/)/3 Vieit

(74)

where T} is the lifetime of the grains, o its cross section for extinction, I the width of the Edgeworth-Kuiper
Belt, and Vje; the volume of the Edgeworth-Kuiper Belt region. For simplicity, we assume that all the
grains have a radius ¢ = 10" *cm and hence o = ma® = 3.1 X 10~8cm?. Poynting-Robertson drag dominates
the orbital evolution of grains with @ = 10 4cm in the Edgeworth-Kuiper Belt region (Liou et al. 1996) .
Therefore, we take the timescale of the Poynting-Robertson drag Tpr as 17, i.e.

Tpr = 7.0 x 10°apld[years] (75)

where a and p are in CGS-units and lo is in AU (Wyatt & Whipple 1950). We further assume that the dust
grains are in circular orbits at lp = 50AU. Substituting a = 10~%cm, p = 1g cm~3 and Iy = 50AU into Eq.
(75), we obtain Tpr = 5.5 x 10'%s. Assuming the Edgeworth-Kuiper Belt region is a band with thickness of
16deg around the ecliptic, with a width | = 20AU (Jewitt & Luu 1995), we calculated Vper; = 1.9 X 10*4cm3.
Substituting these values into Eq. (74), 7 is calculated to be 2.4 X 107 for M; = 3.7 x 10° g s, and
2.0 x 10~5 for M, = 3.1 x 107g s~ 1. Stern (1996) predicted the optical depth of debris produced by mutual
collisions to be between 3 X 10~7 and 5 x 1076, Although our estimates are slightly higher than those
predicted by Stern (1996), more detailed analysis of the optical properties of thin dust clouds is required to
predict their detectability from the Earth.

4.4 Comparison with the dust production rate by mutual collisions of EKOs

Stern (1996) predicted a time-averaged production rate of debris between 9.5 X 10% and 3.2 x 10'1g 57! due
to the mutual collisions of EKOs, depending on the parameters used in his collisional simulations. In this
section, we shall estimate the production rate of dust grains due to mutual collisions of EKOs, based on the
prediction by Stern (1996), in the equivalent mass range used in our estimation.

From laboratory measurements of impact ejection, Gault et al.(1963) showed that the mass of the largest
fragment is about 10% of the total ejected mass M. for M;. ranging from 10~2g to 10%g. We extrapolated
this relation to the crater produced by the impact of an interstellar dust grain. Namely, the impact of
an interstellar dust grain excavates a small amount of target material and produces only ejecta with small
sizes. For hard icy surfaces, we obtained a crater mass Vcp = 2.25 X 10~3g from Eq.(3). Such a crater mass
suggests that the mass of the largest fragment is about 2.25X 10~%g, corresponding to a spherical dust grain
with radius @, = 8pm. Therefore we assume that the maximum radius of dust grains produced by impacts
of interstellar dust is 10um. As noted before, in the case of a particulate surface, the radius of the ejecta is
smaller than that of the incident interstellar dust grains, i.e. a, < lum.



On the other hand, the size of the collisional debris predicted by Stern (1996) ranges from multi-kilometer
blocks to fine dust. In order to compare our results with his, it is necessary to estimate the fraction of dust
grains with radii smaller than 10um amongst the debris produced by mutual EKO collisions, as predicted
by Stern (1996).

The size distribution of collisional debris was assumed by Stern (1996) to be ~ a in the range of radius
a from 0.1 um to 1 km. In this case, the total mass production rate of collisional debris is given by

-3.5

3
T N gy, (76)
10-5 3
where M,; is 9.5 x 108 ~ 3.2 x 10! g s~! in Stern (1996). We found that the constant Ny is 3.6 x 10° ~
1.2 x 10%. Using this result, the production rate M, of dust grains with radii between 0.1 um and 10 pm
can be given by ,
- 3
M, = Ny x / O ety (77)
10-3 3

The value of M, ranges from 8.6 x 10 g s™! to 2.9 x 107 g s™', and is of about the same magnitude as that
by impacts of interstellar dust given in Table 7.

We test the sensitivity of our result to the choice of a,,. Application of ay,=1pum decreases the range
of M, in Eq.(77) to the range 2.1 x 10* g s™! ~ 6.9 x 10° g s™!, about 24% that for a,=10um. These
production rates are still of the same order of magnitude as those we derived earlier. Furthermore, we tested
the sensitivity of the results to the minimum dust radius of 0.1um, and found that the minimum radius
does not have a significant influence on the production rate M,. ‘

We note that the mutual collisions of debris made by the collisions between EKOs may play a significant
role in the production of small dust grains. Since this scenario is rather complex and its examination is
beyond the scope of this work, it will be studied at a later date.

4.5 Summary

We estimated the dust production rate by impacts of interstellar dust grains on EKOs. If EKOs have hard
icy surfaces, and there are 10'3 of these with radius > 0.1km, we find that the total dust production rate over
the entire Edgeworth-Kuiper Belt is between 3.7 X 10°g s™! and 2.4 x 10%g s™!, depending on the adopted
minimum ejection velocity of 10 cm s™! ~ 10° cm s™!, and on the size distribution of the EKOs. On-the
other hand, if the surfaces of EKOs are covered by a layer of icy particulate, the total dust production rate
is 8.5 x 10%g s™! ~ 3.1 x 107g s™1. These results suggest that, in addition to mutual collisions of EKOs,
impacts by interstellar dust are a significant source of interplanetary dust grains with radii less than about
10 um, and which exist at large distances from the sun.

After leaving the Edgeworth-Kuiper Belt, the orbits of the dust grains evolve under the complex influences
of the gravitational forces of the Sun and the giant planets, as well as solar radiation pressure and Poynting-
Robertson drag forces. The mutual collisions of debris particles and the collisions by interstellar dust grains
may also play important roles in the evolution of dust grains. Liou et al. (1996) showed that a grain
with diameter larger than about 9um is destroyed by the mutual collisions of debris and by the impact
of interstellar dust before reaching the inner Solar System, whereas smaller grains can evolve towards the
inner Solar System under Poynting-Robertson drag forces. The results of Liou et al. (1996) show that
about 80% of the smaller grains produced in the Edgeworth-Kuiper Belt are ejected from the Solar System
by the giant planets, while 20% of the grains enter the inner Solar System under the Poynting-Robertson
drag forces. The maximum radius of the grains produced by the impact of interstellar dust is about 10um
as mentioned above. Thus, a fraction of the dust grains produced by the impact of interstellar dust on
EKOs may contribute to the population of the interplanetary dust inside the orbit of Jupiter. However, the
sublimation of icy particles should be taken into account when estimating the lifetime of the grains at such
distances (Mukai 1986). Further investigations are required to understand the contribution of these grains

to the interplanetary dust in the inner Solar System.
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5 Sources of Interplanetary Dust beyond Neptune

S.Yamamoto & T.Mukai
Proc. of the 30th ISAS Lunar & Planetary Symposium., 134-137 (1997)

Abstract

Taking into account the gravitational force of the Sun, the solar radiation pressure, the Poynting-
Robertson effect, as well as the ejection velocity of dust grain, we investigate the orbital evolution of
dust grains, consisting of water-ice, released from the Edgeworth-Kuiper Belt objects (EKOs). All dust
grains with radii greater than lum ejected from EKOs can stay in the Solar System against the solar
radiation pressure, when the parent EKOs have eccentricities less than 0.3. On the other hand, a part of
submicron-sized dust grains ejected from EKOs escape from the Solar System due to the solar radiation
pressure. At the Jupiter crossing orbit, the major part of survival EKO dust grains have already circular
orbits because of the Poynting-Robertson effect. Consequently, we can predict that when the grains,
larger than 1xm, on the nearly circular orbits would be detected beyond J upiter, their origin is the EKOs.

5.1 Introduction

The in situ measurements of dust grains beyond the Jupiter orbit suggest the existence of dust sources
in the outer Solar System (Humes 1980; Griin et al. 1995a, b). Recently, it has been proposed that the
dust particles produced in the Edgeworth-Kuiper Belt objects (EKOs) may contribute significantly to the
interplanetary dust population (e.g. Liou et al. 1996; Stern 1996; Yamamoto & Mukai 1997). Stern (1996)
estimated the collisional probability between EKOs, and predicted the mass production rate of debris due to
mutual collisions between EKOs. Yamamoto & Mukai (1997) suggested that, in addition to mutual collisions
of EKOs, impacts of interstellar dust on EKOs are a significant mechanism to produce the interplanetary
dust grains with radii less than about 10 pm, and which exist at large distance from the Sun.

However, the existence of these dust grains coming from EKOs has not been directly confirmed by obser-
vations of zodiacal light /emission and in situ measurements. In order to predict the detectability of such
dust grains by the observation and/or in situ measurements, it needs detailed analysis of spatial distribution
of the dust grains released from EKOs. After leaving EKOs, the orbital elements of dust grains are imme-
diately changed due to their ejection velocity and solar radiation pressure on them. Furthermore, the dust
grains reduce gradually their perihelion distances and eccentricities under the Poynting-Robertson effect.
To investigate the orbital evolution of the dust grains released from EKOs, therefore, we have to take into
account the solar radiation pressure, the Poynting-Robertson effects, and the effect of ejection velocity as
well as the gravitational force of the Sun. As a result of orbital evolution, we estimate the orbital properties
of these dust grains at the Jupiter crossing orbit.

5.2 Orbital elements of ejected dust grains from EKOs

5.2.1 Radiation pressure

For the dust grain leaving from EKO, the solar radiation pressure immediately changes the orbital elements
of dust grain (Burns et al. 1979). According to Mukai (1985), new orbital elements of the dust grain released
from parent body with an eccentricity e, and a perihelion distance g, are given by:

e = (1- ﬂ)"2(e,2, — 26+ 8% + 28g,(1 + €,)/7p), (78)

¢ = glte)l+e71-8)7 | (79)

where the ejection velocity of the grain is assumed to be negligibly small. The e and g are, respectively,
an eccentricity and a perihelion distance attained by the released dust grain. The r, is a distance between

the Sun and the parent EKO, where the grain left from the parent. The B denotes a ratio of solar radiation
pressure to solar gravity on the grain. We assume for EKOs, 0 < e, < 0.3 and, 20 AU < ¢, < 50 AU
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(Jewitt et al. 1996). From Eq.(78) and Eq.(79), new orbital elements of dust grains released from EKOs are
estimated (Fig. 14). The orbital elements of dust grains with small value of 8 (~ 0.01) are similar to those

(a) 0.6
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Berihelion distance (AU) 80

Figure 14: The distribution of the resulting eccentricity e and perihelion distance ¢ of the dust grains
affected by solar radiation force after ejection from EKOs with (a) e, = 0.1 and (b) e, = 0.3. The filled
circle and open triangle indicate the initial positions of parent EKOs with semimajor axes of 30 AU and 50
AU, respectively. The number in each curve indicates the value of 8, a ratio of radiation pressure to gravity
on the grain.

of parent EKOs. The mean eccentricity of dust grain increases with increasing the value of 3. When the 3
becomes larger than about 0.4, some dust grains attain hyperbolic orbits, i.e. e > 1 (Fig. 14), depending on
the solar distance 7, of the ejection point in Eq.(78). These dust grains cannot stay in the Solar System. On
the other hand, all dust grains with 8 < 0.3 can stay in the Solar System, as long as parent EKOs having
e, <0.3.

The value of 3 depends on the grain radius and on the optical constants of grain material. We assume for
simplicity that the EKO dust grain is a spherical water ice. The conversion from a certain value of 8 to a
real radius of the grain is based on the Mie calculations for the optical constants of water ice (Mukai 1990)
(see Fig. 15). From Fig. 15, we estimate that the G values of 0.3, 0.4 and 0.5 correspond to about 1.0, 0.7,
and 0.5 pm, respectively, when the grain radius > 0.1um. Consequently, we conclude that all dust grains
with radii greater than lpm can stay in the Solar System, while the submicron-sized dust grains partially
escape from the Solar System due to the solar radiation pressure.
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Figure 15: The value of 8 as a function of particle radius for a spherical water ice grain.

5.2.2 Effect of ejection velocity of dust grain

The dust grain with low ejection velocity has the orbital elements similar to that of the parent EKO. On the
other hand, when the ejection velocity is sufficient large, the grain attains new orbital elements, which are
different from those of parent EKO. In this case, new orbital elements of dust grain with ejection velocity
v, from the parent EKO with velocity v, at a solar distance r, are as follows:

H+ 75 x5\ 2 -
¢ = 1 (TEEXE) (1), - (62425 0)/GMo}, 30)
11—
€ (81)

17 = 1/ap — (v2 + 29, - 9)/GMg’

where the radiation pressure on the released grain is assumed to be negligibly small. # = [a,GMg(1— e?,)]l/ 2
is the angular momentum per unit mass, and G and Mg are, respectively, the gravitational constant and
the solar mass. The highest velocity of ejected grain from an icy target measured in the laboratory impact
experiments is less than about 1 km s~! (e.g. Frisch 1992; Arakawa & Higa 1996). The dust grain with
velocity lower than the escape velocity of parent body would fall back on the surface. A large fraction of
EKOs have escape velocities less than about 100 m s™'. Thus, we investigate dust grains with v.=100, 500,
and 1000 m s~!. For simplicity, we investigate only the case of dust grain ejected at a perihelion and an
aphelion of orbit of parent EKO. From Eq.(80) and Eq.(81), new orbital elements of dust grains ejected
from EKOs were estimated (Fig. 16).

All ejected dust grains have e < 0.6 in Fig. 16. The resulting eccentricity e of grain orbit caused by
the ejection velocity is e < 1. In summary, the ejection velocity has no significant influence on the survival
probability of dust grains ejected from EKOs, at least, in the range of ejection velocity of interest.

5.3 Orbital distribution of dust grains at the Jupiter crossing orbit

Roughly speaking, the perihelion distance ¢ of dust grain after leaving from EKOs ranges from 15 AU to
80 AU (see Figs. 14 and 16). These dust grains move towards to the Sun under the Poynting-Robertson
effect with decreasing the eccentricity and perihelion distance, simultaneously. The grain with an initial
position of ey and go moves, under the Poynting-Robertson effect, along the trajectory in the phase space
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Figure 16: (a) The orbital element distribution of dust grains ejected from EKOs with semimajor axis a,=
30 AU, taking into account the effect of ejection velocities of 100, 500, and 1000 m s~ 1. The solid curve
indicates the grain ejected at the perihelion of parent EKO orbit, and the dotted curve indicates that at the
aphelion. The filled circle and open triangle correspond to the initial position in the phase space of parent
EKOs with e, = 0.1 and 0.3, respectively. (b) The same as (a), but a,= 50 AU.
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Figure 17: Trajectory of grains in the phase space due to the Poynting-Robertson drag forces (solid and
dotted curves). The filled circles correspond to the initial position of dust grains with eccentricity ep = 1 and
15AU< perihelion distance go < 70AU, and the open circles for those with eg = 0.5 and 15AU< g < 7T0AU.

(e,q) defined by,

1 1
4(64}'-56) — 90(e4j_560) = constant, *
0

(e.g., Wyatt & Whipple 1950). Using Eq.(82), we can predict the orbital elements of dust grains released
from EKOs at the Jupiter crossing orbit (see Fig. 17). We have found that the resulting eccentricities of
dust grains become sufficiently small at the Jupiter crossing orbit. Even for the dust grain with ep ~ 1 at
¢, = 15 AU, its eccentricity at the Jupiter orbit becomes e < 0.1. This means that most of the dust grains
ejected from EKOs have already attained the nearly circular orbit at the Jupiter crossing orbit.

5.4 Summary and discussion

If most of EKOs have eccentricities < 0.3 (Jewitt et al. 1996), almost all dust grains with radii greater than
1pm, produced from EKOs, can stay after leaving the parent body in the Solar System against the solar
radiation forces on them and the relative ejection velocity to parent EXKOs. On the other hand, a part of
submicron-sized dust grains escape from the Solar System due to mainly the solar radiation pressure. We
have found that the effect of ejection velocity on the survival probability of dust grains ejected from EKOs
is negligible.

While the mutual collisions between EKOs produce collisional debris ranging from multi-kilometer blocks
to fine dust (Stern 1996), the interstellar dust impacts on EKOs provide only smaller grains (< 10um)
(Yamamoto & Mukai 1997). The ice grains with radii smaller than 10 um have large values of # as shown in
Fig. 15. Thus, a large fraction of dust grains produced by the interstellar dust impacts have large eccentricity
after ejection due to the solar radiation pressure. On the other hand, the mutual collisions between EKOs
provide both the smaller dust grains with large eccentricity and larger dust grains with eccentricities similar
to those of parent EKOs.

However, since the Poynting-Robertson effect decreases the eccentricities of the grain orbits, the most of
dust grains produced in the Edgeworth-Kuiper Belt region become e < 0.1 at the Jupiter crossing orbit.
Consequently, it is difficult to distinguish between the dust grains due to mutual collisions of EKOs and
dust grains due to interstellar dust impacts on EKOs from the analysis of orbital elements of dust measured
by such as Ulysses and Galileo at the Jupiter crossing orbit alone.
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It should be noted that the gravitational forces of outer giant planets beyond the Jupiter could increase
the eccentricity of dust grain passing through near the planet, as noted by Liou et al.(1996). Since this
mechanism is rather complex, it will be examined in our future studies.
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6 Thermal Radiation from Dust Grains in Edgeworth-Kuiper Belt

S.Yamamoto & T.Mukai
Earth, Planets, Space, 50, 531-537 (1998)

Abstract

We calculate the temperature of dust grains produced in Edgeworth-Kuiper Belt (EKB) based on the
grain model for water-ice and silicate mixtures. The dust grains with radii ranging from 0.1 ym to 1 mm
have low temperatures of about 20K to 50K in EKB, depending on their size, solar distance, and a volume
mixing ratio of silicate to water-ice. We also estimate the thermal radiation from dust cloud in EKB.
The result of thermal emission shows the spectral feature of water-ice at the wavelength of about 60um.
Although it is difficult to estimate the possibility to detect the thermal emission spectrum of EKB dust
cloud, due to large uncertainties in its spatial density, we found that the thermal emission of dust cloud
in EKB lies below the IRAS data of foreground zodiacal emission. The maximum value of the thermal
emission derived from the acceptable dust cloud model in EKB, however, becomes to be comparable to
that of foreground zodiacal emission in far-infrared and submillimeter wavelength domains. Since the
EKB dust cloud seems to concentrate near the ecliptic plane, a scanning of infrared observation along a
line perpendicular to the ecliptic plane may reveal the presence of such dust cloud in the future.

6.1 Introduction

Recently, it has been suggested that significant dust production occurs in Edgeworth Kuiper Belt (EKB)
(e.g., Backman et al., 1995; Liou et al., 1996; Stern, 1996; Yamamoto & Mukai, 1998). One mechanism to
produce dust is the mutual collisions of Edgeworth Kuiper Belt objects (EKOs) (Backman et al., 1995; Stern,
1995,1996), and another is the interstellar dust impacts on EKOs (Yamamoto & Mukai, 1998) However,
the existence of these dust grains produced in EKB region has not been directly confirmed by observations
of zodiacal light /emission and in situ measurements.

Backman et al. (1995) and Stern (1996) calculated the thermal emission brightness from debris created
by the mutual collisions of EKOs. Backman et al. (1995) investigated the detectability of the emission by
COBE. Stern (1996) reported that the thermal emission brightness exceeds the detection limits of ISO and
SITRF, while that is most likely below IRAS detection limits. '

The thermal emission brightness depends strongly on the temperature and the emission/absorption ef-
ficiency of dust grains. In order to estimate these grain’s nature, an optical property of grain becomes
important. In the previous works, the simple models of an optical property of grain were used due to the
lack of specific knowledge about grain properties. Backman et al. (1995) used a simple model for grain
emissivities and albedo. Stern (1996) used the representative temperature of 40K to 60K for EKB dust
cloud.

It has been considered that EKB region is a comet reservoir extending outside the orbit of Neptune.
Cochran et al. (1995) detected comet-sized objects in EKB using Hubble Space Telescope. Thus, the
dust grain from EKO has icy material including small refractory particles such as cometary dust. In order
to estimate the thermal radiation from EKB dust cloud, it is important to take into account the optical
properties of such a grain.

In this study, we will estimate the temperature of EKB dust grains based on the grain mode] for water-ice
and silicate mixtures such as cometary dust, using the optical constants deduced from the Maxwell-Garnett
mixing rule (e.g., Mukai, 1986). From the results, we reexamine the thermal emission from EKB dust
cloud, and investigate the detectability of thermal radiation from EXB dust cloud produced by the mutual
collisions of EKOs and by the interstellar dust impacts on EKOs, taking into account the contribution of

foreground thermal emission.

6.2 Temperature of EKB dust grain

In this section, we examine the temperature of dust grains produced in EKB, based on the model of
heterogeneous icy material including small refractory particles (Mukai, 1986).
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A grain absorbs the solar energy of E, and simultaneously emits the energy of E,.. These energy sources
are defined by

E. = n(Ro/r) / 7a®Bo(A)Qabs(a, A, m*)dA, (83)
1]
E, = 4x /0 a2 B(A, T,)Qabs(a, A, m*)dA, (84)

where ) is a wavelength, R and Bg()\) are the radius and solar surface brightness, respectively, and r is
the solar distance of dust grain with a radius of a. The Planck function B(A,T,) at the temperature T, of
the dust grain is defined by B(A,T,) = 2hc?A~%[exp (he/AkyTy) — 1]1, where h, k;, and c are the Planck
constant, the Boltzmann constant, and the speed of light, respectively. For simplicity we assume that the
dust grain from EKO has a spherical shape. In this case, the efficiency factor for absorption/emission a5,
is deduced by Mie Theory as functions of a, A and m*, where m” is the complex refractive index of grain
material. For the case of heterogeneous icy material consisting of icy matrix embedded with small refractory
inclusions, the Maxwell-Garnett mixing rule to calculate m* is applicable (Mukai, 1986).

We used the dielectric function of olivine for inclusions and water-ice for the matrix. For the optical
constants of water-ice, we employ the data of Warren (1984) in a domain of wavelength A = 0.14 — 1000um.
For olivine, we used the data given by Huffman & Stapp (1973) and Huffman (1976) in A = 0.14 — Tum,
and those by Mukai & Koike (1990) in A = 7 — 200pum. Since no data of the optical constant for olivine
beyond A = 200um are available, the constant value of m* of Mukai & Koike (1990) at A = 200pm is used
in A = 200-1000um for olivine. This assumption does not have a significant influence on the result. The
solar spectrum of Bg is complied in Mukai (1990) in A = 0.14 — 300pm wavelength domain. For the Bg
beyond A = 300pm to 1000um, we adopted the brightness temperature of 5780 K.

The integration of Eqs.(83) and (84) is carried out in the wavelength domain of 0.14um to 1000 pm.
Under a local thermal equilibrium of the grain, the input energy on the grain is balanced with the output
energy, i.e., E;, = E,. The energy loss by sublimation of water-ice is negligibly small in the region of interest.
Consequently, we obtained the equilibrium temperature of EKB dust grain as functions of a and r.

The resulting temperatures for the volume fraction of olivine of 0%, 1%, and 10% are plotted in Fig. 18.
As increasing the volume fraction of olivine, the temperature of grain increases compared with that of pure
water-ice. According to Greenberg (1982), the expected volume faction of refractory materials in cometary
dust is less than 10%. In this case, the temperature of dust grain in EXB seems to be lower than that of
blackbody (Fig. 18). Furthermore, we calculated the temperature for the case of higher refractory material
(100%), that is a pure olivine grain. While the temperature of grains with radii less than a few um becomes
to be higher than the blackbody temperature, the grains with radii larger than a few pm still have lower
temperature compared to the blackbody temperature (Fig. 18).

Backman et al. (1995) calculated that the small grain with radius of 1pm would have a temperature of
100K and the larger grain would have a temperature of about 40K at 30AU, based on a simple model for
grain emissivities and albedo. Stern (1996) used the isothermal model of temperature at 40K to 60K, which
values were estimated from those of the blackbody in EKB region. On the contrary, we found that the
dust grain in EKB has temperature ranging from 20K to 50K, when EKB dust grain is heterogeneous icy
material consisting of refractory inclusions embedded in the icy matrix, such as cometary dust.

6.3 Thermal emission frofn EKB dust cloud

Based on the results of EKB dust temperature T,(a, ) obtained above, we will estimate the thermal emission
from EKB dust cloud. The thermal emission of EKB dust cloud Bggo within the range of wavelength A to
A + dA is calculated as

’ 6(r=50AU) gin e

a2
_ -———d0/  r)1a2Quss(a, A, m*) BN, Ty(a,7))da,
Bgko _/0(T=30AU) n7g g n(a,)1a*Qqps(a, A, m*)B(A, Ty(a,r))da (85)
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where a; and a, are, respectively, the minimum radius and the maximum radius of EKB dust grain, r is a
solar distance, e is an elongation angle (angle between the radial direction from the Earth to the Sun and
the line of sight), and @ is an angle between the line of sight and the radial direction from the Sun to the
EKB dust (see, Peterson, 1963). The width of EKB region is assumed to be from r = 30 AU to r = 50 AU
(Jewitt & Luu, 1995).

For simplicity, the number density n{a,r)da of EKB dust with radii between ¢ and a + da at the solar

distance r is assumed as,
n(a,r)da = Coaﬁ(D/r)qda,' (86)

where Cy is a constant, a power-law exponent § is —3.5 (Backman et al., 1995; Stern, 1996), D = 30AU,
and ¢ is a power-law exponent. The value of ¢ depends on the spatial distribution of dust grain in EKB. The
dust grain in EKB evolves its orbit under the complex influences of gravitational forces of the Sun and the
giant planets, mutual collisions of grains, as well as solar radiation pressure and Poynting-Robertson effects
(Liou et al., 1996). For simplicity, we assume a constant radial distribution of EKB dust, that is ¢ = 0.
In order to calculate Bgko in Eq.(85), it is necessary to determine the value of Cp in Eq.(86). According
to Griin et al. (1985), the total cross-sectional area for the interplanetary meteoroids is estimated to be
4.6 x 1072! cm?/cm® at 1AU. If the total cross-sectional area of EKB dust cloud is f times as large as that
of interplanetary flux model at 1AU, the value of Cp is derived from Eq.(86),

r=504AU

Co (D/r)qdr/

r=304AU ay

a2

a~331a%da = f x 4.6 x 107! x (50 [AU] - 30 [AU]). (87)

Stern (1996) predicted that the optical depth of debris produced by mutual collisions of EKOs is between
3 x 1077 to 5 x 1076 for infrared wavelength domain. On the other hand, from IRAS observations, the
optical depth of zodiacal emission at a wavelength of 12um in the ecliptic plane at elongation 91.1° was
estimated to be 3 X 1077 to 2.8 x 1078 (Hauser et al., 1984). Consequently, the ratio of optical depth of
EKB dust cloud to that of interplanetary flux model is ranging from about 0.1 to 20. If we assume that
the total cross-sectional area is proportional to the optical depth, the value of f is estimated to be about
0.1 to 20. Consequently, assuming a; = 1075 c¢m and a; = 107! cm, the value of Cy becomes 2 x 1072 to
4 x 10=23 from Eq.(87).

On the other hand, Yamamoto & Mukai (1998) estimated that the optical depth of grains produced by
interstellar dust impacts on EKOs is ranging from 2.4 X 1077 to 2.0 x 107%. Again, we assume that the total
cross-sectional area is proportional to the optical depth, and then the value of f is estimated to be from 0.1
to about 70. Since the interstellar dust impacts on EKOs provide only small dust grain with radii less than
about 10um (Yamamoto & Mukai, 1998), we set a; = 10~ cm and a3 = 1073 cm. Consequently, the value
of Cj is calculated to be 3 x 1072 to 2 x 10722 from Eq.(87).

From n(a,r) and Cp estimated above, we estimate the total mass of dust in EKB. We assume that the
EKB is a band with thickness of 16deg around ecliptic, with solar distance between 30 AU and 50 AU
(Jewitt & Luu, 1995), and the density of grain material is 1 g cm™3. In this case, the total mass of dust
existing in EKB produced by mutual collisions of EKOs is 2 x 1078 Mg ~ 3 x 10~¢ Mg, and those produced
by the interstellar dust impacts is 2 X 107° Mg ~ 2 X 107® Mg where Mg is the Earth mass. On the other
hand, the total mass of EKOs with diameters larger than 6 km inside 50 AU is estimated to be from 0.1
Mg to 0.4 Mg (Stern, 1998).

Applying these values into Eq.(85), we calculated the thermal emission from EKB dust cloud at e = 90°
as a function of wavelength for the case of mutual collisions of EKOs (Fig. 19) and for the case of interstellar
dust impacts (Fig. 20). There is a spectral feature of water-ice at around 60um in Figs. 19 and 20. For
comparison, the result for higher refractory material, that is the pure olivine, is also shown.

After leaving EKB, some EKB dust grains suffer from the mutual collisions of grains and interstellar dust
impacts (Liou et al., 1996). A disruption of grain provides an increase of total cross-sectional area with
decreasing a solar distance of EKB dust grain under the Poynting-Robertson effect. In this scenario, the
EKB dust cloud has total cross-sectional area smaller than that observed at 1 AU. This is the case of f < 1
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Figure 19: Thermal emission from EKB dust cloud produced by mutual collisions of EKOs as a function
of wavelength for (a) the maximum case of expected brightness and (b) the minimum case, where the both
cases are detailed in the text. A volume fraction of olivine is 0%, 1%, and 10%. For comparison, IRAS data
(Hauser et al., 1984) (filled circles) and the model of zodiacal dust emission (Temi et al., 1988) (dash-dotted
line) are also plotted for the foreground zodiacal emission (see text).

57



] lll]lll ¥ L) LI BRI

~~

&
s
<

—— Water Ice
--------- Water Ice 99% Olivine 1%
— 108 ® — — - Water Ice 90% Olivine 10%
o [ SOSERL TR ® —--- Olivine
@ .
2 1
w
8 g
£
g= 10°
Kol
§
B 10
_m
?, 10°
=
£ 10°
Q
=
10'
100 / ( L L. 1 1 11 li - L ‘I | L1 11
2 3 4 5 6 7809 2 3 4 5 6 7809
10 100 1000
Wavelength (um)
. 1 T T T L LR ] l 1 ] L 1 | LR LI
(b) 10’ —— Water Ice
--------- Water Ice 99% Olivine 1%
—~ 10 ° ~ — - Water Ice 90% Olivine 10%
B [ SRR ° e Olivine
~ . Rt
=10 ~se
) TN
8 106 .~'*.
.a 105 .~'s,
¥ ..
g
2= 10* -
-fl)
E 10°
I
E 10%
P
=
10!
1007 / /L""l L3 oaaaal L i 1 11:\\i
2 3 4 5 6 789 2 3 4 5 6 7809
10 100 1000
Wavelength (um)

Figure 20: The same as Fig. 19, but for the EKB dust cloud produced by interstellar dust impacts on EKOs.

58



(Fig. 19(b) and Fig. 20(b)). On the other hand, the loss of grains due to dynamical processes such as
gravitational scattering, the solar radiation pressure, and due to sublimation could remove the dust grains
from the Solar System, before the grains reach inner Solar System (Liou et al., 1996). This is the case of
f > 1 (Fig. 19(a) and Fig. 20(a)).

For comparison, IRAS data in ecliptic plane (Hauser et al., 1984) for foreground zodiacal emission at
e = 91.1° are plotted in Figs. 19 and 20 as filled circles. In addition, the model of zodiacal dust emission at
e = 90° (Temi et al., 1988) in A = 10 — 200pm is plotted (dash-dotted line). For the model of zodiacal dust
emission beyond A = 200um, we extrapolated the results of Temi et al. (1988), assuming the representative
zodiacal emission temperature of 244 K (Hauser et al., 1984) and blackbody of the grains. The thermal
emission of EKOs is fainter than that of IRAS in all cases considered here. This means that it is difficult to
find the thermal emission spectrum of EKB dust cloud in the previous infrared observations from the Earth.
On the other hand, for the maximum case shown in Figs. 19(a) and 20(a), the thermal emission from EKB
dust cloud should be comparable than the foreground zodiacal emission in far-infrared and submillimeter
regions. In this case, a spatial variation of the color between mid-infrared and submillimeter regions might
be observed.

It is likely that the EKB dust cloud has a band structure with a thickness of about 10 to 20 degrees
around the ecliptic as that of parent EKOs (Jewitt & Luu, 1995). The maximum values of the thermal
emission from EKB dust cloud attains about tens of percentages of that of foreground zodiacal emission. In
this case, the detail scanning of thermal radiation along a line perpendicular to the ecliptic plane may reveal
the contribution of EKB dust cloud to the foreground zodiacal dust cloud, Since the gradient of brightness
depends on the latitudinal distribution of EKB dust cloud, it is important to know the spatial distribution
of parent EKOs. Up to now, no available data for the spatial distribution of whole EKOs exist. Thus, more
detailed analysis of dynamical properties of EKB dust grain is required to construct a reliable cloud model,
and predict the detectability of EKB dust cloud from the Earth.

It is worthwhile to investigate various scenarios for heliocentric distribution of EKB dust cloud. We
calculated the thermal emission from EKB dust cloud when n(a,r) « r~! and n{e,r) « r~2, and found that
there are no significant deference between these results and the results for the case of constant distribution
of EKB dust model. Thus, we conclude that the heliocentric distribution of EKB dust cloud does not have
a significant influence on the total thermal emission.

While the interstellar dust impacts on EKOs provide only small dust grains with radii less than 10um,
the mutual collisions of EKOs provide both small and large dust grains. However, there are no significant
difference of the thermal emission spectrum between the former and the latter in the wavelength shorter
than about 60um. Since we used the model of number density of n(a) « a=>?, the small grains of EKB dust
cloud have the large total cross-sectional area compared to large dust grains. Namely, the thermal emission
mainly comes from the small dust grains, except for longer wavelength domain.

Furthermore, we investigated the sensitivity of our results to the value of the minimum radius of EKB
dust grain e; in Eq.(85). By using a; = 0.01um, corresponding to the radius of small refractory particle
found in cometary grain (e.g., McDonnell et al., 1986), we reexamined the thermal radiation from EKB
dust cloud. We found that the change of a; from 0.1pm to 0.01pm leads to a decrease of the total thermal

radiation one third of that for a; = 0.1um.

6.4 Summary

We estimated the temperatures of EKB dust grains, based on the model of heterogeneous icy material
consisting of small refractory inclusions embedded in icy matrix such as cometary dust. It is found that
the dust grain in EKB has temperature, which depends on its radius, ranging from 20K to 50K. Applying
the results of temperature for EKB dust grains, we examine the thermal emission from EKB dust cloud
produced by the mutual collisions of EKOs and by the interstellar dust impacts on EKOs. The thermal
emission of icy grain with small refractory inclusions shows the spectral feature of water-ice at the wavelength
of about 60pm. Since the predicted thermal emission from EKB dust cloud is fainter than that of IRAS
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data, however, it seems to be difficult to find a sign of thermal emission from EKB dust cloud in the past

observations from the Earth.
The maximum case of thermal emission from EKB dust cloud presented here becomes to be compara-

ble to that of foreground zodiacal emission at the wavelength of about tens of ym to hundreds of pm.
When the EKB dust cloud has a narrow spatial band structure with a thickness of about 10 to 20 degree
around the ecliptic as predicted for EKOs (Jewitt & Luu, 1995), the scanning of thermal radiation along
a line perpendicular to the ecliptic plane may give a hint of the presence of EKB dust cloud in the future

observations.
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7 Dust Disk in Outer Solar System

S.Yamamoto, H.Ishimoto, & T.Mukai
Proc. of the 31th ISAS Lunar & Planetary Symposium., 156-169 (1998)

Abstract

We investigate the mass distribution of EKB dust disk beyond 50 AU using numerical model which
takes into account grain-grain collisions and the Poynting-Robertson effect. As decreasing the solar
distance, the total cross-sectional area of dust grains increases. Based on the resulting mass distribution
of dust disk, its brightness of thermal emission is calculated. Since the predicted thermal emission from
EKB dust disk is fainter than the IRAS data of foreground zodiacal emission, it seems to be difficult to
find out a sign of thermal emission from such EXB dust disk, if it would exist, in available observation
in infrared wavelength domain. The thermal emission from EKB dust disk, however, may be comparable
to that of foreground zodiacal emission in far-infrared and submillimeter wavelength domains. Since the
EKB dust disk seemns to concentrate near the ecliptic plane, a scanning of infrared observation along a
line perpendicular to the ecliptic plane may reveal the presence of EKB dust disk.

7.1 Introduction

Recently, it has been proposed that the significant dust production occurs in the Edgeworth-Kuiper Belt
(EKB) (Backman et al.1995; Stern 1996; Yamamoto & Mukai 1998a). The dust production rates from EKB
between the solar distances of 30 AU and 50 AU have been investigated for the cases of mutual collisions
of Edgeworth-Kuiper Belt objects (EKO)(Backman et al. 1995; Stern 1996) and interstellar dust impacts
(Yamamoto & Mukai 1998a). Based on these dust production rates, the thermal emission brightnesses from
EKB dust disk between the solar distances of 30 AU and 50 AU have been calculated (Backman et al. 1995;
Stern 1996; Yamamoto & Mukai 1998b). In addition to EKOs between the solar distances of 30 AU and
50 AU, it is suggested that the aggregates of planetesimals, which are too faint to detect from the Earth,
must exist beyond 50 AU (Yamamoto & Kozasa 1988). Thus, the contribution of thermal emission from
the objects in EKB beyond 50 AU should be considered.

For the estimation of thermal emission brightness, the knowledge of size distribution of grains in EKB
dust disk becomes important. In the previous works (Backman et al. 1995; Stern 1996; Yamamoto &
Mukai 1998b), the simple models of power-law size distribution of dust grains in EKB were used. Since the
Poynting-Robertson decay time of dust grains beyond 50 AU is too long, however, the mutual collisions of
debris particles and the collisions by interstellar dust grains become important in the determination of size
distribution. In order to estimate the equilibrium size distribution of dust grains in EKB regions, we will
take into account the collisional evolution of dust grains in EKB region in this paper.

Furthermore, we shall investigate the dust production rate from EKO existing beyond 50 AU (Sect. 7.2).
[n Sect. 7.3, the mass distributions of EKB dust disk beyond 50 AU will be investigated based on numerical
model which takes into account grain-grain collisions and the Poynting-Robertson effect (Ishimoto & Mann
1998; Ishimoto 1998). From these results, we will examine the thermal emission from EKB dust disk beyond

50 AU in Sect. 7.4.

7.2 Dust production rate from EKOs

According to planetesimal model, the mass m of the aggregate of planetesimals (that is EKO) with density
of p=1 g cm™3 at a solar distance r is estimated (Yamamoto & Kozasa 1988) by

g\ 2 5 \°3
m = 7031(7‘0)6(r/r°)6—3ﬂ (fz:.’b) (1 * ﬁ)_ﬁ) ’ (88)

where rg = 1 AU, 04, denotes the surface density of dust in the solar nebula, M means a solar mass, a
constant f, ~ 1.057 (Nakano 1987), and a parameter 7 is related to the total number of planetesimals in
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EKB. The minimum-mass model of the solar nebula by Hayashi (1981) gives 041 =30 g cm~? and n = 1.5.
The value of v is estimated to be from 1073 to 10~7 (Yamamoto & Kozasa 1988). For simplicity, we use
4 = 1073, By using Eq.(88), the spatial distribution of the aggregates n,(r)dr between solar distance r and
T + dr is expressed by

np(r)dr = 27rrﬂl—§—r—1é:£dr. (89)

When v = 10~3, the total number of EKOs existing between r = 50 AU and 200 AU is about 6 x 10°. By
using Eq.(89), the mass flux M(r)dr of collisional fragments produced between r and r + dr is calculated
as, _
M(r)dr = Fy(m,r)ny(r)dr, (90)
where Fy(m,r) is a production rate of impact ejecta from target body with mass of m at the solar distance

.
For the case of mutual EKO collisions, Fy(m,) is derived by

np(r)dr

—rl A
2rrdr X 2ri v (91)

Ft(m ’I‘) _ M(> esc)
where M (> vesc) is the total mass of collisional fragments having the velocities beyond the escape velocity
from colliding pair, i is a mean inclination of the planetesimal orbits from the central plane, A is a collision
cross section, and v is the relative collisional velocity at r. In this study, the value of v is set to be the

random velocity of the aggregates (Nakano 1987),i.e.

G 4mp\ /6 1/3
v-—<;) (52) " m (92)
where @ is the Safronov parameter and G is the gravitational constant. According to Nakano (1987), we set
i = v/vg where vy is the circular Keplerian velocity at r. ‘

The specific impact energy @ is calculated according to the standard definition, @ = 0. 5v? (Housen &
Holsapple 1990). We use a strain-rate scaling model for threshold value of catastrophic fragmentation, @~
(Housen & Holsapple 1990). If @ > Q*, the colliding pair of EKOs are disrupted (catastrophic disruption).
When § < Q*, the impact of projectile produces a crater on the target surface (cratering event). For the
case of ¥ = 1073, Q > Q* occurs beyond 7 = 50 AU. Namely, the mutual EKO collision causes a catastrophic
disruption. While the collisional fragments having enough ejection velocity escape from the colliding pair,
the remnants are reaccumulated due to their own gravity. In order to estimate the value of M(> ves.), we
use the catastrophic disruption model by Colwell & Esposito (1993).

In the case of interstellar dust impacts, we use the model for a hard surface of EKO by Yamamoto &

‘Mukai (1998a) to estimate Fy(m,r) in Eq.(90).

Substituting Eqs. (88) and (89) into Eq.(90), the mass production rates as a function of r are calculated
for the cases of the interstellar dust impacts and the mutual collisions of EKOs (Fig. 21), where the outer
limit of EKB region is assumed to be 200 AU.

The size of collisional debris produced by the mutual collisions of EKOs ranges from multl kilometer
blocks to fine dust, while the interstellar dust impacts provide only dust with radii smaller than about 10
pm (Yamamoto & Mukai 1998a). In this study, the number density no(m,r) of ejecta produced both by the
mutual EKO collisions and by the interstellar dust impacts is assumed as,

no(m,r) x m™Y. (93)

Kato et al.(1995) estimated that the value of g ranges from about 1.63 to 1.90, based on impact experiments
onto icy targets. By using Eq.(93) for ¢ = 1.67, we estimate the fraction of dust grains with radii smaller
than 10um in the debris produced by mutual EKO collisions (Fig. 21). It is found that beyond r =70
AU the dust production rate due to the interstellar dust impacts is greater than that due to mutual EKO
collisions for the grains with radii < 10um.
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Figure 21: Mass production rates as a function of r for the cases of the interstellar dust impacts (solid curve)
and the mutual collisions of EKOs (dotted curve). For comparison, the fraction of dust grains with radii
smaller than 10um in the debris produced by mutual EKO collisions is also shown (dash-dotted curve).

7.3 Mass distribution of EKB dust disk

We examine the equilibrium mass distribution of dust grains in EKB dust disk using numerical model which
takes into account grain-grain collisions and the Poynting-Robertson effect (Ishimoto & Mann 1998; Ishimoto
1998). According to Ishimoto (1998), the radial and mass dependence of the number density distribution

n(m,r) for EKB dust grains is derived by

on(m,r)  n(m,r) re
or - r - 2ﬂGM@ Y(ma T) (94)

where Mg, G, and c are, respectively, the solar mass, the gravitational constant and the speed of light, and
8 is a ratio of solar radiation pressure to the solar gravity. The term Y(m,r) includes collisional gain and
loss due to mutual grain collisions and due to impacts between interstellar dust onto grains as well as direct
dust supply from EKOs estimated in Fig. 21. Since the ejected grains with large 3 attain hyperbolic orbits
due to the solar radiation pressure (Burns et al. 1979), we assume that the small grains with masses less
than about 10~!2g escape from the Solar System.

By using Eq.(94), the mass distribution of grains in EKB dust disk for the steady state is calculated as
a function of r and m (Fig. 22). The impacts of interstellar dust disrupt the grains with masses of about
10~° to 10~5g, and then smaller grains are produced. On the other hand, the large EKB grains are not
disrupted by the interstellar dust impacts. As decreasing the solar distance under the Poynting-Robertson
drag, the number density of small dust grains increases compared with that of larger dust grains due to
these collisions. Therefore, the total cross-sectional area of dust grains increases with decreasing the solar

distance.

7.4 'Thermal emission brightness from EKB dust disk

From the mass distribution of grains in EKB dust disk obtained above, we examine the thermal emission
from EKB dust disk beyond r =50 AU. Grains’ temperatures are calculated using expressions in Yamamoto
& Mukai (1998b) for the thermal equilibria. For optical constants of EKB dust grains, we use water-ice and
astronomical silicate. By using the resulting temperature of EKB grains, we estimate the thermal emission
from EKB dust disk along a line of sight from r = 50 to 200 AU (Fig. 23). For comparison, IRAS data in
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Figure 22: Mass distribution of dust grains in EKB dust disk at the solar distances of 50, 70, 100, and 190
AU.

ecliptic plane (Hauser et al., 1984) for foreground zodiacal emission at a solar elongation angle of 91.1° are
plotted in Fig. 23 as filled circles. The expected thermal emission of EKOs is fainter than that of IRAS in
all cases considered here. This means that it is difficult to find the thermal emission spectrum of EKB dust
disk from the Earth directly in infrared wavelength domain. On the other hand, for the case of astronomical
silicate, the thermal emission from EKB dust disk may be comparable than the foreground zodiacal emission
in far-infrared and submillimeter regions.

7.5 Summary

We investigate the mass distribution of EKB dust disk beyond r =50 AU using numerical model which takes
into account grain-grain collisions and the Poynting-Robertson effect. As decreasing the solar distance, the
number density of small dust grains increases compared with that of larger dust grains. This indicates that
the total cross-sectional area of dust grains increases with decreasing the solar distance.

The predicted thermal emission brightness from EKB dust disk beyond r = 50 AU is fainter than that
of IRAS data in infrared wavelength domain. It has been reported that the thermal emission from inner
EKB (30-50 AU) is also fainter than that of IRAS data in infrared wavelength domain (Yamamoto &
Mukai 1998b). Therefore, it seems to be difficult to find a sign of thermal emission from EKB dust disk
in the past observations from the Earth. However, in far-infrared and submillimeter wavelength domains,
the thermal emission from EKB dust disk presented here may become comparable to that of foreground
zodiacal emission. When the EKB dust disk has a narrow spatial band structure with a thickness of about
10 to 20 degree around the ecliptic as predicted for EKOs (Jewitt & Luu, 1995), the scanning of thermal
radiation along a line perpendicular to the ecliptic plane may reveal a hint of the presence of EKB dust disk

in the future observations.
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