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Abstract. Solar-wind particles striking dust grains in orbit around the sun exert not only a repulsive force on the grains,
but also a drag force, called the plasma or pseudo Poynting-Robertson (PR) effect, which limits their dynamical lifetimes.
To better understand the dynamical evolution of interplanetary dust, we study the momentum transfer from the solar wind to
interplanetary dust taking into account the passage of impinging particles through the grains. The pseudo PR drag is one of the
most important perturbations for the dynamics of interplanetary dust of any sizes. However, previous studies underestimated
the lifetimes of small grains by overestimating the acting solar-wind forces. Our study also provides the velocity distribution of
neutralized solar-wind particles after passage through a grain along with some implications for the generation of pick-up ions

by solar-wind interaction with dust grains.
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1. Introduction

The impinging of solar-wind particles on a dust grain moving
around the sun exerts a force on the grain in the directions par-
allel and perpendicular to the solar-wind flow. The perpendic-
ular component decreases the orbital angular momentum and
energy of the grain. This limits the lifetime of the grain in a
manner similar to the Poynting-Robertson (PR) effect, which
results from its interaction with electromagnetic radiation
(Whipple 1955). This tangential force due to the solar-wind
impact is hereafter referred to as the pseudo PR effect analo-
gous to the PR effect. The pseudo PR effect is comparable to the
PR effect for grains larger than 0.1 ym and exceeds the PR ef-
fect for grains smaller than 0.1 um (Burns et al. 1979; Mukai &
Yamamoto 1982). The magnitude of direct solar-wind pressure
may exceed that of direct radiation pressure for 0.01 pm
grains (Mukai & Yamamoto 1982). Consequently, the direct
solar-wind pressure and the pseudo PR drag play a key role in
the dynamical evolution of small dust grains around the sun.

Previous studies of solar-wind forces assumed that im-
pinging solar-wind particles are perfectly reflected or absorbed
on the grain surfaces (Mukai & Yamamoto 1982; Gustafson
1994). However, the solar-wind particles can pass through
small dust grains. As a result of this “small-particle effect”, a
fraction of their momentum is not transferred to grains smaller
than the distance that the particles can travel in matter. As we
show in this paper, the small-particle effect limits the direct
solar-wind pressure and the pseudo PR effect for small grains.

Large dust particles interacting with solar-wind particles
are discussed to generate neutral atoms with increasing rates

toward the sun (Banks 1971; Fahr et al. 1981). The slow mov-
ing neutrals are ionized by solar UV and subsequently picked
up by the solar-wind’s frozen-in magnetic field, which redis-
tributes them in the solar wind. It is suggested that the neutrals
generated at distances r < 1 AU from the sun provide a source
of pick-up ions measured at r > 1 AU (Gloeckler & Geiss
2001). Our study provides estimates for the velocity distribu-
tion of solar-wind particles after passage through dust grains

Here we study the momentum transfer of solar-wind parti-
cles to dust grains taking into account the passage of the par-
ticles through the grains. Implications for solar-wind forces on
dust grains and the role of dust in the formation of pick-up ions
are discussed.

2. Interaction of dust with solar-wind particles
2.1. Momentum transfer cross section

The contribution of solar-wind forces to the motion of a dust
grain with mass m is described as (Burns et al. 1979)

. 27 o
mo = Fgy [(1 — —)er - (—)ee] >
Usw Usw

where v is the velocity of the grainv = je,+rfeg and vy, denotes
the heliocentric solar-wind speed. The force F, is given by

6]

Fow = Zpivgwcsw,i’ (2)
i

where p; is the mass density of the ith species of solar-wind
particles, which consist of mainly protons and a-particles.
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Table 1. The projected range /; and the stopping cross section § El)
of protons (i = p) and a-particles (i = «) with initial kinetic energy
1 keV/amu for SiO, and carbon (Mikheev et al. 1993; Eder et al. 1997,
Bauer et al. 1998; Mgller et al. 2002).

A l sy ss
@ p a
(um) (um) (107BeVem?) (1075 eV cm?)
SiO, 0.092 0.16 8.2 19.0
Carbon 0.067 0.14 3.0 5.9

Because p;v2, is the momentum flux of the incident parti-

cles, Csy,; describes the momentum transfer cross section for
impinging ith particles, which is analogous to the radiation-
pressure cross section Cp;. In what follows, we derive an an-
alytical expression of Cy,,; accounting for the passage of ions
through dust grains.

The stopping power of ions with kinetic energy E in a solid
of molecular number density ng is approximated by

_LYAE _ ooy _Elmsw ’
ng dx 1 keV/amu

3

where x is the traveling distance of the ion in the solid, SV
the stopping cross section at energy of 1 keV/amu, and mgy
the mass of the ion. The exponent « is assumed to be 0.5 in
agreement with most models and experimental results for E <«
100 keV (Eder et al. 1997; Mgller et al. 2002). The projected
range /(E) of an ion having initial energy Ej is calculated to be:

£ dE 2E,
I(Eo) = — = :
(Eo) fo dE/dx ~ (—=dE/dx)|p-g,

Table 1 shows the projected ranges of protons and a-particles
with initial energy 1 keV/amu for SiO, and carbon, which are
taken as plausible analogue materials for dust in the solar sys-
tem. Since Eq. (3) with @ = 0.5 reduces to —dp/dx = const.,
where p is the momentum of the ion, we have

Po—p X

Po (po)’ ®)
where py = V2mgyEy is the initial momentum of an incident
ion. This relation indicates that the momentum transfer is pro-
portional to the traveling distance x in the grain.

On the basis of Eq. (5), we derive an expression of Cyy,;
by summing up the momentum loss rate of solar-wind particles
hitting on the grain. The reflection efficiencies of protons and
a-particles with typical solar-wind velocity are negligibly small
(Colligon 1961; Hagstrum 1961). Here we consider a spherical
solid grain for simplicity, although actual interplanetary grains
may be fluffy. Our study can be extended to estimate the mo-
mentum transfer cross section of fluffy dust, but this is left for
a future study.

First we consider the case that the projected range I(pg) of
solar-wind particles of momentum py is larger than the diame-
ter 2a of a grain; all hitting particles pass through the grain. As
illustrated in Fig. 1, the momentum loss of an impinging parti-
cle during its passage through the grain with impact parameter
asin @ is given by

“

2poacos  2mgybswa cos
Il(po) I(po)

pPo—p= (6)
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Fig. 1. Geometry of a spherical grain irradiated by solar wind.

The number of solar-wind particles impacting on a ring surface
of radius a sin 6 and width a cos 6d6 perpendicular to the solar-
wind-momentum vector per unit time is given by

dN = 2ra’nvg, sin @ cos 6d9,

)

where n is the number density of solar-wind particles. The mo-
mentum transfer rate is given by

. Anadpv?
(po — p)dN = ZLLYW 02 9 in 66, 8)
l(po)
where p = nmy,,. The force exerted on the grain is
/2 . dna’pv?
= (po— p)dN = ——=. ©))
1= Joy oo ? 31p0)
As aresult, we have
2( 2
Cywi = 1 [— ( a )] for 2a < I(po). (10)
3 \l(po)

Next we consider a large grain with 2a > I(py). Solar-wind
particles with impact parameter smaller than asinf, are ab-
sorbed in the grain and exert a force

2

fi = pv},ma’ sin® 6y, (11
where 6 is given as
2acos by = I(po). (12)

On the other hand, solar-wind particles with impact parameter
larger than a sin 8y deposit a fraction of their momentum in the
grain, and exert a force

dna’pv? f /2 2 4na’pv?
= —— W cos?0sinfdd = ——¥ cos> 6. (13)
22700 3ipo)
Thus, the total force exerted to a grain is given by
f=H+f= pvfwﬂa2 (sin2 6o + a cos’ 90) . (14)
31(po)
Using Eq. (12), we obtain
[ 1 ({lpo))
Covs = 7|1 — & (120) for 2a> I(po). (15)
| 3\ 2a
In summary, the momentum transfer cross section is
[2 1
Cowi = na* EX U(l-X)+ (1 - ﬁ) UX - 1)], (16)
where X = 2a/l(po) is the “size parameter” and U is the

Heaviside unit step function. Note that the first and second
terms are smoothly connected at X = 1.
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2.2. Velocity-distribution function

Solar-wind particles are neutralized and loose momentum
along their paths in a grain. As a result, there arises a veloc-
ity distribution of solar-wind particles that have passed through
a grain, even if we assume them to initially have identical ve-
locities. The velocity distribution is proportional to dN given
by Eq. (7) and one arrives at the distribution function by elim-
inating 6 in dN with the use of Eq. (6) and consideration of
Eq. (12) for large grains and by expressing p in terms of the
velocity v = vy — Auv:
f(v)dv = const - (vg — v)dv, (17)
where vy = po/msy, and vy < v < vy with vy, = 0 for 2a >
l(vo) and vpin = vo[l — 2a/l(vy)] for 2a < I(vy). Equation (17)
indicates a large population at low velocities.

3. Numerical evaluations

As to the solar-wind parameters, we use the following aver-
aged values (Neugebauer 2001): vy, = 4.5 x 107 cms~! for the
heliocentric velocity and n(r) = no(r/1 AU)™? for the num-
ber density where ny = 6 cm™>. Above parameters reflect
ecliptic conditions that are appropriate for the majority of in-
terplanetary dust grains. At higher heliographic latitudes, the
solar-wind speed is faster and the particle density decreases:
Vow = 7.5 x 107 cm s7!, ng = 3.5 cm™>. We take the num-
ber ratio of protons and a-particles to be 1 : 0.05 and neglect
heavier particles (Neugebauer 2001). Solar-cycle variations of
the solar-wind parameters are not considered here, because the
time scales of the dynamical evolution of dust grains due to the
pseudo PR drag are long compared to the solar cycle.

3.1. Radial pressure on dust grains

We calculate the radial solar-wind pressure Fy,, on dust grains
in ecliptic orbits around the sun as a function of grain radius.
Solid lines in Fig. 2 (see the left axes) show the ratios of the
solar-wind pressure Fj, to solar-radiation pressure Fp, com-
puted by Mie theory for SiO, and carbon grains (cf., Mukai
& Mukai 1973; Kimura & Mann 1999). Figure 2 illustrates
the effect of the fractional momentum transfer of the solar-
wind particles to the grain in comparison to the perfect mo-
mentum transfer of the particles assumed in previous studies
corresponding to Cyy,; = ma® (dotted lines). For grains larger
than 0.1 pum, the solar-wind pressure is ~1073 of the radiation
pressure and the ratio of solar-wind pressure to radiation pres-
sure is nearly constant because both forces are approximately
proportional to the geometrical cross section of the grains. For
grains smaller than 0.1 ym, the ratio depends on the size and
material of the grains but remains smaller than unity. At high
heliographic latitudes, the solar-wind pressure is stronger for
large grains of X > 1 due to larger momentum flux of the so-
lar wind, but approximately constant with latitudes for small
grains of X < 1 because the effect of the larger momentum flux
is canceled out by the small-particle effect.
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Fig. 2. Ratio Fy/Fpyy of solar-wind pressure to electromagnetic radi-
ation pressure (left scales) and ratio y of the pseudo PR drag to the
photon PR drag (right scales) as a function of grain radius taking into
account the fractional momentum loss (solid line) for SiO, (left panel)
and for carbon (right panel). For comparison, the dotted lines indicate
the cases that all impinging particles are completely absorbed.

3.2. Tangential drag force on dust grains

The second term on the right-hand side of Eq. (1) expresses
the pseudo PR drag which causes dust grains to spiral into the
sun. The ratio y of the pseudo PR drag to the PR drag is given
by ¥ = (Fsw/Fpn)(c/vsw) where the factor ¢/vgy, comes from
the difference of the aberration angles for solar wind and light.
Figure 2 also gives the 7y ratios for SiO; and carbon grains (see
the right axes). The pseudo PR drag exceeds the PR drag up
to two orders of magnitude for grains smaller than 0.1 um al-
though the passage of solar-wind particles limits the relative
importance of the pseudo PR drag. Because the pseudo PR drag
does not strongly depend on the materials of grains, the differ-
ence in the values between SiO, and carbon comes mainly from
the material dependence of the PR drag. The y ratios shown
in Fig. 2 holds at any heliographic latitude for large grains of
X > 1 owing to the fact that the mass flux of solar wind is
nearly constant with latitude (Phillips et al. 1995). For small
grains X < 1, the fast solar wind at high latitudes weakens
the pseudo PR drag. The varying pseudo PR drag with lati-
tudes influences the dynamical evolution of interplanetary dust
(Banaszkiewicz et al. 1994; Fahr et al. 1995).

3.3. Velocity distribution

Figure 3 shows the velocity distribution function f(v) of pro-
tons after passage through SiO, grains with radii of a = 100,
250, and >500 A for vy = 4.5 x 107 cms™'. The distribution
function increases linearly with decreasing velocity and has a
low-velocity cutoff vy,;,. Note that vy, decreases with grain ra-
dius a, but vy, = 0 for a > 500 A, implying that large grains
produce a wide velocity distribution.

4. Discussion

The dependence of momentum transfer cross section Cgy here
derived on the grain radius is analogous to that of the radiation-
pressure cross section Cp;. For a small grain (X < 1), Cgy is
proportional to the volume of the grain because the number of
incident particles depends on the grain cross section and the
momentum loss depends on the mean thickness of the grain.
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Fig.3. Velocity distribution f(v) of protons after passage through
SiO, grains with radii of a = 100, 250, and >500 A. Tnitial veloc-
ity of protons is taken to be vy, = 4.5 x 107 cm s7".

For larger grains (X > 1), Cyy, approaches the geometric cross
section because almost all of the incident particles are absorbed
by the grains. The former and the latter correspond to Cy, in the
Rayleigh scattering and the geometrical optics, respectively.

The present derivation of the expression for the momen-
tum transfer cross section enables us to more correctly estimate
the solar-wind pressure. The magnitude of solar-wind pressure
is found to always stay below that of solar-radiation pressure
for grains of sizes >0.01 um, as opposed to the previous work
by Mukai & Yamamoto (1982) who suggested the solar-wind
pressure to exceed radiation pressure by one order of magni-
tude for very small grains of ~0.01 um (Fig. 2). We conclude
that the direct solar-wind pressure is negligible for most sizes
(>0.01 gm) and compositions of grains.

Unlike the direct solar-wind pressure, the pseudo PR effect
dominates the PR effect for grains of sizes <0.1 ym and is im-
portant even for larger grains (Fig. 2). Previous estimates of the
pseudo PR effect are qualitatively consistent with our results,
but quantitatively different for small grains. We note that ne-
glecting the passage of solar-wind particles through dust grains
greatly underestimates the lifetime of very small grains.

We have neglected some effects considered in Mukai &
Yamamoto (1982) when calculating the solar-wind forces. The
effects of sputtering of surface molecules increase the forces by
a factor of <1.4 at 1 AU compared to the values given in this
paper. With a typical solar-wind speed (~400-800 kms~!) and
temperature (~10* K), thermal velocity dispersion of particles
increases the forces by <1.03. Our results slightly underesti-
mate the forces acting on grains in prograde, while they overes-
timate the forces for retrograde orbits. Even taking into account
the above mentioned effects, our estimates for the solar-wind
forces lead qualitatively to the same results.

The velocity distribution shown in Fig. 3 has implications
for the current discussion of the production of pick-up ions in
the inner solar system. Wimmer-Schweingruber & Bochsler
(2003) suggested that the passage of solar-wind particles
through tiny dust grains generates pick-up ions near the sun.
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However, as pointed out by Mann et al. (2004), neither does
the required density of small grains agree with dust-collisional-
evolution models of Ishimoto & Mann (1999) nor does this
work discuss the velocity distribution of the species that pass
through the grains. Our results indicate that numbers of low-
velocity protons arises from large grains with radii a > 500 A,
while small grains of a < 100 A decelerate impinging protons
at most to 80% solar-wind speed. Heavier ions require larger
grains to be sufficiently decelerated. Therefore, estimating the
contribution of tiny grains to the production of pick-up ions
requires detailed consideration of the velocity distribution of
solar-wind particles passing through the grains.
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