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ABSTRACT

Effect of the spin of an interplanetary dust on its motion was studied. The spin
effect is larger for larger dust and for smaller heliocentric distance. The equation
of heat conduction of a rotating sphere under the irradiation of sun light was solved.
The numerical result was also given. The spin effect is as follows; (1) the change of
the magnitude of an orbital angular momentum L, (2) the change of inclination of the
orbital plane and (3) the precession of L. The approximate solution that the orbit
radius of dust approaches a constant value was obtained. If any mechanism maintain-
ing the spin exists, the fallin of dust into the sun is prevented.

Key words: Interplanctary dust; Spin effect.

1. Introduction

It has been considered that the main effect perturbing the motion of an in-
terplanetary dust comes from the drag force due to the absorption and the re-emis-
sion of solar radiation (Poynting-Robertson effect). This effect works to decrease
an orbital angular momentum of the dust and consequently the dust particle spirals
around and finally into the sun. The lifetime of the dust is rather short. For
example, a dust of 1 # radius falls into the sun from the heliocentric distance of 1
AU for 700 p years (o is the density of dust in g/em™3). Therefore the dust ma-
terials must be always supplied into the interplanetary space from any source. The
comets, the moon, the asteroid and the interstellar medium would be the candidates
of the sources.

There are some effects other than the Poynting-Robertson effect. Among
these, the drag force due to the solar wind and the friction due to the neutral gas
decelerate the dust, and the above mentioned situation would not change. Thus
the mechanisms accelerating dust particles are very interesting problems.

The effect of a spin of the dust and the effect of the Lorentz force by the in-
terplanetary magnetic field acting on a charged dust do not always decelerate it.
As these forces have a tangential component along the orbit of dust, they can ac-
celerate the dust under certain condition. Then the dust will survive for a long
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time. The present paper deals with the spin effect, and the Lorentz force effect
will be discussed elsewhere.

The precise consideration shows that the surface temperature of dust is higher
on the dayside than on the nightside. The momentum of emitted radiation in the
rest system of dust is larger on the dayside, so the reaction pushes the dust outward
from the sun.

When the dust has a spin, a part of the surface of dust reaches the maximum
temperature not at just noon but at certain time in the afternoon. Then the reac-
tive force has a tangential component besides the outward component, (see figure
1). The tangential component may accelerate the dust when both the orbital ro-
tation and the spin of dust are of the same sense. This effect was pointed out pre-
viously by Yarkovsky and a few subsequent papers dealt with the problem, but
the detailed analysis and the numerical results have not been shown yet (Opix 1951;
Jaccia 1963).

F(reaction force)

solar
radiation

é

A P(resultant momentum
of the thermal radiation)

N

IR

the sun

Fig. 1. The effect of a spin of dust.

2. Order of Magnitude of the Spin Effect

The forces acting on an interplanetary dust are classified into the conservative
and non-conservative forces. The gravitational force acting on the dust of mass
m at a heliocentric distance r is GMg/mr?, where G is the gravitational constant
and Mg is the solar mass. The radiation pressure of the sun is ¢/c, where ¢ is
the energy of the sun light absorbed by the dust per unit time and ¢ is the light ve-
locity. The Poynting-Robertson drag force, which is non-conservative, is (¢/c)
(v/e), where v is the dust velocity. The spin effect concerns with the nonuniformity
of the temperature 47 and is given by (¢/c) (4T/T), where T is the average tem-
perature over the dust. Both the conservative and the non-conservative forces are
of the same order of magnitude.

The non-uniformity of the dust temperature 47 is very small because of the
smallness of the dust size. For a thin layer of dust materials of thickness s irra-
diated normally by the solar radiation at 1 AU, the temperature difference 4T
between the both sides of the layer is shown in table 1. As the dust materials,
silicate glass and iron are chosen. The s and r dependence of 4T is sr™2. Since
that of 7 is r~%5 the s and r dependence of (47/T) is sr~%5. The factor (v/c) ap-
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pearing in the Poynting-Robertson drag force is 10~* for a circular orbit of 1 AU.
The r dependence of this factor is r7%5. At 1 AU, the factor (47/T) is 107* for a
silicate glass particle of 100 « radius, if one takes the temperature 7 as 300 K. Thus,
the spin effect dominates the Poynting-Robertson effect when the radius of a dust
is larger than the critical value of 100 . The critical value is proportional to the
heliocentric distance r.

Table 1. The temperature difference at 1 AU and the physical constants of
the dust materials.

Thermal
Density o Specific conduc- 4T[K] at 1 AU (..p—*c.—)l/z (i)
Material heat C  tivity 2k C
3 .
lg/em®]  [cal/gK] gc.z}é/]cm s=1u 1004 1cm [s¥2/em] [erg-s/cm?]
zggsate 2.1 020 34x107® 5x107* 5x1072 5 786 1.7x1072
Iron 7.9 0.105 0.18 9x10"¢ 9x107¢ 9x10°2 215 1.7

3. Calculations

The stationary state is assumed. A sphere of radius s spinning with a constant
angular velocity w is irradiated by an omnidirectional light, absorbs all the in-
cident light and emits the thermal radiation. At each part of the surface the emitted
radiation energy is proportional to the fourth power of the surface temperature.
The spin axis is choson as z axis and the light is assumed to come in the xz-plane
with an angle ¢ with z axis.

In the polar corrdinate system, the temperature 7" of the sphere is determined
by the equation,

woC OT _

4T, 1
£ Op (1)

where C is the specific heat of the material and 4 means the Laplacian. The bound-
ary condition is

& _6_T-|_UT4 - { (B/ns?) (ne,) for (ne)>0 (2)
r 0 for (ne)<0

on the surface of sphere. The unit vectors n and e, direct the outward normal on
the surface and towards the light source respectively and ¢ is the Stefan-Boltzmann
constant.

In order to solve equation (1), we expand the temperature 7 in terms of the
normalized spherical harmonics Y,,,(0, ¢) as follows,

oo !
T(l', 69 go) = T;){l_}_ [E_:JI m;[ Ylm(aﬁ gp)' le(r)} . (3 )
Inserting equation (3) into equation (1), the equation for R, (r) is derived
1 d [ ,dR, . <copC I(+1)
- 2 2t ) iml =22 ) Ry, ———%R,;,, = 0. 4
I'Z d)‘ y dl‘ ) m P ) Im I‘?‘ I ( )

It is assumed that the temperature difference is small compared with the average
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temperature. The boundary condition (2) is approximated by

orT o
© | TOTHIA4 S 3170, 9) Ri()} =
{ (#/=s?) (ne,) for (ney)=>0 (2y

0 for (ney)<O0.

The integration all over the solid angle leads to the relation
AnstoTh = & (5)

The regular solutions of equation (4) satisfying the boundary condition (2) are

Rp= (%)l(n—sﬁﬂ> 1+(¢7:S"’T0) ’

. (6)
m = .]1(,3”17') . ¢ ) Tim
jl(ﬂms) Sk TO [ﬂms 'j!/(ﬂms)/jl(ﬂms)] "'l* (d)/?ESIC TO)
where j, is the spherical Bessel function of the order of / and
B = —im <g)£§) , (7)
K
and
Tim = S Yl:*;n(ﬂa ‘/)) (neo) dge . ( 8 )
(neg)>0

The factor (¢/zseT,) is a quantity of the same order of magnitude as (47/T), so it
is neglected in the denominator in each equation.
The emitted momentum from the surface of the sphere per unit time, 4P, is

4P = S n—f} .‘Z;Tf ds = _‘31 %7137 (Re(v/2 R, (5)),
Im (\/—Z“Rl—l(s))’ Ry(s)) . (9)

Elementary calculation shows that

_ [ sing _ |z
71-1 «/73‘ \/T’ o v§ cos ¢ . (10)
Denoting
p= g =+ (225)7, an
Ji(Bs) _ .
ﬁS'jl'(ﬂS) . ’;(7’)‘5‘17](7’) (12)
and
_ (@oC\
r=(%)" 13
we get
1P = L4 () €@ sing, () sin g, cos 9). (14)
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Now we introduce the unit vector e, directed into the spin angular momentum
and the radial unit vector e, from the sun. The force F due to the spin is wrttien
as

F=—1P =K (ool xe)+(1-Oe.lee)} , (15)
JER
where
2 /
K=t (B e Lo (16, (16)
nsee \ T 36zcr \ Lg

In the expression of X, r,=1 AU, ¢, and T, are the values of ¢ and T at r=r,
respectively and Lg is the solar luminosity.

The functions &(r) and 7(r) are shown in figure 2. If the delay time when the
maximum temperature is reached after the noon is represented by a meridian
angle 8,

tan @ = 7(r)/E(r) . 7
For r<« 1, the functions, &, » and tan® are written approximately as
8 1 1
E=1——-2r), 7=——2r) tan® = —(2r), 18
700(7) 1O(r) n 1O(r) (18)
and for r>1,
E:LQ#ﬂn=i@+§,m@=Hl. (19)
2r T 2r T r

The approximate formulae (19) are rather good for y>2. When r increases from
zero, 1—¢& increases monotonic and approaches 1. The maximum of 7 is 0.44 at
abou r~1.5. The angle @ is zero for r=0, then increases and reaches the
maximum value 52.5° at y==2.8, and then approaches 45° with increasing 7.

1.0r

"

7

0 1 2 3 1 5 6 7 8 3 7
Fig. 2. Functions 1—£&(7) and 7(7).

4, General Feature of the Spin Effect

The force due to the spin is represented by the right hand side of equation
(15). The first term (K/r3*)£(7)e, is the radial, repulsive and conservative force.
This term is out of consideration in the following. The second and the third terms
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change the energy F and the orbital angular momentum L of the dust.

Now, the power F-v and the torque N==r X Fare averaged over a period along
the Kepler orbit. The result is found to be a complicated function including the
eliptic integral of the eccentricity e. For the sake of simplicity, we choose a circular
orbit with radius a. This choice is allowable, because de/di=0 at e=0. The
result is as follows,

dE Ky

S22 (e , 20
dt a’? (€ues) , 0
dL _ Kp 1 K(1—&) 1

A2 = B 2 etefeen+F20 Lo el een. @D

Decomposing the equation (21) into three equations about the magnitude L and
the polar angle (i, £) of L and adding the contribution of Poynting-Robertson
drag force, we get

dL _ K.n cosi_al

dt @ @’ @2)

dcosi _ Ky sin? 7 23)
dt 2La%5

d2 _K(1—§&)cosi

a T oraes =

where « is a parameter of the Poynting-Robertson drag force given by

¢t 3Le

a = .
mc®  l6mcisp

(25)
From the equations (22), (23) and (24), we see the spin effect has the following
feature:

(i) Change of the magnitude of the orbital angular momentum

The spin effect increases the magnitude of the orbital angular momentum L
when the spin angular momentum and the orbital angular momentum are in the
same sense (cos i >0), and decreases L when the two are in the opposite sense (cos i
<0).

The magnitude of this effect is proportional to 7(r), so this effect is zero at
zero spin and at the limit of very large spin, and becomes the maximum at certain
value of .

(ii) Change of the direction of the orbital angular momentum

The spin effect changes the direction of L. This is an important feature of
the spin effect, which is quite different from the feature of the Poynting-Robertson
drag force, friction of the neutral gas and the plasma friction. Since the right

hand side of equation (23) is non negative, the direction of L approaches always
that of the spin.

In order to describe the grobal character of motion of a dust, we introduce
the characteristic time. The time #,,, during which the direction of L changes
“appreciably, is defined by f;,,~L-a*%K7(7) except for the neighbourhood of
sin i~0. In case of the predominant spin effect, this time is shorter than the char-
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acteristic time for the Poynting-Robertson effect tp,=mc?/¢. Even if initially L
is the opposite to e, and so the spin effect works for the decceleration, the direction
of L will tend to the direction of e, and then the spin effect works for the accelera-
tion.
(iii) The precession of the orbital angular momemtum

The spin effect induces the precession of the orbital angular momemtum L.
From equations (23) and (24), we get

cosi di y/
— e == 2
sini de 1—£& (26)

Integration gives

ST exp (—— (2-89)). @7
sin i, 1—-¢&
During £ changes 2=, sin / changes by a factor exp [—2z7/(1—&)]. If the spin of
the dust is so rapid as >, 2z7/(1 —&)~(z/r)< 1 from equation (24), and then the
factor is nearly equal to unity. So the angle 7 is unchanged essentially. The period
of the precession is approximately,
47L'L‘ a2.5
Three =2 i 28
? K(1—&)cos i @8)
On the contrary, if the condition 7=z is not satisfied, the expression of
equation (28) is almost meaningless.

5. Validity of the Present Discussion and the Change of the Spin

Until now the cause of changing a spin of dust has not been mentioned. Prac-
tically the spin of dust is not constant but variable. The validity of the averaging
process over the Kepler orbit is justified as long as the characteristic time of the
spin change fspin is sufficiently longer than the Kepler Period. If this condition is
satisfied, it is meaningful to trace the orbit of the dust by solving the equations
(22), (23) and (24) in the time range shorter than than the characteristic time fspin.

The mechanism of changing a spin of dust has not been yet established. The

study of it is not the main purpose of this paper. Here we shall consider the varia-
tion of the spin, assuming the spin is given to the dust at certain time through any
process.
(i) The thermal radiation emitted from the surface of rotating dust carries out
the spin angular momentum. Its order is (¢/c) per unit time. Since the surface
rotates with the velocity of the order of sw, the fraction (sw/c) of the momentum
gives the reaction along the surface, thus causing a torque (¢/c) (sw/c)s. The
characteristic time of the spin damping £}, is defined by (¢/c) X (s@/c)stid), =1,
where I is the moment of inertia of the dust and is of the order of ms®. Thus

mc?
ts(rla)in = ‘:}5— . 29

This time is of the same order of magnitude as the Poynting-Robertson charac-
teristic time fpp, during which the magnitude of the orbital angular momentum
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L changes appreciably.

(ii) Since the photons have an angular momentum 7, a dust particle absorbing
the photons suffers the Brownian motion (HARwIT 1970). When the dust absorbs
N photons, the root mean square angular momentum of the dust is \/N7%. The
characteristic time £}, is defined by \/N#t&=Iw. Then

1 T \?
= —— (22, 30
? Nyes? \ & (30)
where N, is the photon flux. Using the relation Jo=(167/15) (x/C)y%°® and
inserting the photon flux N, of 1.7x 10" photons cm™%sec™ at 1 AU we, get

o { 1.75 x 10%74s%? years for silicate glass, G1)
e 1.75 % 10%7*s*2 years for iron,

where s and r are in cm and AU unit respectivery.
(iii) The protons in the solar wind hit a dust and give angular momentum. The
momentum of a proton with the velocity of 300 km sec™ is 5.0x 107 ¥g cm sec™.
The average angular momentum transported to the dust is (3/4)s times the mo-
mentum. The characteristic time &), is obtained in the same manner as in (ii),

@ 2.3 X 1087422 years for silicate glass,

lspin == . (32)

2.3 X 10774522 years for iron,

where the proton flux of 10° protons cm™® sec™ at 1 AU is used.

The characteristic times &, and &), are sufficiently long. For a silicate
glass grain of radius 1 # at 1 AU and for 7~1, t&,~10° years and ¢&),~2x10°
years. Thus the contributions of the random processes (ii) and (iii) are negligible
for the motion of dust considered here.

Now the motion of dust can be described by equations (22), (23) and (24) with
the variable spin angular velocity @. Unless the effective action increasing the
spin is operative, the change of  is determined by equation,

ldo 5 & (33)

w df 3 me?’

In order to solve the equations, numericacl calculation is needed, because the
functions 7(7) and 1—&(7) are complicated functions of w. However »(7) is insen-
sitive for the change of w for ¥Z=1. In this region of 7 values, the solution with a
constant 7 value has a meaning as an approximation. Substituting L=m~// o'/
(a is the radius of the orbit and #'=GMg—ac) and eliminating ¢, we get a diffe-
rential equation

—4a cos i = e/ a. (34)

sin?i- .
dcosi k7

Integration of equation with an initial condition a=a, at i=i, gives

e
L LSl SO s (1)) (39)
a a, sin* i, K7y

where
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i) = 1 --c—,9§-l~_(3 sin? i—}—2)—-i log|tan X | . (36)
8 sin* i 8 2

ala
2.5
+2.0
1.5
1o
S -10.5

) A

!
To
x==C0S i

Fig. 3. Relation between i and a. A dust particle goes along the curve from left
to right. Suffix p of each curve means; p=a,[(a, sintiy)— f(iy).

The figure 3 shows the relation between / and « for various initial values 7, and
a,. After a long time the angle / approaches 0 and the radius a approaches

a, = Knlam\/ 1" 37

independent of the initial condition. This is just the distance at which the Poynt-
ing-Robertson effect and the spin effect balance each other. The minimum radius
occurs at

a = K7y cos ifam\/ 1 . (38)

When a,>> K -cos ijam~/ 7, the distance a reaches a minimum and then increases
and finally approaches ¢, Thus if there exists any mechanism which maintains
the spin angular momentum, the fallin of dust into the sun is prevented. But,
in the absence of such a mechanism, the spin decreases and accordingly g, reduces
appreciably as the time goes on, and finally the dust falls into the sun.
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