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Abstract—We apply the discrete dipole approximation (DDA) to estimate the radiation
pressure cross section for fluffy aggregates by computing the asymmetry parameter and the
cross sections for extinction and scattering. The ballistic particle—cluster aggregate and the
ballistic cluster—cluster aggregate consisting of either dielectric or absorbing material are
considered to represent naturally existing aggregates. We show that the asymmetry parameter
perpendicular to the direction of wave propagation is maximized where the wavelength is
comparable to the aggregate size, which may be characterized by the area-equivalent radius or
the radius of gyration rather than the volume-equivalent radius. The asymmetry parameter for
the aggregate depends on the morphology of the particle, but not on the constituent material.
Therefore, the dependence of the radiation pressure cross section on the material composition
arises mainly from that of the extinction and scattering cross sections, in other words, the
single-scattering albedo. We find that aggregates consisting of high-albedo material show
a large deviation of radiation pressure from the direction of incident radiation. When the
aggregates are illuminated by blackbody radiation, the deviation of the radiation pressure
increases with increasing temperature of the blackbody.

Since the parallel component of the radiation pressure cross section for the aggregates is
smaller than that for the volume-equivalent spheres at the size parameter close to unity, the
Planck-mean radiation pressure cross section for the aggregates having radius comparable to
the effective wavelength of radiation shows a lower value, compared with the volume-equiva-
lent sphere. Consequently, the slope of the radiation pressure force per mass of the particle as
a function of particle mass shows a lower maximum for the aggregates than for compact
spherical particles. ( 1998 Elsevier Science Ltd. All rights reserved.

1 . INTRODUCTION

The radiation pressure force acting on a particle is essential in any discussion of the dynamics of
a particle illuminated by light. In particular radiation pressure on cosmic dust has been regarded as
an important topic of astrophysical interest, because a great number of subjects are related to the
estimation of radiation pressure on cosmic dust, i.e., orbital evolution of cometary and asteroidal
dust,1 the lifetime of circumstellar dust for fall into a star due to Poynting—Robertson effect or for
radiative blowoff,2—4 the formation of the solar dust ring,5 the penetration distance of interstellar
dust into the solar system,6 and the erosion of outer dust cloud around Vega-type stars.7,8

The radiation pressure arises from the momentum transfer of incident light on a particle due to the
absorption and scattering process, since the electromagnetic wave carries momentum as well as
energy. A quantitative estimation of radiation pressure is obtained by the calculation of the
radiation pressure cross section, which is usually weighted with the spectrum of the incident light.
The radiation pressure cross section is determined by the scattering asymmetry parameter and the
cross sections for extinction and scattering. The asymmetry parameter and the cross sections are also
important parameters to obtain the optical properties of atmospheres, such as Titan’s atmosphere9
and dust shells around Herbig Ae/Be stars.10 Apparently, a theory of light scattering by particles is
required to estimate the asymmetry parameter and the cross sections and hence the radiation
pressure force.
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The Rayleigh approximation or geometrical optics may be applicable to the calculation of the
optical properties, i.e., the asymmetry parameter and the cross sections for particles considerably
smaller or larger compared with the wavelength of incident light. When the size of the particle is
comparable with the wavelength of incident radiation, Maxwell’s equations must be solved directly,
taking into account the morphology of the particles, because the optical properties depend on the
shape and structure of the particle.

If a particle is assumed to be a homogeneous compact sphere, then the optical properties of the
particle are calculated by Mie theory,11,12 which is the exact solution of Maxwell’s equations for
a sphere. Clearly, the incident wave on the spherical particle is scattered symmetrically with respect
to the direction of the wave propagation. As a result, the radiation pressure force acts on the particle
along the direction of incident radiation. An ensemble of randomly oriented identical particles reacts
in the same manner, even if the particles are non-spherical.11 Therefore, the ¹-matrix method
developed by Waterman13,14 can be applied to compute the radiation pressure cross section for
randomly oriented non-spherical particles.15

In contrast, the light scattered by individual non-spherical particles shows an asymmetry with
respect to the direction of the incoming radiation. As a result, non-spherical particles have
a component of radiation pressure perpendicular to the direction of the incident wave. The method
of separation of variables16 has been used to investigate the parallel and perpendicular components
of radiation pressure force acting on axially symmetric non-spherical particles, such as infinite
cylinders17,18 and spheroids.19—21 However, natural small particles, such as soot particles,22 atmo-
spheric aerosols23 and cosmic dust24—26 are neither homogeneous spheres, infinite cylinders, nor
spheroids, but are often of irregular shape and appear in rather fluffy aggregates if the particles were
formed by coagulation.27,28 Regarding fluffy aggregates as hypothetical porous spheres, Mie theory
has been applied to estimate the orientational average of the radiation pressure acting on the
aggregates using the refractive index derived by effective medium theory.5,29,30 Nevertheless, the
Mie theory combined with the effective medium theory does not lead to a correct understanding of
the perpendicular component of the radiation pressure acting on fluffy aggregates. Among the
available techniques for solving Maxwell’s equations, the discrete dipole approximation (DDA)
established by Purcell and Pennypacker,31 most easily handles the evaluation of the optical
properties of aggregates.32—42 We are therefore convinced that numerical results obtained by the
DDA are helpful in extending our knowledge of radiation pressure acting on naturally existing
aggregates.

2 . DISCRETE DIPOLE APPROXIMATION

2.1. Method of solution

In the DDA, a particle is divided by N interacting dipoles, and a self-consistent set of complex
dipole moments P

j
( j"1, 2, N) for the dipoles is obtained by solving 3N complex linear

equations. It has been proved that complex-conjugate gradient (CCG) method for finding the
P
j

iteratively is effective and efficient.43 When dipoles are located on a periodic lattice, such as
a cubic lattice, the CCG method is usually combined with the fast-Fourier-transform (FFT) method,
which accelerate the computations most efficiently.44 It should, however, be mentioned that the FFT
method may lose the advantage for highly porous particles. Because we treat fluffy aggregates and
furthermore do not restrict the configuration of dipoles on any periodic lattice, the DDA is
performed without application of the FFT method in this study. Note that the dipole polarizabilities
a
j
and the configuration of the dipoles are important input parameters in the DDA.

2.2. Cross sections for extinction, absorption and scattering

Once the dipole moments P
j
are obtained by the CCG method within a specified level of accuracy,

the extinction and absorption cross sections are evaluated by the optical theorem.43 Then the
scattering cross section C

4#!
can be derived from the subtraction of the absorption cross section

C
!"4

from the extinction cross section C
%95

. It is worthwhile noting that if absorption dominates
extinction, then higher accuracy is required for computing C

%95
and C

!"4
to determine C

4#!
from the

subtraction. This means that the subtraction results in lower accuracy for evaluating the scattering
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cross section for the aggregates having low albedo, which is defined by the ratio of scattering to
extinction cross sections C

4#!
/C

%95
. Therefore, it is reasonable to use the subtraction for the

determination of C
4#!

only when C
4#!

/C
%95

A0.01.
Alternatively, the scattering cross section C

4#!
can be evaluated by the integration of the

differential scattering cross section over the solid angle43 and this method could be applied to
evaluate C

4#!
with a reasonable accuracy when C

4#!
/C

%95
@0.01. In practical computation, we

determine the scattering cross section C
4#!

by

C
4#!

"

C(0)
4#!

#(C
%95

!C
!"4

) f 2
!

1#f 2
!

, (1)

where C(0)
4#!

denotes the scattering cross section obtained by the integration of the differential
scattering cross section and

f
!
"100

C(0)
4#!

C
%95

. (2)

Equation (1) is used to smoothly interpolate the extreme cases discussed above.

2.3. Asymmetry parameter

If the shape of a particle is symmetric with respect to the wave vector of the incident light, then the
scattering asymmetry of light appears only in the direction of wave propagation. However, the
scattering asymmetry of non-spherical particles apparently deviates from the direction of wave
propagation. In order to generalize the asymmetry parameter for arbitrary shaped particles, we
define the asymmetry parameter by

g"
1

C
4#!
P n'

dC
4#!

ds
ds, (3)

where ds is the element of solid angle in the direction n' of scattering and dC
4#!

/d s is the differential
scattering cross section. The asymmetry parameter g can be interpreted as the mean direction of
scattered light. If we introduce a Cartesian coordinate system, in which the unit vectors e'

1
, e'

2
, and

e'
3

are orthogonal and e'
1

is parallel to the wave vector k, the usual asymmetry parameter for
a spherical particle is expressed as g ) e'

1
.

Once the polarizations P
j

at position r
j

of jth dipole are known for the incident plane wave
E
*/#,j

"E
0
exp(ik ) r

j
!iut), the asymmetry parameter g is calculated by

g
i
"

k4

C
4#!

DE
0
D2 Pn' ) e'

i K
N
+
j/1

[P
j
!n' (n' )P

j
)] e~*kn̂ ) r

j K
2
ds. (4)

where g"g
1
e'
1
#g

2
e'
2
#g

3
e'
3
; DkD"k"u/c is the wave number. In this paper, numerical integra-

tions are performed by Romberg’s method to decrease cpu time and adjust the accuracy.45

2.4. Radiation pressure cross section

The momentum removed from the direction of wave propagation per unit time is obtained by
ºC

%95
e'
1
, where º is the energy density of incident radiation. On the other hand, the scattered

radiation carries off momentum and exerts a reaction force on the particle that is expressed as
!ºC

4#!
g. Accordingly, the rate of momentum transfer on the particle is given by º(C

%95
e'
1
!C

4#!
g),

which is called the radiation pressure. Note that the radiation pressure is no longer parallel to the
direction k, unless g

2
"g

3
"0. Therefore, we define the radiation pressure cross section

C
13, i

(i"1, 2, 3) by C
%95

e'
1
!C

4#!
g"C

13,1
e}
1
#C

13,2
e}
2
#C

13,3
e}
3
. This yields

C
13,1

"C
%95
!C

4#!
g
1
, (5)

C
13,2

"!C
4#!

g
2
, (6)

C
13,3

"!C
4#!

g
3
, (7)

where C
13,1

is the usual cross section of radiation pressure, which has been applied for homogeneous
spheres.12
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2.5. Planck-mean radiation pressure cross section

We use the Planck function of blackbody radiation as a spectrum of incident light. The radiation
pressure force F

R
acting on the particle exposed to the blackbody radiation is expressed as

F
R
"A

p¹4

c BA
)
nB (SC

13,1
T e'

1
#SC

13,2
Te'

2
#SC

13,3
Te'

3
), (8)

where p is Stefan—Boltzmann constant, ¹ is the blackbody temperature of the radiation source, and
) is the solid angle subtended by the blackbody. The mean cross section of radiation pressure
SC

13, i
T (i"1, 2, 3) weighted by the Planck function is defined by

SC
13, i

T"
n

p¹4 P
=

0
BjC13, i

dj, (9)

where the Planck function Bj at wavelength range from j to j#dj is given by
Bj"2hc2j~5[exp (hc/jk

B
¹)!1]~1, where h and k

B
are the Planck and Boltzmann constants. It is

well-known that the Planck function exhibits a maximum at a wavelength j
%&&

that fulfills the
condition j

%&&
¹"2897.9 lmK. We consider the temperature range of ¹"2000—12000 K, which

corresponds to the wavelength range of j
%&&
"0.24—1.45 lm. Since the peak of the Planck function

occurs in a very narrow wavelength range centered at j
%&&

, we may perform the integration of Eq. (9)
over the wavelength range from 0.14 to 300 lm, instead of 0 to R, for the practical computation.

2.6. Configuration and polarizability of dipoles

We model fluffy aggregates by a ballistic particle—cluster aggregate (BPCA) and a ballistic cluster—
cluster aggregate (BCCA). The BPCA and BCCA have been produced by three-dimensional
computer simulations based on the assumption that the sticking probabilities are unity.53 The
individual monomers forming the aggregates are assumed to be compact spheres identical in size
and material composition. If the radius r

.
of the spherical monomer is larger than the wavelength of

the incident radiation, the monomers must be divided into pieces small compared with the
wavelength to apply the DDA. It is worth noting that computational results performed by the DDA
depend on the choice of dipole polarizabilities. When a particle is divided into cubic cells, the lattice
dispersion relation (LDR) method may yield the most accurate results among several methods for
determining the dipole polarizabilities.46,47 However, the great number of dipoles requires a huge
computational memory and cpu time to perform the DDA. On the other hand, if the size parameter
X

.
,kr

.
of the monomer is small enough to replace the monomers by single dipoles, we can reduce

the computational requirement. Recently, it has been shown that the a1-term method proposed by
Okamoto48,49 is superior to the LDR method for a cluster of spherical monomers replaced by single
dipoles and can yield reasonable results for X

.
41.50 Accordingly, we assume that the radius

of the constituent monomer is r
.
"0.01 lm, which yields X

.
40.45 for the wavelength of

j"0.14—300 lm, so that the a1-term method is applicable to determine the dipole polarizabilities of
the spherical monomers.

Furthermore, the accuracy of the a1-term method may increase when a randomly orientated
average is considered in the computations.48 The orientation of an aggregate can be specified by the
Euler angles (/, h, t). We consider n( values of /, nh values of h, and nt values of t to estimate the
orientational averages and select the Euler angles (/, h,t) so that /, cos h, and t are uniformly
distributed in the range of 06/(360°, !14cos h41, and 04t(360°, respectively. Com-
puter resources restricts the evaluation of the average quantities by (n(, nh, nt)"(7, 7, 7) orienta-
tions, i.e., by a total of 343 different orientations.

The size of the aggregates can be characterized by the radius r
V

of the volume-equivalent sphere.
For homogeneous spherical particles exposed to blackbody radiation, it is well-known that the
radiation pressure force per mass of the particle is maximized when the size parameter X

%&&
,k

%&&
r
V

of the particle is approximately unity, where k
%&&
"2n/j

%&&
. We shall therefore determine the radius

r
V

of the aggregates so that the size parameter X
%&&

of the aggregates is close to unity. Hence we deal
with the aggregates composed of 256 monomers that have the volume-equivalent radius of
r
V
"0.0635 lm, because the size parameter of the aggregates having radius r

V
"0.0635 lm is
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Fig. 1. The projection of aggregates onto the x—y (left), y—z (center), and z—x (right) planes. Upper panel: the
ballistic particle—cluster aggregate (BPCA); lower panel: ballistic cluster—cluster aggregate (BCCA). The

thick line at the right bottom corner in the each panel indicates the length of 0.1 lm.

X
%&&
"0.275—1.65 for the wavelength j

%&&
"0.24—1.45 lm. On the other hand, the size parameter

X
V

of the aggregates for the wavelength of j"0.14—300 lm ranges from 0.00133 to 2.85.
The projections of the BPCA and BCCA onto x—y, y—z, and z—x planes in the arbitrary coordinate

system are shown in Fig. 1. The length of the thick bar given in the right bottom of each panel
corresponds to 0.1 lm. Compared with the BCCA, the BPCA is relatively compact structure and
therefore the porosity of the BPCA is lower than that of the BCCA. Note that the constituent
monomers, in other words, dipoles are not located on any periodic lattice. We consider two kinds of
material composition for aggregates, i.e., silicate and carbon as representatives of dielectric and
absorbing material, respectively. The complex refractive index for silicate is taken from the data of
astronomical silicate of Laor and Draine51 and that for carbon from the data of amorphous carbon
(AC1) of Rouleau and Martin.52

3. NUMERICAL RESULTS

3.1. Cross sections of extinction and scattering

Figure 2 shows the cross sections of extinction C
%95

and scattering C
4#!

for silicate (left panel) and
carbon (right panel) particles having radius r

V
"0.0635 lm as a function of wavelength j. The solid

and dashed lines indicate the cross sections for the aggregates and spheres, respectively. The cross
sections for the BPCA and the BCCA are separately displayed in the upper and lower panels of
Fig. 2.

The dependence of the extinction and scattering cross sections on wavelength reflects the material
composition of the particles rather than the shape and structure of the particles, although the cross
sections for the aggregates are different from those for the spheres. When the size parameter of the
particle is much less than unity (X

V
@1), the C

%95
and C

4#!
for the aggregates are similar to, but

slightly larger than those for the volume-equivalent spheres. On the other hand, if the size parameter
is approximately unity (X

V
+1), the cross sections for the aggregates are smaller than those for the

spheres. At larger size parameter (X
V
52.5), however, the cross sections for the aggregates can

exceed those for the spheres.
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Fig. 2. Cross sections of extinction C
%95

and scattering C
4#!

for the fluffy aggregates (solid line) and the
spheres (dotted line) as a function of wavelength j ranging from 0.14 to 300 lm. Left top: silicate BPCA; left
bottom: silicate BCCA; right top: carbon BPCA; right bottom: carbon BCCA. The cross sections are

averaged over 343 different orientations.

Fig. 3. Single-scattering albedo u6
0
for the fluffy aggregates (solid line) and the spheres (dotted line). See also

Fig. 2.

The ratio of the scattering cross section C
4#!

to the extinction cross section C
%95

defines the single-
scattering albedo of the particle. Figure 3 displays the single-scattering albedo for silicate (left panel)
and carbon (right panel) particles versus wavelength. The single-scattering albedos for the BPCA
and the BCCA are shown in the upper and lower panels, respectively, of Fig. 3 (solid lines). The
albedo for the spheres identical in the volume and material is appended in Fig. 3 (dotted line) for
comparison.
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Fig. 4. Asymmetry parameter g
1

parallel to the wave vector k. See also Fig. 2.

The single-scattering albedo for the particle increases with decreasing wavelength, accompanied
with a sudden drop at very short wavelength. The albedo for the aggregate shows the maximum at
X

V
:1.7 (j:0.23 lm) for different morphology and material, although carbon aggregates possess

an additional maximum of the albedo at X
V
:1.3 (j:0.3 lm). On the other hand, the single-

scattering albedo for the spheres achieves its maximum at X
V
+1.7 for silicate spheres and at

X
V
+1.3 for carbon spheres.
Although the wavelength dependence of the albedo for the aggregate is similar to that for the

sphere, the magnitude of the albedo at a certain wavelength depends on the morphology of the
particle. The albedo of the aggregate tends to be lower than that for the volume-equivalent sphere at
X

V
41. At larger size parameter X

V
A1, however, the albedo of the aggregate can be higher than

that for the sphere. Compared with the BCCA, the BPCA has larger value of the single-scattering
albedo, independent of the constituent material. Consequently, the wavelength dependence of the
albedo for fluffy aggregates tends to be weaker than that for homogeneous spheres.

The magnitude of the single-scattering albedo depends on the constituent material of the particles
rather than the shape and structure in the size parameter range of X

V
41. The albedo for the silicate

aggregates can be greater than 0.5 at X
V
41, because the scattering by the silicate aggregates

dominates the absorption in this range of the size parameter. On the other hand, the albedo for the
carbon aggregates is less than 0.5 at the whole wavelength range as a consequence of the absorbing
character.

3.2. Asymmetry parameter

Figure 4 shows the parallel component of the asymmetry parameter g
1

for silicate (left panel) and
carbon (right panel) particles versus the wavelength of incident light. The asymmetry parameters
g
1

for aggregates and spheres are distinguished by solid and dotted lines, respectively. The upper
panel in Fig. 4 displays the g

1
for the BPCA and the lower panel the g

1
for the BCCA. The vertical

bars denote the standard deviation from the orientational-average value of the asymmetry para-
meter g

1
, caused by the dependence of the quantity on the particle orientation.

Although the wavelength dependence of the asymmetry parameter g
1

for the spherical particles
oscillates at larger size parameter (X

V
'1), the g

1
for the aggregates smoothly increases with

increasing size parameter X
V

of the aggregates. As a result, the wavelength dependence of the g
1

for
the aggregates becomes similar for different material of the aggregates.
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Fig. 5. The asymmetry parameter (g2
2
#g2

3
)1@2 perpendicular to the wave vector k. See also Fig. 2.

The dependence of the g
1

on the wavelength varies with the shape and structure of the aggregates.
The asymmetry parameter g

1
for the BPCA is higher than that for the BCCA at X

V
A1, but lower at

X
V
41. In the wavelength range considered in this paper, the asymmetry parameter g

1
for the

BPCA is higher than that for spheres, irrespective of the constituent material. Compared with the
spheres, the g

1
for the BCCA similarly shows a higher value, except for the shortest wavelength

range. Clearly, the dependence of the g
1
on the particle orientation is stronger for the BCCA than for

the BPCA.
The component of the asymmetry parameter perpendicular to the wave vector k is shown in

Fig. 5. We estimate the perpendicular component of the asymmetry parameter by Jg2
2
#g2

3
, instead

of either g
2

or g
3
, because e'

2
and e'

3
are arbitrary and the g

2
and g

3
disappear on the orientational

average. The left and right panels illustrate the asymmetry parameter Jg2
2
#g2

3
for silicate and

carbon particles, respectively. The asymmetry parameters Jg2
2
#g2

3
for the BPCA and the BCCA

are separately shown in the upper and lower panels of Fig. 5. The vertical bars indicate the standard

deviation of the Jg2
2
#g2

3
after averaging by 343 orientations.

The asymmetry parameter Jg2
2
#g2

3
for the silicate aggregates is similar to that for the carbon

aggregates, although the morphology of the aggregates influences differently on the wavelength
dependence of the asymmetry parameter. The perpendicular component of the asymmetry para-

meter Jg2
2
#g2

3
for the BCCA exceeds that for the BPCA in the whole range of wavelength. The

asymmetry parameter Jg2
2
#g2

3
shows the maximum occurring at X

V
"1.1 (j"0.37 lm) for the

BPCA and at X
V
"0.6 (j"0.665 lm) for the BCCA.

3.3. Radiation pressure cross section

The cross section C
13

of radiation pressure for silicate and carbon aggregates is shown separately
in the left and right panels of Fig. 6 as solid lines. For comparison, the radiation pressure cross
section for the volume-equivalent sphere is included in Fig. 6 as a dotted line. The upper and lower
panels illustrate the C

13
for the BPCA and the BCCA, respectively. The parallel and perpendicular

components of the C
13

are indicated by C
13,1

and JC2
13,2

#C2
13,3

, respectively.
When the size parameter of the aggregates is 0.34X

V
42, the parallel component of radiation

pressure cross section C
13,1

for the aggregates is smaller than that for the volume-equivalent spheres.
Furthermore, the value of the radiation pressure cross section C

13,1
for the BCCA is slightly less than
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Fig. 6. The parallel C
13,1

and perpendicular (C2
13,2

#C2
13,3

)1@2 components of radiation pressure cross
section with respect to the wave vector k. See also Fig. 2.

that for the BPCA at the size parameter of 0.14X
V
41.8. However, the C

13,1
for the aggregates can

exceed that for the spherical particles at larger size parameter of X
V
'2. Moreover, the aggregates

have slightly larger cross section C
13,1

of radiation pressure at smaller size parameter X
V
@1,

compared with the volume-equivalent spheres.

On the other hand, the radiation pressure cross section JC2
13,2

#C2
13,3

perpendicular to the
incident radiation decreases markedly with increasing wavelength. Note that for homogeneous

spherical particles JC2
13,2

#C2
13,3

is nonexistent. The perpendicular component of the radiation
pressure cross section for the BCCA exceeds that for the BPCA at X

V
@1, but becomes smaller at

X
V
+1. Clearly, the dependence of the JC2

13,2
#C2

13,3
on the constituent material originates from

the scattering cross section, because the asymmetry parameter for the aggregates is mostly indepen-
dent of the material composition.

Figure 7 shows the ratio of perpendicular JC2
13,2

#C2
13,3

to parallel C
13,1

cross sections for the
silicate (left panel) and carbon (right panel) particles. The ratios for the BPCA and the BCCA are
separately illustrated in the upper and lower panels of Fig. 7 as solid lines. Although the ratio for
homogeneous spherical particles is included in Fig. 7 as dotted line, the value lies exactly on zero
because of the symmetrical shape.

The ratio of the radiation pressure cross sections achieves its maximum at X
V
:1.7 (j:0.24 lm)

for the silicate aggregates and at X
V
:1.3 (j:0.3 lm) for the carbon aggregates. The perpendicular

components of radiation pressure cross section for the silicate aggregates reach 21 and 17 % of the
parallel components for the BPCA and the BCCA, respectively. In contrast to the silicate aggregates,
the perpendicular components for carbon BPCA and BCCA are only 7 and 6% of the parallel
component at the maximum. The perpendicular component of the radiation pressure cross section
relative to the parallel component is negligible for the particles at the size parameter range of X

V
@1.

When the size parameter of the aggregates exceeds unity (X
V
'1), the ratio of the radiation

pressure cross sections for the BCCA is less than that for the BPCA. On the other hand, the ratio of
the cross sections for the BCCA exceeds that for the BPCA at the size parameter of X

V
(1.

3.4. Planck-mean radiation pressure cross section

We notice that the shortest wavelength, j"0.14 lm, adopted in this study may diminish the
accuracy of the integration especially at higher temperature ¹, because j"0.14 lm is situated close
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Fig. 7. The ratio of radiation pressure cross sections (C2
13,2

#C2
13,3

)1@2/C
13,1

. See also Fig. 2.

to the wavelength j
%&&

of the maximum Bj at high temperature. In order to estimate the error in
the computation, we compare SC

13,1
T for spheres integrated over j"0.14—300 lm with that

over j"0.001—300 lm. The relative error of the SC
13,1

T for silicate and carbon spheres having
radius of 0.0635 lm are less than 3.3 and 0.8%, respectively. When the blackbody temperature is
below 9000 K (j

%&&
"0.322 lm), numerical calculation of the Planck-mean radiation pressure cross

section for spheres is accurate within the relative error of 1%. Simply we expect that the Planck-
mean cross section of radiation pressure for fluffy aggregates can be obtained within the similar
accuracy.

Figure 8 illustrates the Planck-mean cross section of radiation pressure for silicate (left panel) and
carbon (right panel) particles having the identical radius r

V
"0.0635 lm as a function of blackbody

temperature ¹. The Planck-mean radiation pressure cross sections SC
13
T for the BPCA, BCCA, and

spheres are indicated by open triangles, squares, and circles, respectively. While the parallel
component of the Planck-mean radiation pressure cross section is denoted as SC

13,1
T, the perpen-

dicular component is estimated by JSC
13,2

T2#SC
13,3

T2.
The parallel components SC

13,1
T of the radiation pressure cross section for the aggregates are

lower than those for the volume-equivalent spheres. Furthermore, the SC
13,1

T for the BPCA is
higher than that for the BCCA regardless of the constituent material, although the difference of the
SC

13,1
T between the BPCA and the BCCA is not significant. The carbon aggregates have large cross

section of radiation pressure, compared with silicate aggregates in the whole temperature range.
As the temperature ¹ decreases, the SC

13
T for the aggregates approaches that of the spheres. Note

that homogeneous spherical particles have only the parallel component of the Planck-mean
radiation pressure cross section. Consequently, the perpendicular component of the Planck-mean

radiation pressure cross section JSC
13,2

T2#SC
13,3

T2 for the aggregates becomes zero in the limit
of ¹P0. At lower temperatures, the perpendicular component of the SC

13
T for the BCCA exceeds

that for the BPCA, irrespective of the material composition.
On the other hand, the cross section of the perpendicular radiation pressure increases with

increasing temperature. The perpendicular component of the SC
13
T for the BPCA is greater than

that for the BCCA when the blackbody temperature rises above ¹"4500 K (j
%&&
"0.644 lm). The

perpendicular component of the Planck-mean radiation pressure cross section attains about 10 and
5% for silicate and carbon aggregates, respectively, with respect to the parallel component of the
cross section.
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Fig. 8. Planck-mean radiation pressure cross section for BPCA and BCCA compared with that for
volume-equivalent sphere, as a function of blackbody temperature ¹. See also Fig. 2.

4 . DISCUSSION

4.1. Asymmetry of light scattering

The perpendicular component of radiation pressure force acting on fluffy aggregates results from
the asymmetry of light scattering by the aggregates with respect to the direction of incident
radiation. The asymmetry of the scattered light by the aggregates can be described by the asymmetry
parameter g defined by Eq. (3). While we have considered the case that the volume-equivalent radius
for the BCCA is identical to that for the BPCA, the fluffiness and porosity for the BCCA are higher
than those for the BPCA (see Fig. 1). Compared with the BPCA, therefore, the BCCA reveals higher
irregularity in the particle morphology, in other words, highly asymmetrical shape and structure.
Consequently, a different orientation of the BCCA strongly changes the optical properties, such as
the asymmetry parameter g, that can be seen in Figs. 4 and 5 as vertical bars.

On the other hand, the perpendicular component of the asymmetry parameter for the BCCA
shows a maximum at longer wavelength, compared with the BPCA (see Fig. 5). At longer
wavelength, therefore, the BCCA attains a relatively large cross section of radiation pressure
perpendicular to the direction of incident wave (see Figs. 6 and 7). Since the long wavelength
corresponds to a low temperature of the blackbody radiation, the asymmetry of light scattering by
the BCCA becomes effective at low temperatures. In fact, the perpendicular component of the
radiation pressure acting on the BCCA exceeds that for the BPCA at lower temperatures (see Fig. 8).
These results can be explained by the fact that the geometrical cross section and the radius of
gyration for the BCCA are larger than those for the BPCA.53,54 Namely, the size of the aggregates
corresponding to the wavelength of the maximum asymmetry can be characterized by the area-
equivalent radius or the radius of gyration, rather than the volume-equivalent radius of the
aggregates. It is, therefore, reasonable to conclude that the BCCA behaves like a larger particle than
the BPCA and that a large fluctuation in the asymmetry parameter for different orientation of the
BCCA arises from a high degree of irregularity of its morphology.

4.2. Single-scattering albedo

The perpendicular component of the radiation pressure force is related to the single-scattering
albedo as well as the asymmetry parameter. The single-scattering albedo for silicate aggregates is
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higher than that for carbon aggregates (see Fig. 3) and silicate aggregates show also high ratios

JC2
13,2

#C2
13,3

/C
13,1

of radiation pressure cross sections, compared with carbon aggregates (see
Fig. 7). Accordingly, the perpendicular component of radiation pressure becomes relatively
important for silicate aggregates than for carbon aggregates (see Fig. 8). On the other hand, the

ratio JC2
13,2

#C2
13,3

/C
13,1

of the radiation pressure cross section can be expressed as

u6
0
Jg2

2
#g2

3
/(1!u6

0
g
1
), using the albedo u6

0
. If the asymmetry parameter is unchanged, this

function monotonically increases with increasing albedo. Since the asymmetry parameter is almost
independent of the constituent material (see Figs. 4 and 5), the material composition of high albedo
tends to increase the relative importance of the radiation pressure perpendicular to the direction of
incident wave.

It is worth noting that the single-scattering albedo depends not only on the constituent material of
the aggregates but also on the aggregate morphology. Hage and Greenberg55 have concluded that
the albedo for absorbing aggregates with X

V
"1.9!10 decreases with increasing porosity of

aggregates. Since the porosity is smaller for the BPCA than for the BCCA (see Fig. 1), the albedo for
the BPCA is higher than that of the BCCA (see Fig. 3). In contrast with material composition of the
aggregates, the shape and structure of the aggregates influences both the albedo and the asymmetry
parameter. Irrespective of the higher albedo for the BPCA, therefore, the perpendicular component
of radiation pressure cross section with respect to the parallel component is not always higher for the
BPCA than for the BCCA.

4.3. Radiation pressure acting on randomly rotating aggregates

Although the perpendicular component of radiation pressure on the aggregates depends on the
asymmetry parameter and the single-scattering albedo, the asymmetry of light scattering perpen-
dicular to the direction of incident radiation disappears for randomly rotating aggregates on the
average. Accordingly, the incident radiation exerts a force on the randomly rotating aggregates only
in the direction of the incident wave. The radiation pressure acting on the randomly rotating
aggregates can be evaluated by the Planck-mean radiation pressure cross section parallel to the
incident radiation. Since the Planck function has a very narrow peak at the effective wavelength j

%&&
,

the parallel component of the Planck-mean radiation pressure cross section is mainly determined by
the radiation pressure cross section around j

%&&
. On the other hand, the parallel component of the

radiation pressure cross section shows a similar dependence of the extinction cross section on
wavelength. In comparison with spheres, low values of extinction cross section for aggregate
particles with 16X

V
43 have been derived by West.34 This result is consistent with that in Fig. 2.

In consequence of the low extinction cross sections for the aggregates, the parallel component of the
radiation pressure cross section for the aggregates around j

%&&
results in smaller values, compared

with the sphere (see Fig. 6). Consequently, the Planck-mean radiation pressure cross section parallel
to the direction of incident radiation is smaller for the aggregates than for the sphere. Therefore,
when X

%&&
K1, the radiation pressure acting on randomly rotating aggregates is weaker than that

acting on the volume-equivalent spheres. This coincides with the results obtained by Mie theory
combined with the effective medium theory.5,29 Since radiation pressure per mass of the particle
exerted in the direction of incident radiation is maximized at X

%&&
K1, we conclude that the

maximum radiation pressure per mass of the particle is diminished for fluffy aggregates.
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