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1 INTRODUCTION

ABSTRACT

The acceleration of a spherical dust particle as a result of interstellar gas flow depends on the
drag coefficient, which is, for a given particle and flow of interstellar gas, a specific function
of the relative speed of the dust particle with respect to the interstellar gas. We investigate
the motion of a dust particle in the case when the acceleration caused by the interstellar
gas flow (with the variability of the drag coefficient taken into account) represents a small
perturbation to the gravity of a central star. We present the secular time derivatives of the
Keplerian orbital elements of the dust particle under the action of the acceleration from the
interstellar gas flow, with linear variability of the drag coefficient taken into account, for
arbitrary orbit orientations. The semimajor axis of the dust particle is a decreasing function
of time for an interstellar gas flow acceleration with constant drag coefficient, and also for
such an acceleration with a linearly variable drag coefficient. The decrease of the semimajor
axis is slower for the interstellar gas flow acceleration with the variable drag coefficient. The
minimal and maximal values of the decrease of the semimajor axis are determined. In the
planar case, when the interstellar gas flow velocity lies in the orbital plane of the particle,
the orbit always approaches the position with the maximal value of the transversal component
of the interstellar gas flow velocity vector measured at perihelion.

The properties of the orbital evolution derived from the secular time derivatives are consistent
with numerical integrations of the equation of motion. The main difference between the
orbital evolutions with constant and variable drag coefficients lies in the evolution of the
semimajor axis. The evolution of the semimajor axis decreases more slowly for the variable
drag coefficient. This is in agreement with the analytical results. If the interstellar gas flow
speed is much larger than the speed of the dust particle, then the linear approximation of the
dependence of the drag coefficient on the relative speed of the dust particle with respect to the
interstellar gas is usable for most (not too close to zero) values of the molecular speed ratios
(Mach numbers).

Key words: celestial mechanics — interplanetary medium — ISM: general.

netic and corpuscular radiation of the star are most often taken into
account. They are usually described by the Poynting—Robertson

Recent observations of debris discs around stars with asymmetric
morphology caused by the motion of the stars through clouds of
interstellar matter (Hines et al. 2007; Maness et al. 2009; Debes,
Weinberger & Kuchner 2009) have shown that the motion of a
star with respect to a cloud of interstellar matter is a common phe-
nomenon in galaxies. The orbital evolution of circumstellar dust par-
ticles has been investigated for many decades. Of the accelerations
caused by non-gravitational effects, those caused by electromag-
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(PR) effect (Poynting 1903; Robertson 1937) and the radial stel-
lar wind (Whipple 1955; Burns, Lamy & Soter 1979; Gustafson
1994), respectively. The acceleration acting on a spherical body
moving through a gas, derived under the assumption that the radius
of the sphere is small compared with the mean free path of the
gas, was published some time ago (Baines, Williams & Asebiomo
1965). However, the first attempt to describe the orbital evolution
of circumstellar dust particles under the action of an interstellar
gas flow was made relatively recently (Scherer 2000). Scherer cal-
culated the secular time derivatives of the angular momentum of
the particle and the Laplace-Runge-Lenz vector caused by the
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interstellar gas flow. When the interstellar gas flow velocity vector
lies in the orbital plane of the particle and the particle is under the
action of the PR effect, the radial stellar wind and an interstellar
gas flow, the motion occurs in a plane. For this planar case, the
secular time derivatives of the semimajor axis, the eccentricity and
argument of the perihelion are calculated in Klacka et al. (2009).
The secular time derivatives of all Keplerian orbital elements under
the action of an interstellar gas flow with constant drag coefficient
for arbitrary orbit orientation are calculated in Pastor, Klacka &
Koémar (2011).

In this paper, it is shown analytically that the secular semimajor
axis of a dust particle under the action of an interstellar gas flow
with constant drag coefficient always decreases. This result con-
tradicts the results of Scherer (2000). He came to the conclusion
that the semimajor axis of the dust particle increases exponentially
(Scherer 2000, p. 334). The decrease of the semimajor axis has been
confirmed analytically by Belyaev & Rafikov (2010) and numeri-
cally by Marzari & Thébault (2011) and Marzari (2012). Belyaev
& Rafikov (2010) investigated the motion of a dust particle in the
outer region of the Solar system behind the solar wind termination
shock. Belyaev & Rafikov (2010) used an orbit-averaged Hamilto-
nian approach to solve for the orbital evolution of a dust particle in
a Keplerian potential subject to an additional constant force. The
problem that they solved is known in physics as the classical Stark
problem. If the speed of the interstellar gas flow is much greater
than the speed of the dust grain in the stationary frame associated
with the central object, and if the speed of the interstellar gas flow
is also much greater than the mean thermal speed of the gas in the
flow, then the problem of finding the motion of a dust particle under
the action of the gravity of the central object and of the interstellar
gas flow reduces to the classical Stark problem. The secular solution
of the Stark problem presented in Belyaev & Rafikov (2010) was
confirmed and generalized using a different perturbative approach
in Pastor (2012).

In this paper, we take these studies a step further by taking into
account the variability of the drag coefficient in the acceleration
caused by the interstellar gas flow. An explicit form of the depen-
dence of the drag coefficient on the relative speed of the dust particle
with respect to the interstellar gas was derived previously in Baines
et al. (1965). Belyaev & Rafikov (2010) calculated the secular time
derivative of the semimajor axis using the constant and linear term
of an expansion of the magnitude of the force caused by the in-
terstellar gas flow (as a function of the relative speed of the dust
particle with respect to the interstellar gas) into a series centered
at the interstellar gas flow speed with respect to the Sun (the dust
particle with zero velocity with respect to the Sun). In this paper,
we calculate the secular time derivatives of all Keplerian orbital
elements with the linear term in the expansion taken into account.
We compare the orbital evolutions for constant, linear and explicit
dependences of the drag coefficient on the relative speed of the dust
particle with respect to the interstellar gas.

2 SECULAR EVOLUTION

The acceleration of a spherical dust particle caused by a flow of
neutral gas can be given in the form (Baines et al. 1965)

dv
— == coyilv—vel (v — vp). (1)

dt

The sum in equation (1) runs over all particle species i. v is the
velocity of the interstellar gas flow in the stationary frame associated
with the Sun, v is the velocity of the dust grain, cp; is the drag
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coefficient, and y; is the collision parameter. The drag coefficient
can be calculated from

1 1 1 _2
cpi(si) = ﬁ 54—? e
1 1
+ 1+ 3*2 - R erf(s,-)

1

172
+(1-8) (?) f @

where erf(s;) is the error function erf(s;) = 2//7 [’ e dt, 8, is
the fraction of impinging particles specularly reflected at the surface
(for resting particles, there is assumed diffuse reflection) (Baines
etal. 1965; Gustafson 1994), T4 is the temperature of the dust grain,
and T is the temperature of the ith gas component. s; is defined as
the molecular speed ratio

"y 3)
Si = .
2%T,

Here, m; is the mass of the neutral atom in the ith gas component,
k is Boltzmann’s constant, and U = |v — vp| is the relative speed
of the dust particle with respect to the gas. The dependence of
the drag coefficient on s; for specular (§; = 1) and diffuse (§; = 0)
reflection is depicted in Fig. 1. For diffuse reflection, we assume that
T4 = T; (Baines et al. 1965). The drag coefficient is approximately
constant for s; > 1. However, if the inequality s; > 1 does not
hold and changes of the relative speed U during the orbit are not
negligible, then cp; depends on U and cannot be approximated by
a constant value. Therefore, in this case it is necessary to take into
account the dependence of c¢p; on the relative speed U. For the
primary population of the neutral interstellar hydrogen penetrating
into the Solar system we obtain s; = 2.6 using 7, = 6100 K (Frisch
etal. 2009) and U = |vg| = 26.3kms~" (Lallement et al. 2005) in
equation (3). Because the inequality s; >> 1 does not hold for this
value of the molecular speed ratio (Mach number), the variability of
the drag coefficient can have interesting consequences in the Solar
system. For the collision parameter, we can write

m;
vi=n,—A, “4)
m

where n; is the concentration of the interstellar neutral atoms of type
i,and A = 7tR? is the geometrical cross-section of a spherical dust
grain of radius R and mass m. For s; < 1, or, more precisely, if s?

3 — T T T T T
| specular —
2.50 diffuse ]
- 27 ]
[a]
19)
1.5¢ 1
1 = 4
0 2 4 6 8 10
s

Figure 1. Dependence of the drag coefficient c¢p; on the molecular speed
ratio s; for the cases of specular and diffuse reflection (see text).

202 UdJBIN 0Z U0 158NB Aq 1.Z9€/6/050 }/2/9Z/3101HE/SEIUW/WOD dNO"DILUSPEDE//:SARY WO} POPEOJUMOC



1052 P, Pastor

is negligible in comparison with s;, it is possible to show that

8 1 1 T\ '* 7
(s)=-—=—+0=68)( = . 5
oils) = 3 7=+ )<T,-) N ®)
As a consequence, the acceleration of the dust particle is (Baines

et al. 1965)
dv 8 1 Ty V2
— == —— |14+ =686 = —\ v
dr Z 3ym | T (n ) g | "
2kT;
X (v — vp). (0)

1

Hence, for s; < 1 the acceleration depends linearly on the relative
velocity vector v — vg. The case s; < 1 will not be discussed further
in this parer.

We want to find the influence of an interstellar gas flow on the
secular evolution of a particle orbit. We assume that the dust particle
is under the action of the gravitation of the Sun and the flow of a
neutral gas. Hence, we have the equation of motion

dv nw
=—5r =Y coivilv—ve (v — vp), )

dr r
where u = GM(y, G is the gravitational constant, M, is the mass
of the Sun, r is the position vector of the dust particle with respect
to the Sun, and r = |r|.

We will assume that the speed of the interstellar gas flow is much
greater than the speed of the dust grain in the stationary frame
associated with the Sun:

[v| = v < |vg| = vg. (8)
Therefore, we can write

U=|v—vg| =+/v2+v2—20v-vg

w(l_ ”;};’F). ©
F

In the above equation, we have considered only the terms to the first
order in v/vg. Using this approximation, we can also approximate
changes in the drag coefficient cp, in equation (2). We have

dCD,'

cpi(si) ~ cpi(so) + ( ) (si — soi)
dsi / sz

dCDi m;
= cpi(soi) + (U — vp)
i =50i

ds; 2kT;
%cm—kiv'vF, 10
g
where
m;
Soi = MUF,

coi = cp;(s0i),

K = (dCDf> mi (11
ds; ), ., V2kT,

We can rewrite equation (7) using these two approximations in the
following form:

dv 7 Sl v
— = ——r — CoiViVg | —
dr r3 Z oY F|:UF

v ki V- VR Up
- 14+ — — .
VR + ( + Coi UF) v2 vp:| (12)

This equation allows us to use the perturbation theory of celestial
mechanics to compute the secular evolution of a dust particle under
the action of an interstellar gas flow. For the secular time derivatives
of the Keplerian orbital elements caused by the interstellar gas flow,
we finally obtain (see Appendix A)

da P
=N = 2 ’.[.2 z
<dt> Ei acoyvm/uo

1 —+/1—¢2 (13)

de p |31 o(*— 81 —e?
<df>_ZCOIVIUFV w2 * vpe?

k; 2
x(l—}——v}:) (l—e——\/l—ez) , (14)
Co; 2
di) i Z CoiYiVr [P
dr / - 2 n

3§  oSI ki
2 22 (1
e Vg€ Co;

X |:e4 —6e*+4—4(1 — 62)3/2:|

cosi |3esinw o k;
C— —— |1+ —u
sini | 1 — 2 VR Coi

X(Scosw—lsinw)] , (15)

dQ _ Z Coi Vi UFC 14 3esinw
dr /|~ - 2sini m 1—e?

ki ,
+ 2 (1+7UF) (Scosw — I'sinw) |, (16)
VR Coi

di _ ZC(),‘)/,‘UFC p | 3ecosw
dr/ - 2 wl| 1—e?

ki .
+Z (l—i——vF) (Ssinw + I cosw) |, an
%3 Coi

where p = a(l — €?),

o= \/M/P’ (18)
%3
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and the quantities
S = (cos 2cosw — sin 2 sin w cos i) vy
+(sin 2 cos w + cos 2 sinw cos i) vgy
+ sinw Sinivgz,
I = (—cosQ2sinw — sin 2 cos w cos i) vpy
—+(— sin 2 sin w + cos 2 cos w cos i) Vgy
+ cosw sinivgyz,
C = sin Qsinivgy — cos Q2 sinivgy
+ cosivgy (19)

are the values of A = vg - eg, B = vg - er and C = v - ey, at the
perihelion of the particle orbit (f = 0), respectively. For a complete
solution of this system of equations for o = 0 (constant force), the
reader is referred to Pastor (2012).

3 DISCUSSION

C = 0 for the special case when the velocity of the interstellar gas,
v, lies in the orbital plane of the particle. In this planar case, we
find that the inclination and the longitude of the ascending node are
constant.

Equation (15) implies that the argument of the perihelion is con-
stant in the planar case (C = 0) and if the orbit orientation is
characterized by S = 0.

The dependence of the drag coefficients on the relative speed of
the dust particle with respect to the interstellar gas is demonstrated
by the presence of terms multiplied by k; in equations (13)—(17). It
is convenient to define a new function

ki
g =1+ C—vp. (20)
0i

In order to ascertain the influence of a non-constant drag coefficient
on the evolution of the particle orbit we will analyse the properties
of this function. We can write, see equations (11),

d i i

dS,' Si =S0i Coi
1] 1 ( 1 3 ) o
_ — — =3 e o
Coi ﬁ S0i ZS(‘)l-

1 3
+ (1 — g + F&) eI'f(S(),'):| . (21)

The graph of g; for the case of specular (§; = 1) and diffuse (§; =
0, Tqg = T,) reflection is depicted in Fig. 2. The function g; is
an increasing function of s¢; for so; € (0, 0o) (see Appendix B).
limy, 0 g = 0 and lim,, . g = 1. Hence, we can conclude that
g €1[0,1].

Equation (13) can be rewritten in the following form:

da P
=N - 2 I.l.2 7
<dt> Ei acOyUH/MU

1 k; 1—+1—¢?
(o) =

8i

X |14+ — — Vg
) ] 2

F Coi e

x (zzm + sz) . (22)
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Figure 2. Dependence of g; on sp; for the cases of specular and diffuse
reflection.

Thus, the semimajor axis is a decreasing function of time. This
result, for k; = 0, was obtained previously in Pastor et al. (2011),
and generalized to the case k; # 0 in Belyaev & Rafikov (2010). If
we use the properties of g;, then from equation (22) we can conclude
that the dependence of the drag coefficients on the relative speed
of the dust particle has a tendency to reduce the decrease of the
semimajor axis caused by the interstellar gas flow.

In order to find the orbit orientation with minimal and maximal
decrease of the semimajor axis, we analyse the second term in the
square brace in equation (22):

. —J1—2
6= iz (1 + £UF> # (12\/1 —o 4 sz> @)
Vg Coi e

Because the terms multiplied by S and I? are both positive, we
obtain a minimal value of ¢ when S = 0 and I/ = 0. Therefore, if the
orbital plane is perpendicular to the interstellar gas flow velocity
vector, then the decrease of the semimajor axis is minimal (Fig. 3).
From equation (22), we obtain for § = 0 and I = 0 that

d

The value of the minimal decrease is proportional to the semimajor
axis and independent of the orbit eccentricity.

Because the terms multiplied by S? and I? are both positive, we
obtain a maximal value of ¢ when C =0.1f C =0, then $2+1% = v}.

A

gl

€R

Figure 3. An orbit orientation with minimal decrease of the semimajor axis.
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Figure 4. An orbit orientation with maximal decrease of the semimajor
axis.

Using this, the value of ¢ can be written as

1 (1 ki )]—\/1—62

¢=— —VUF
2
Vg Coi 2

X [ugﬂ/l 4 21— T ez)] . (25)
Here, vl% is constant. Therefore, we obtain the maximal value of
¢ for an orbit orientation characterized by S?> = v2. Hence, the
maximal value of ¢ is

. — — 2 .
o= (14 ) L = (14 B e o)

2
Coi € Coi

e

Therefore, if the interstellar gas flow velocity vector is parallel to the
line of apsides, then the decrease of the semimajor axis is maximal
(Fig. 4). For a given orbit, the maximal decrease of the semimajor
axis is

da ki
(&), =~ 2w 1 (14 Zoo)

5 1—«/@}

2 @7

The function k(e) defined in equation (26) is an increasing function
of the eccentricity (see Appendix C). Therefore, the decrease of the
semimajor axis is maximal for e = 1.

For the secular time derivatives of S, / and C, we obtain from
equation (19) and equations (15), (16) and (17) that

E _ZCOiViUFS P
dt /| — - 2 I
{ 31 a( ki >
X¢ ————|(14+—uvp
e Vg Coi
» Py 2 2,3/2
C —ile —6e”+4—-4(1 —e) . (28)
dr _Zc’ol-yiv}: P
dr / - 2 n
3eC* 38> ol k;
X ———4+——— |14+ —vuvg
1—e? e VR Coi

SZ
C’+ = <e4 — 66> +4 —4(1 — 62)3/2>:| } . (29)

X

X

E _ Z co; ¥ivrC P
dr / - 2 m

3el ki
O A RN P S S (30)
1—e2 g Coi

Equations (28)—(30) are not independent, because S(dS/df) +
1(dl/dt) + C(dC/dt) = O always holds. Equations (28)—(30), to-
gether with equations (13) and (14), represent the system of equa-
tions that determines the evolution of the particle’s orbit in space
with respect to the interstellar gas velocity vector. All orbits that
are created from rotations of one orbit around the line aligned with
the interstellar gas velocity vector and going through the centre of
gravity will undergo the same evolution determined by this system
of equations. If o is small and / and e are not close to zero, we can
use the following approximate solution for S, I and C (see Pastor
etal. 2011):

U
S~ 2 3D
\%
C~ ﬁ (32)
and
U? V2
I~ |vE— — — —— (33)

e2  1—¢?’

where U and V are constants.

Now, we want to find the evolution of the orbit position in the
planar case. For this purpose we can use equation (29), which deter-
mines the time evolution of /. Equation (29) implies, for the planar
case (C = 0), that

d/ _ZCOiViUFsz P
dr / - 2 n

3 ol k;
x [f ol (1 + va) b(e)] . (34)
e Vg Coi
Here,
460 +4—4(1 — )
bey= &0 T4-4l e (35)

et

The function b(e) is a decreasing function of eccentricity for
e € (0, 1] (see Pastor et al. 2011, Appendix B). The function b(e)
attains values from lim,_,ob(e) = —0.5 to b(1) = —1, for e € (0, 1].
Because we have assumed that v < vg (see equation 8), we have
for the maximal speed of the dust particle in the perihelion of the
particle’s orbit (see equation A4)

Umax = \/g(l + e) < V. (36)

Hence

o= YIP NEIP Gy, 37)
VF UF

For I > 0, it is always the case that (d//dt) > 0. Therefore, we will

assume that / < 0. For negative /, we can write

ol k; ol 3

— {14+ —uvp ) ble) < —b(e) < —o ble) <o < —, (38)
i VF e

%3 Coi

Vg, b(e) € (—0.5, —1], and 0 « 1. If we rearrange (38), then we
come to the conclusion that (d//df) > 0 also for I < 0. Therefore,
in the planar case, / is always an increasing function of time. Thus,

as 1 + kjvp/co; < 1, see the discussion after equation (21), —1 <
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in the planar case the orbit rotates into the position with a maximal
value of /. In this position, the line of apsides is perpendicular to
the interstellar gas flow velocity vector.

4 NUMERICAL RESULTS

4.1 Accelerations influencing the dynamics of dust grains
inside the heliosphere

For a correct description of the motion of micron-sized dust particles
inside the heliosphere, solar electromagnetic radiation and the solar
wind must also be considered.

4.1.1 Electromagnetic radiation

The acceleration of a dust particle with spherically distributed mass
caused by electromagnetic radiation to the first order in v/c is given
by the PR effect (Poynting 1903; Robertson 1937; Wyatt & Whipple
1950; Burns et al. 1979; Klacka 2004; Klacka et al. 2012b):

£ =pt (- 2)a-2]

where eg = r/r and cis the speed of light in vacuum. The parameter
B is defined as the ratio of the electromagnetic radiation pressure
force and the gravitational force between the Sun and the particle
at rest with respect to the Sun:

B 3L® Q;r

" 16mcpRe’
Here, L is the solar luminosity, Ly = 3.842 x 10?® W (Bahcall
2002), Q;r is the dimensionless efficiency factor for radiation pres-
sure integrated over the solar spectrum and calculated for the radial

direction (Q;)r = 1 for a perfectly absorbing sphere), and g is the
mass density of the particle.

(40)

4.1.2 Radial solar wind

The acceleration caused by the radial solar wind to the first order of
v/c and first order of v/u is given by equation (37) in Klacka et al.
(2012a):

dv_ ,37—[( _v~uek>eR_E]~ 1

a0, cr? u

Here, u is the speed of the solar wind with respect to the Sun,
namely u = 450 kms~'. 5 is the ratio of solar wind energy to
electromagnetic solar energy, both radiated per unit of time:

47tr u
Z Mo M i€, 42)

where mgy; and ng;, i = 1 to N, are the masses and concentrations
of the solar wind particles at a distance r from the Sun. n = 0.38
for the Sun (Klacka et al. 2012a).

4.1.3 Acceleration caused by solar gravity, solar radiation
and interstellar gas flow

In order to find the acceleration of a dust particle inside the he-
liosphere, we can sum the gravitational acceleration from the Sun,
the acceleration from the PR effect equation (39), the acceleration
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from the solar wind equation (41), and the acceleration from the
interstellar gas equation (1):

dv
E__ﬁ(l_ﬂ)eR
% n v-eR v
_ﬁﬁ <1+Q;}r>( B €R+E>
_ZCD[VI|”_UF|(D_DF)~ (43)

Here, it is assumed that (n/Qp,)(u/C) < 1

4.2 Comparison of the solution of the equation of motion with
the solution of the system of equations constituted by the
secular time derivatives of the Keplerian orbital elements

We want to compare the solution obtained from equation (43) with
the solution of the system of equations constituted by the secular
time derivatives of the Keplerian orbital elements. To do this, we
need to add to the right-hand sides of equations (13)—(17) the secular
time derivatives of the Keplerian orbital elements caused by the PR
effect and the radial solar wind. Therefore, we solved the following
system of equations (Wyatt & Whipple 1950; Klacka et al. 2012a):

2+3€5

dag " n z
—_— = —137 1 + = _—
< dr > c i) ap(l —ep)?

_ Z 2agco; Vi vF (1p /3)

1 k;
X 1+—2<1+—UF)
(% Coi
1—4/1—¢2
[ 44)
X I§—(I§—S§)7

3 ,
e

deg nw n Seg
AN P4 2 . h
< dr > ﬂc < + Q;,,,) 2a§(1 —ep)/?
+ Z €C0i Vi UF 4 / /3)

31 og(I? — SH)(1 —
[ | oo =X
2 vpeﬂ

e ki
ﬁ) (1 =+ 71)]:)
Coi
&2
B 2
x<1—2—1/1—e5)}, (45)
dwg _ Z €0i Vi UF P
dr - 2 ul—p)
38 oS3l k;
X {—ﬁ—f—w (14—va>
(] U]:eﬂ Coi

x |:e?3 — 6e§ +4 —4(1 - 6/23)3/2:|

rC cosig | 3egsinwg _op 1+£UF
P sin ig 1— eé VR Coi

x(Sg coswg — Iy sinwﬁ)] } , (46)
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dQg _ coi i veCg Pp
<dt>_z’_: 2sinig \ (1 —B)

3es sinw o ki
« | epsinen on (| ki
1—6,3 1% Coi

x(Spgcoswg — Igsinwg) |, S0

dig __ZCOiViUFCﬁ Dp
/4 2 uwd—p)

3eg cosw, o k;
Sepeoswy | O (1 . 7UF)
1 —e VR Coi

x(Sgsinwg + Ig coswp) | . (48)

As the central acceleration, we used the Keplerian acceleration
given by the first term in equation (43), namely —u(1 — B)eg/r>.
This is denoted by the subscript 8 in equations (44)—(48). In the
interstellar gas flow, we have taken into account the primary and
secondary populations of neutral hydrogen atoms and neutral he-
lium atoms. The primary population of neutral hydrogen atoms and
neutral helium atoms represents the original atoms of the interstellar
gas flow that penetrate into the heliosphere. The secondary popula-
tion of neutral hydrogen atoms comprises the former protons from
the interstellar gas flow that acquired electrons from interstellar
H° between the bow shock and the heliopause (Frisch et al. 2009;
Alouani-Bibi et al. 2011). We adopted the following parameters for
these components in the interstellar gas flow: n; = 0.059 cm=3 and
T, = 6100 K for the primary population of neutral hydrogen (Frisch
et al. 2009); n, = 0.059 cm™ and T» = 16 500 K for the secondary
population of neutral hydrogen (Frisch et al. 2009); and finally n; =
0.015 cm™2 and T3 = 6300 K for the neutral helium (Lallement et al.
2005). We have assumed that the interstellar gas velocity vector is
equal for all components and identical to the velocity vector of the
neutral helium entering the Solar system. The neutral helium enters
the Solar system with a speed of about vgp = 26.3kms™!
(Lallement et al. 2005), and arrives from the direction of A = 25427
(heliocentric ecliptic longitude) and S = 572 (heliocentric ecliptic
latitude; Lallement et al. 2005). Thus, the components of the veloc-
ity in ecliptic coordinates with the x-axis aligned towards the actual
equinox are vp = —26.3 kms™! [cos (25427) cos (522), sin (25427)
cos (592), sin (522)]. We want also to demonstrate the influence of a
variable drag coefficient on the secular orbital evolution of the dust
particle’s orbit. Therefore, we solved equation (43) and the system of
equations (44)—(48) in two cases, namely one with variable drag co-
efficients and one with constant drag coefficients. The variable drag
coefficients for equation (43) were calculated from equation (2). We
assumed that the atoms were specularly reflected at the surface of
the dust grain (§; = 1). As the initial conditions for a dust particle
with R = 2 um, mass density 0 = 1 gem™ and Q}, = 1, we used
dgin = 60 au, egin = 02, Wgin = 1200, Q/Siu =30° and l./gm =20°. The
initial true anomaly of the dust particle was f i, = 180° for equa-
tion (43). The results are depicted in Fig. 5. The solid lines denote
the solution of equation (43), and the dashed lines denote the solu-
tion of equations (44)—(48). The black lines represent variable drag
coefficients, and the grey lines represent constant drag coefficients.
The solution of equations (44)—(48) with constant drag coefficients

can be obtained by putting k; = 0 in equations (44)—(48). Fig. 5
shows that the solution of the equation of motion (equation 43) is
in good accordance with the solution of the system of equations
constituted by the secular time derivatives of the Keplerian orbital
elements equations (44)—(48), for both variable and constant drag
coefficients. The semimajor axis decreases faster for the constant
drag coefficients. This is in accordance with the properties of the
function g; (see the discussion after equation 21 and equation 22).
The numerical solutions depicted in Fig. 5 represent the cases for
which equation (8) holds. In these cases, the influence of the vari-
able drag coefficient in the acceleration caused by the interstellar
gas flow on the orbital evolution of the dust particle is not large and
in some cases can be neglected (as can be seen in Fig. 5).

4.3 Validity of the linear approximation at various
Mach numbers

Fig. 6 compares solutions of equation (43) (black line) with solu-
tions of equations (44)—(48) (grey line). The variability of the drag
coefficient in equation (43) is given by equation (2). We used an
artificial interstellar gas flow that consists only of neutral hydrogen
atoms with concentration n; = 0.1cm™>. The hydrogen gas veloc-
ity vector with respect to the Sun is vg = (10kms~!, 25kms~!,
5kms™"). In order to visualize the influence of the molecular speed
ratio (Mach number) on the orbital evolutions, we used three tem-
peratures: 71 = 500K (solid line), T, = 5000 K (dashed line) and
T, =50000K (dotted line). These parameters correspond to Mach
numbers (the first equation in equations 11) so; = 9.5, 591 = 3.0
and so; = 1.0. The condition sp; < 1 does not hold for any of
these values. Therefore, the derivation of equations (44)—(48) using
the acceleration caused by the interstellar gas flow described by
equation (1) is correct (the condition for the validity of equation 6,
so1 < 1, is not fulfilled). As the initial conditions for a dust particle
with R =2um, o =1 gcm*3 and Ql’jr =1, we used agj, = 60 au,
€gin = 0.2, Wein = 120°, Qﬁin = 30° and iﬂin = 20°. The initial true
anomaly of the dust particle is f g, = 180° for equation (43). Fig. 6
shows that the orbital evolution under the action of the PR effect,
radial solar wind and interstellar gas flow is well described by the
solution of equations (44)—(48) for the various values of the Mach
number. The fact that the evolution of the dust particle under the
action of an interstellar gas flow with a larger temperature is faster
is caused by the proportionality of the secular time derivatives to
co1- coy is larger for an interstellar gas flow with a larger temperature
[see the first and the second equations in equations (11) and Fig. 1 or
Appendix B].

5 CONCLUSION

We have investigated the orbital evolution of a spherical dust grain
under the action of an interstellar gas flow. The acceleration of the
dust particle caused by the interstellar gas flow depends on the drag
coefficient, which is a well determined function of the relative speed
of the dust particle with respect to the interstellar gas (Baines et al.
1965). We assumed that the acceleration caused by the interstellar
gas flow is small compared with the gravitation of a central object,
that the speed of the dust particle is small in comparison with the
speed of the interstellar gas flow, and that the molecular speed ratios
of the interstellar gas components are not close to zero. Under
these assumptions, we derived the secular time derivatives of all
Keplerian orbital elements of the dust particle under the action
of the acceleration caused by the interstellar gas flow, with linear
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Figure 5. A comparison of the solution of the equation of motion (solid lines) with the solution of the system of differential equations constituted by the
secular time derivatives of the Keplerian orbital elements (dashed lines). The solutions with variable (black lines) and constant (grey lines) drag coefficients

are compared.

variability of the drag coefficient taken into account, for arbitrary
orientations of the orbit.

If the variability of the drag coefficient is taken into considera-
tion in the acceleration, then the secular decrease of the semimajor
axis is slower. The secular decrease of the semimajor axis is slow-
est for orbit orientations characterized by the perpendicularity of
the orbital plane to the interstellar gas velocity vector. The nega-
tive secular time derivative of the semimajor axis is in this case
independent of the eccentricity of the orbit. The secular decrease
of the semimajor axis is, for a given orbit, fastest in the planar
case (when the interstellar gas velocity vector lies in the orbital
plane) with the interstellar gas velocity vector parallel to the line
of apsides. For such orbits, with various eccentricities, the secular
decrease of the semimajor axis is fastest for the orbit with largest
eccentricity.

Regarding the secular evolutions of the eccentricity, the argu-
ment of perihelion, the longitude of the ascending node, and the

© 2012 The Author, MNRAS 426, 1050-1060
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inclination, we found that the variability of the drag coefficient has
atendency to compensate the influence of the terms multiplied by o;
see equations (14)—(17). The terms multiplied by o originate from
the dependence of the acceleration caused by the interstellar gas
flow on the velocity of the dust particle with respect to the central
object.

If we consider only the influence of the interstellar gas flow on the
orbit of the dust particle, then the product of the secular eccentricity
and the magnitude of the radial component of vg measured in the
perihelion is approximately constant during the orbital evolution.
A simple approximative relation also holds between the secular
eccentricity and the magnitude of the normal component of vg
measured at perihelion.

In the special case when the interstellar gas flow velocity lies
in the orbital plane of the particle and the particle is under the
action of the PR effect, the radial solar wind and an interstellar
gas flow, the orbit approaches the position with the maximal value
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Figure 6. Orbital evolution under the action of the PR effect, radial solar wind and interstellar gas flow, obtained from numerical solution of equation (43)
(black lines) and from numerical solution of the system of differential equations (44)—(48) (grey lines). We used interstellar gas with three temperatures: 7 =
500K (solid lines), 1 = 5000 K (dashed lines) and 71 = 50000 K (dotted line).

of the magnitude of the transversal component of v measured at
perihelion.

We found, by numerically integrating the equation of motion
with a variable drag coefficient, that the linear approximation of
the dependence of the drag coefficient on the relative speed of the
dust particle with respect to the interstellar gas is usable for most
(not too close to zero) values of the molecular speed ratios (Mach
numbers), if the interstellar gas flow speed is much larger than the
speed of the dust particle.
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APPENDIX A: DERIVATION OF THE
SECULAR TIME DERIVATIVES OF THE
KEPLERIAN ORBITAL ELEMENTS

We want to find the secular time derivatives of the Keplerian or-
bital elements (a, semimajor axis; e, eccentricity; w, argument of
perihelion; €2, longitude of the ascending node; i, inclination). We
will assume that the acceleration caused by the interstellar gas flow
can be used as a perturbation to the central acceleration caused
by the solar gravity. We use the Gaussian perturbation equations
of celestial mechanics (see e.g. Murray & Dermott 1999; Danby
1988). Therefore we need to determine the radial, transversal and
normal components of the acceleration given by the second term in
equation (12). The orthogonal radial, transversal and normal unit
vectors of the dust particle in a Keplerian orbit are (see e.g. Pastor
2009)

er = (cos Q2cos(f + w) — sin Qsin( f + w) cos i,

sin  cos(f + w) + cos Lsin( f + w)cosi,

sin(f + w)sini), (A1)
er = (—cos Qsin(f + w) — sin QL cos(f + w) cos i,

—sin Q sin( f + w) + cos L cos(f + w)cosi,

cos(f + w)sini), (A2)
en = (sin2sini, —cos 2 sini, cosi), (A3)

where f is the true anomaly. The velocity of the particle in an
elliptical orbit can be calculated from

dr d( )
V= — = —
a - a R
_ esinf df df (Ad)
_rl—}—ecosfdteR_'—rert’
where
r=—r (A5)
1+ ecos f
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and p = a(l — ¢?). In this calculation, Kepler’s Second Law,
df/dt = /up/r*, must be used. Now, we can easily verify that

(v —vg)-er = vpoesin f — Vg - er

= vpoesin f — A, (A6)
(v —vg)-er = vpo (1 +ecos f) — vg - er
= vpo(l +ecos f) — B, (A7)
(v—vp)-exn = —vp-ex = —C, (A8)
where
T (A9)
Ur

Using the notation defined in equations (A6)—(A8) and equa-
tion (A4), we can write

v-vg =0ovp[B + e(Asin f + Bcos f)]. (A10)

If we denote the components of the interstellar gas flow velocity
vector in the stationary Cartesian frame associated with the Sun as
vr = (Vrx, Vry, Urz), then we obtain

Asin f + Bcos f = (—cos Qsinw

— sin 2 oS w COS I )Ugy

+(—sin 2 sinw

~+ cos 2 cos w cos i )Ugy

+coswsinivey = 1. (A11)
Hence,
v-vp =0ovp(B +el). (A12)

For radial (ar), transversal (ar) and normal (ax) components of the
perturbation acceleration, we obtain from the second term in equa-
tion (12), equations (A6)—(A8), and equation (A12) the expressions

A [oel ki
ar = —Zco:')/ivlz: " |:TF (1 + *UF) - 1}

F Coi
AB ki
+o {esinf—i——2 (1+—vp>] , (A13)
Vg Coi

B [oel ki
n= S [ (e g)

%3] i
B? ki
t+o|l+tecosf+— 1+ —vr , (A14)
Vg Coi

oel ki
aN = —ZC(),-)/,-UFC TF (1 + —vp> —1

Coi
1

Uf Coi

B k;
+ol (1 + ﬂF) . (A15)

Now we can use the Gaussian perturbation equations of celestial
mechanics to compute the time derivatives of the orbital elements.
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The time average of any quantity g during one orbital period 7 can
be computed using

7/ " 2na’ /Mg (?1];)1(1][

_ VA g(m)"df

T 2mad? r?

(g)

1 27 )
= red (A16)
271ta’+/1 — e /o gridf

where Kepler s Second Law, ./;p = r>df/dt, and Kepler’s Third

Law, 47%a® = uT?, were used. ThlS procedure is used in order to
derive equations (13)—(17).

APPENDIX B: BEHAVIOUR OF g;

We define
I(s)

CDi(S)7

gi(s) = B

where

/ _1 1_ 3 g2 1_1 3 " B2
(S)—ﬁ(g 273"3)6 +( —+44)er(s) (B2)

In order to find the behaviour of I(s), we can write

1 2
dl(llis) dg {6%6—.;2 + (_3 + 2S2> erf(s)}
=4s (—%ef“'z + erf(S)> , &)
dl d 2
;is) == (_T;e—s +erf(s))
%e > 0. )
e

Because dl(s)/ds > 0, l,(s) is an increasing function of s for s € (0,
00). The value of /,(0) = 0. Therefore I,(s) is positive for s € (0, 00).
If I, (s) is positive, then d/; (s)/ds > 0. Therefore /; (s) is an increasing
function of s. The value of /,(0) = 0. Thus, /,(s) is positive for s
€ (0, 00). If /1(s) is positive, then di(s)/ds > 0. Because di(s)/ds >
0, the function I(s) is an increasing function of s for s € (0, 00).
lim,_,l(s) = 0 and lim,_, o, I(s) = 1.
‘We now find the behaviour of cp;(s). We can write

depi(s) 1 [ 2s

el v S G R AL

1/2
—s3(1 =) (@) ﬁ} , (B6)
T; 3

e + (1 —25%) erf(s)

dCD“(S) _ d |: 2s

ds  ds| 7

ama(3) 4

T 3

T, 1/2
—4 serf(s) — s> (1 — &;) (?> Jr
<0. (B7)

Because dcp;(s)/ds < 0, cp;i(s) is a decreasing function of s for s
€ (0, 0o). The value of cp;;(0) = 0. Therefore cp;1(s) is negative
for s € (0, 00). If cp;1(s) is negative, then dcp,(s)/ds < 0. Because
depi(s)/ds < 0, the function cp;(s) is a decreasing function of s for
s € (0, 00). limy_, ocp;(s) = oo and lim,_, ,ocp;(s) = 1.

I(s) is an increasing function of s, and cp, is a decreasing func-
tion of s for s € (0, 00). Both I(s) and cp;(s) are positive. There-
fore, the function g;(s) = I(s)/cp;i(s) is an increasing function of
s for s € (0, 00).

APPENDIX C: BEHAVIOUR OF h

We have
1 —+/1—¢2
h(e) = — (C1)

dhe) 2—e*—2J1—-¢2

= , c2
de 31 —e? €2
dhy(e) d( ,
9 _ S 21— 2)
de de ¢ ¢
et 250 (C3)
= —ze .
V=2 7

Because dh;(e)/de > 0, hy(e) is an increasing function of the eccen-
tricity. The value of /,(0) is 0. Therefore, h;(e) is positive for e €
(0, 1]. If A, (e) is positive, then dh(e)/de > 0. Because dh(e)/de > 0,
the function A(e) is an increasing function of the eccentricity for e
€ (0, 1].
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