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ABSTRACT

Context. In the vicinity of the Sun or other stars, the motion of the coronal and stellar wind plasma must include some amount of
corotation, which could affect the dynamics of charged dust particles. In the case of the Sun, this region is now investigated in situ by
the Parker Solar Probe. Charged dust particles coming from the vicinity of the Sun can also reach, and possibly be detected by, the
Solar Orbiter.
Aims. We use numerical simulations and theoretical models to study the effect of plasma corotation on the motion of charged nanodust
particles released from the parent bodies moving in Keplerian orbits, with particular attention to the case of trapped particles.
Methods. We used two methods: the motion of nanodust is described either by numerical solutions of full equations of motion, or
by a two-dimensional (distance vs. radial velocity) model based on the guiding centre approximation. The models of the plasma and
magnetic field in the vicinity of the star are based on analytical solutions that satisfy the freezing-in equations.
Results. Including plasma corotation does not prevent trapping of nanodust in the vicinity of the Sun or other stars. This result can
be understood with the help of the model based on the guiding centre approximation. For the amount of corotation expected near
the Sun, the outer limit of the trapped region is almost unaffected. If the corotation persists outside the trapping region, the speed of
particles ejected from the Sun is moderately increased. A strong effect of plasma corotation on charged particle dynamics occurs for
the star with a high rotation rate and/or a low value of the stellar wind speed.
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1. Introduction

The dynamics of charged dust particles with sizes smaller than a
few hundred nanometers is strongly affected by the electromag-
netic force. In particular, nanodust particles can be picked up and
accelerated by the solar wind plasma. In the vicinity of the Sun,
these particles can also be trapped by the interplay between the
electromagnetic forces and solar gravity. This could happen pro-
vided that the ratio of solar radiation to gravity β is lower than
0.5 for small dust grains and that the scatter-free approximation
(Luhmann 2003) is applicable.

The process of trapping can be illustrated using the guid-
ing centre approximation, in which the guiding centre moves
along the rotating magnetic field line. The force that governs this
motion can be described in terms of components correspond-
ing to an effective gravity force, an effective mirror force, and a
centrifugal force. At the inner limit of the trapping region, the
effective gravity force acting on the particle is balanced by the
magnetic mirror force. At the outer limit, the effective gravity
force is equal to the centrifugal force term.

The trapping of nanodust particles in the vicinity of the Sun
was studied in a number of works (Czechowski & Mann 2010,
2011, 2012, 2018; Czechowski & Kleimann 2017). A similar
phenomenon may occur near other stars (cf. Su et al. 2013, 2020;
Rieke et al. 2015; Kimura et al. 2020). Calculations of the nan-
odust trajectories were also made for nanodust around Vega and
Fomalhaut (Stamm et al. 2019), two stars with a planetary debris
disk.

Our models of nanodust trapping in the vicinity of the Sun
were so far restricted to the case of a simple Parker spiral
structure of the magnetic field, assuming a radially directed
solar wind with no plasma corotation. However, as shown by
Weber & Davis (1967), the plasma flow near the Sun is expected
to include some amount of corotation. The region affected by
corotation extends approximately to the Alfvén radius, the dis-
tance at which the velocity of the outflowing plasma equals the
Alfvén velocity. The Alfvén radius sets the scale of the region in
which the angular momentum of the solar rotation is transmit-
ted to the solar wind plasma, producing a corotating component
of the solar wind velocity. For the case of the Sun, the order of
magnitude of the Alfvén radius (about 0.1 AU) is comparable to
the size of the trapping region (0.16 AU near the solar equator).
It follows that the plasma corotation should not be disregarded
in a study of charged dust dynamics.

(The value of 0.1 AU was obtained assuming the following
values of the slow solar wind parameters: magnetic field radial
and azimuthal components Br = Bφ = 35 µG at 1 AU, number
density 5 cm−3 at 1 AU, and a wind speed of 350 km s−1).

The study of dust dynamics near the Sun are at present being
compared with observations. The Parker Solar Probe (PSP)
is now passing through the regions of high dust fluxes near
the Sun. The Electromagnetic Fields Investigation (FIELDS)
antenna instrument package (Bale et al. 2016) during the first
PSP orbits measured impact events that are consistent with
the trajectories of particles under the effect of gravity and
radiation pressure force (Page et al. 2020; Szalay et al. 2020;
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Malaspina et al. 2020). Comparison to a dust collision and
dynamics model suggests that the majority of detected particles
are 30 nm and larger (Mann & Czechowski 2021). The trajec-
tory of the PSP is evolving, with the orbit perihelion approach-
ing the Sun. In 2020, the perihelion of the PSP orbit came below
∼0.15 AU, the outer limit of the region in which the trapped nan-
odust particles can be present. At the end of the year, it also
approached 0.1 AU, the usual estimate of the Alfvén radius. In
2021, the spacecraft will approach the Sun to within 0.08 AU,
the middle point of the trapped region. Although it is not clear
whether the impacts of nanodust particles can be detected by the
PSP, the observations of the dust distribution may be helpful to
understand what is happening in the trapping region.

Another opportunity to study the effects of plasma corotation
on trapped dust follows from the discovery of hot dust around
early-type stars surrounded by debris disks (Su et al. 2013, 2020;
Rieke et al. 2015; Kimura et al. 2020). This case is of particular
interest to us because (as we show in this paper) the high rotation
rate of a star strengthens the effects of corotation more than for
the case of the Sun.

We show that trapping of the nanodust particles in the vicin-
ity of the Sun or other stars is not adversely affected by plasma
corotation. Some of our preliminary results were included in
Stamm et al. (2019). The argument relies on the model of nan-
odust motion (Czechowski & Mann 2010, 2011, 2018) based
on the guiding centre approximation. The model was used suc-
cessfully to interpret the results of numerical simulations of
charged dust motion. Assuming that the particle motion can
be regarded as scatter free, the conditions for the guiding cen-
tre approximation were shown to be satisfied for trapped dust
particles with radii of 3–10 nm. We also consider effects of
plasma corotation on the propagation of nanodust particles that
do not become trapped, in particular, those emitted from high-
eccentricity orbits.

This paper is structured as follows. In Sect. 2 we describe our
adaptation of the Weber & Davis (1967) theory of plasma coro-
tation and present our corotation models. Section 3 presents the
equations and assumptions used in our numerical simulations of
the nanodust motion. In Sect. 4 we introduce our main tool, the
model of nanodust dynamics based on the guiding centre approx-
imation, and show how the trapping of nanodust is described
in this model. In Sect. 5 we use this model to explain why the
effects of corotation on nanodust dynamics, including the trap-
ping, are small. Section 6 compares results of our simulations
of nanodust motion obtained with different assumptions about
corotation. In Sect. 7 we consider the case of other stars. The
conclusions are given in Sect. 8.

2. Models of the magnetic field and plasma flow
including plasma corotation

We considered simple time-stationary models of the magnetic
field B and the plasma flow V in the vicinity of the Sun. The
models are required to satisfy the freezing-in equations,

∇ × (V × B) = 0. (1)

We used the heliocentric coordinate system r, θ, φ (base vectors
êr, êθ, êφ), where θ is the solar co-latitude, counted from the solar
rotation axis. We also made the simplifying assumption that the
models are symmetric under rotation around the solar rotation
axis. This means that the components of the magnetic field and
plasma flow are independent of the azimuthal angle φ. Although
their components are φ independent, the vectors B, V depend on
φ because so do the base vectors.

Our treatment of plasma corotation is based on that of
Weber & Davis (1967). The main difference is that we did not
restrict our model to the solar equator plane, but assumed that
the latitudinal (θ) components of B and V are zero. The mag-
netic field and plasma flow lines lie then on θ = const cones.
The simple models such as the radially directed solar wind flow,
the Parker spiral magnetic field, as well as their modification
by various models of plasma corotation are consistent with our
assumptions.

With the assumptions listed above, the magnetic field and the
plasma velocity can be written as

B = Br(r, θ)êr + Bφ(r, θ)êφ = Br(r, θ)(êr − aêφ) (2)

V = Vr(r, θ)êr + Vφ(r, θ)êφ = Vr(r, θ)(êr + cêφ), (3)

where a = a(r, θ) ≡ −Bφ/Br and c = c(r, θ) ≡ Vφ/Vr. The form
of a(r, θ) and c(r, θ) depends on the model of corotation.

Because of the ∇ · B = 0 condition, the radial component of
the magnetic field must behave as Br = b/r2, where b can depend
on θ. In our calculations we specified the r dependence of the
radial plasma velocity component Vr = Vr(r). In most calcula-
tions referring to the case of the Sun, we used the radial velocity
profile (Model 3 in Czechowski & Mann 2018), based on obser-
vations by Sheeley et al. (1997). Alternatively, we assumed that
the radial component of the solar or stellar wind velocity is a
distance- and latitude-independent constant. The value of this
constant we took to be 400 km s−1 for the case of the Sun. For
other stars, we used the values listed in Table 2 of Kimura et al.
(2020).

As in Weber & Davis (1967), we made the additional
requirement that the induced electric field −(1/c)V×B = 0 in the
frame corotating with the Sun. Transformed into the heliocentric
inertial frame, this equation becomes

VφBr − VrBφ = ΩBrr sin θ, (4)

or, equivalently,

c + a = (Ω/Vr)r sin θ, (5)

where Ω is the angular speed of the solar rotation. Equations (4)
or (5) ensure that the stationary freezing-in Eq. (1) is satisfied.

Weber & Davis (1967) combined the freezing equations with
the azimuthal component of the plasma angular momentum
equation to derive the “critical point” solution for Vφ(r). We
adapted their derivation to the case of our model.

The azimuthal component of the angular momentum equa-
tion at colatitude θ takes the form

ρVr

r sin θ
d
dr

(r sin θVφ) =
Br

4πr sin θ
d
dr

(r sin θBφ), (6)

where ρ is the plasma density. This equation reduces to

r sin θVφ −
Br

4πρVr
r sin θBφ = L, (7)

where L = L(θ). Combining with the freezing-in condition
Eqs. (4) or (5), we obtain

rVφ = Ωr2 sin θ
M2

AL(θ)/(Ωr2 sin θ) − 1

M2
A − 1

, (8)

where

M2
A =

4πρV2
r

B2
r

(9)
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is the square of the Alfvénic Mach number. Weber & Davis
(1967) observed that at some distance r = rA, the solution passes
through a critical point at which the Alfvénic Mach number
crosses 1 (the Alfvén radius). The amount L of angular momen-
tum transferred to the solar wind is determined at this critical
point:

L = Ωr2
A sin θ. (10)

Using Eqs. (8)–(10), the azimuthal velocity Vφ can be written
as

Vφ =
Ωr sin θ

VrA

VrA − Vr

1 − M2
A

, (11)

where VrA is the value of Vr at r = rA. M2
A can then be written

as

M2
A =

Vrr2

VrAr2
A

. (12)

In our simulations we did not attempt to obtain the critical
point solution. We assumed a value for rA and used Eqs. (11)
and (12) to calculate Vφ at the required point. The singularity
was avoided by interpolating over the region 0.99 < M2

A < 1.01.
For comparison, we also considered simpler models that do

not rely on the critical point description. In the following we
refer to the maximum corotation model. The model is defined
by

Vφ = Ωr sin θ (r < rA)

Vφ = Ω(r2
A/r) sin θ (r ≥ rA). (13)

We also used the moderate corotation model. This is defined
as a modification of the maximum corotation azimuthal velocity
profile by multiplying the azimuthal velocity by a factor 0.25.

As a test of robustness of trapping against the case of a very
strong plasma rotation, we also ran a simulation using the (unre-
alistic) toy model that we call the “supercorotation model”. This
was obtained from the maximum corotation model by multi-
plying the azimuthal plasma velocity component by a factor of
10. This means that the solar wind plasma rotates at an angu-
lar velocity ten times higher than the solar one. The freezing-in
condition then produces the magnetic field lines bent backwards,
that is, in the direction opposite to the realistic corotation mod-
els. The trapping of charged particles is not affected.

The azimuthal velocity profiles for the model based on
Weber & Davis (1967) and for the maximum corotation model
are shown in Fig. 1. The velocity is plotted along the trajectories
of trapped particles created at a heliocentric distance of 0.14 AU
and at heliographic latitude 5◦. An Alfvén radius of 0.1 AU was
assumed. Figure 2 shows the shape of the magnetic field lines
(projected onto the solar equator) for our corotation models, also
including the toy supercorotation model. In all calculations, the
azimuthal component of the magnetic field was obtained from
Eq. (4).

3. Simulations

The magnetic field and plasma flow described in the previous
section was used as a background for numerical simulations of
the motion of charged nanodust in the vicinity of the Sun (or
other stars). The aim of our simulations is to estimate the effect
of plasma corotation on the motion of nanodust. We therefore
disregarded the effect of the forces (e.g., the Poynting-Robertson

Fig. 1. Azimuthal plasma velocity component vs. distance for the model
based on Weber & Davis (1967; upper panel) and for the “maximum
corotation” model. The value of rA = 0.1 AU was assumed.

and ion drags) that are potentially strong enough to obscure the
effect of corotation. To avoid the drift of charged nanodust along
the heliospheric current sheet, we used a single-polarity mag-
netic field configuration. The radial component of the magnetic
field was set equal to 35 µG at 1 AU. The azimuthal component
is specified by the choice of the corotation model.

We used the equation of motion of the form

du
dt

=
Q
mc

(u − V) × B −
(1 − β)GMS

r2 êr, (14)

where β is the ratio of radiation pressure to gravity, which we
assumed to be low (β = 0.1; see Czechowski & Mann 2010,
2012). The initial condition corresponded to the nanodust parti-
cle to be emitted (at zero relative speed) from a parent body mov-
ing in a Keplerian orbit. In most calculations, the initial orbits
were assumed to be circular. We also considered some examples
of nanodust emitted from elongated orbits.

The nanodust charge-to-mass ratio Q/m was assumed to be
constant during the motion (we made the implicit assumption
that the particles acquired equilibrium charge immediately after
release). The only parameters of the solar wind used in the model
are the plasma velocity and the magnetic field. In particular, the
plasma density (and therefore the Alfvén speed) were not spec-
ified, so that we can treat the Alfvén radius as a free parameter.
In most calculations presented here, we assumed the value of
rA = 0.2 AU, so that strong corotation applies within the whole
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Fig. 2. Magnetic field lines projected to the solar equator plane for dif-
ferent models of plasma corotation: no corotation (solid line), maximum
corotation (dotted), model based on Weber and Davis (dashed) and the
toy “supercorotation” model (dotted-dashed).

trapping region. The exceptions are Fig. 1 (rA = 0.1 AU) and
Fig. 5 (rA = 0.5 AU).

4. Model of nanodust dynamics in the guiding
centre approximation

The results of numerical simulations can be better understood by
using the model based on the guiding centre approximation for
comparison. The model describes the motion of a charged parti-
cle in the (r,vr) phase plane, where r is the heliocentric distance
and vr is the radial component of the guiding centre velocity. In
previous applications (Czechowski & Mann 2010, 2011, 2018),
the model was restricted to the purely radial plasma flow. Here
we extend it to include plasma corotation.

The magnetic field and the solar wind velocity are the same
as in the previous section. In particular, the freezing-in condition
is satisfied.

We used the spherical heliographic coordinates (r, θ, φ),
where θ and φ are the latitudinal and azimuthal angles, respec-
tively. We assumed that the latitudinal (θ) components of the
magnetic field B and the plasma velocity V were equal to zero.
The remaining components were assumed to be independent of
the azimuthal angle φ.

We considered the time-stationary case. The equation for the
parallel motion of the guiding centre (Northrop 1958) takes the
form
dvG
||

dt
= g|| − µ∂S B + VT · ((VT · ∇)b̂ + vG

||
∂S b̂), (15)

where b̂ ≡ ±B/B, vG
||

and g|| are the components of the guiding
centre velocity and the gravity force parallel to b̂; VT is the part
of the plasma velocity perpendicular to b̂, ∂S ≡ (b̂ · ∇), and µ =
(v′T )2/2B is the adiabatic invariant, with v′T = |uT − VT | denoting
the perpendicular speed of the particle in the plasma frame. The
(1 − β) factor accounts for the radiation pressure.

The perpendicular motion of the guiding centre was approx-
imated by

uGT = VT . (16)

The higher (charge-dependent) terms in the drift equation
were neglected (comparison with the full numerical simulations

shows that they are small). Because the latitudinal components
of V and B were assumed to be zero, the guiding centre motion
is (by Eq. (16)) confined to the θ= const cone.

Our model of nanodust dynamics is obtained by expressing
vG
||

in terms of the radial component of the guiding centre veloc-
ity in the inertial frame (including the motion of the field line),
which is here denoted by v. In our approximation (Eq. (16)), v is
given by

v ≡ êr ·
[
vG
||

b̂ + VT

]
, (17)

or equivalently,

v =
vG
||

(1 + a2)1/2 + Vr
(a + c)a
1 + a2 . (18)

After evaluating the terms in Eq. (15), we obtain the sys-
tem of two equations describing the guiding centre motion in the
(r, v) phase plane,

dv
dt

= W −
a∂ra

1 + a2 v2 (19)

dr
dt

= v, (20)

where the function W is given by

W = −
1

1 + a2

[
GMS (1 − β)

r2 + µ∂rB −
V2

r (c + a)2

r

]
. (21)

We have replaced ∂S B by (1 + a2)−1/2∂rB using the assumption
that the components of B are independent of φ.

If the first adiabatic invariant µ is conserved, W can be
expressed as

W = −
∂rU

1 + a2 , (22)

with the potential function

U = −
GMS (1 − β)

r
+ µB −

1
2

Ω2r2 sin θ2. (23)

The last term in Eq. (23) was obtained using the freezing-in con-
dition c + a = (Ω/Vr)r sin θ (Eq. (5)). Equations (19)–(22) then
lead to the conservation law

E =
1
2

v2(1 + a2) + U = const, (24)

which is a form of energy conservation, related to those consid-
ered by Northrop (1958).

The energy E (Eq. (24)) as well as the potential function U
(Eq. (23)) are defined per unit mass, so that their dimension is
the velocity squared. The unit used in our plots of U is (100 km
s−1)2.

The same conservation law was obtained in
Czechowski & Mann (2018) for the case of a purely radial
solar wind flow. The nanodust particles are trapped when the
function U develops the potential well, with the repulsive core
at small r and the barrier at the outer limit of the trapping region.

The positions of the minimum of the potential well and of
the maximum of the barrier can be approximately estimated as
follows (Czechowski & Mann 2010, 2012). At large r, the poten-
tial is dominated by the first and third terms: −GMS (1 − β)/r −
(1/2)Ω2r2 sin θ2. The maximum of this sum appears at

r = r1 =

[
GMS (1 − β)

Ω2 sin θ2

]1/3
. (25)
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At small r, the potential U is approximately equal to the sum of
first two terms: −GMS (1 − β)/r + µB, where B ≈ B̄(r̄/r)2. The
approximate position of the minimum is

r = r2 =
2µB̄r̄2

GMS (1 − β)
. (26)

The approximation is good when r2 � r1.

5. Why are the corotation effects small? The
argument from the model based on the guiding
centre approximation

The first and last terms in U are obviously independent of plasma
corotation. The corotation affects the value of a in Eq. (24) and
the term µB in U.

In the derivation of Eq. (24) we have assumed that the first
adiabatic invariant µ is conserved. The value of µ can then be
derived from the initial conditions for the particle motion,

µ = µ0 ≡
(u0 − V0)2

T

2B0
, (27)

where u0, V0, and B0 are the initial values of the particle and
plasma velocities and the magnetic field strength, respectively.
These values correspond to the moment of release of the nan-
odust particle from the parent body.

Consider the case when the nanodust particle starts at zero
relative velocity with respect to the parent body moving in
the circular Keplerian orbit of arbitrary inclination. It is then
straightforward to derive the formula for the initial values of the
transverse velocity of the plasma flow,

VT,0 =
Vr,0(c0 + a0)
(1 + a2

0)1/2
t̂0, (28)

and of the nanodust particle,

uT,0 = vθ,0êθ,0 +
vφ,0

(1 + a2
0)1/2

t̂0, (29)

where

t̂ =
aêr + êφ

(1 + a2)1/2 (30)

is the unit vector perpendicular to b̂ and to êθ. Using also c + a =
(Ω/Vr)r sin θ, we obtain

uT,0 − VT,0 = vθ,0êθ,0 +
vφ,0 −Ωr0 sin θ

(1 + a2
0)1/2

t̂0. (31)

This result applies without change to the cases with and without
plasma corotation. When the azimuthal plasma velocity compo-
nent is changed, the freezing-in condition enforces the modifica-
tion of the magnetic field in such a way that the sum of c0 (the
ratio Vφ,0/Vr,0) and a0 (the ratio −Bφ,0/Br,0) is not affected. The
plasma velocity component perpendicular to the magnetic field
is then changed only by the factor 1/(1 + a2

0)1/2. We note that
B0 = |Br,0|(1 + a2

0)1/2, where Br,0 in our model is independent of
plasma corotation. The initial value of µ

µ0 =
|uT,0 − VT,0|

2

2B0
=

v2
θ,0 + (vφ,0 −Ωr0sinθ)2/(1 + a2

0)

2Br,0(1 + a2
0)1/2

(32)

Fig. 3. Upper panel: results of the numerical solutions of the full equa-
tions of motion (heliocentric distance r plotted against time) for the
nanodust particles with Q/m = 10−4 e/mp emitted at 0.03 AU from a
parent body moving in a circular Keplerian orbit of 5◦ inclination at the
point of maximum latitude. The solutions correspond to three different
models: no corotation (solid line), maximum corotation (dotted), and
the critical point model based on Weber & Davis (1967; dashed line).
The lower panel shows the potential function U(r) and the conserved
quantity E plotted against r for the same assumptions about corotation.

depends on corotation only through the combination 1 + a2
0.

The freezing-in constraint requires c + a = (Ω/Vr)r sin θ.
For corotating plasma, Vφ ≥ 0 (c ≥ 0), so that there is an
upper limit on a: a ≤ (Ω/Vr)r sin θ. The values of a corre-
sponding to our corotation models vary from the maximum value
amax = (Ω/Vr)r sin θ (the Parker spiral value) for the case of no
corotation to the minimum value a = 0 for the maximum corota-
tion model. In the case of the Sun, a2 � 1 everywhere inside the
trapping region r < r1 (Eq. (25)). The value of µ0 is then only
weakly dependent on the selected model of corotation.

6. Results

As explained in the previous section, we expect the effects of
plasma corotation on nanodust dynamics in the vicinity of the
Sun to be small. In this section we present some examples of
these effects, obtained by numerical simulations and/or by using
the guiding centre model.

Figure 3 (upper panel) illustrates the effect of plasma corota-
tion on the trajectories of charged nanodust emitted at a small
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Fig. 4. As Fig. 3, but for the case of a particle emitted at 0.14 AU, close
to the outer limit of the trapping region. The solutions for the differ-
ent models are lying approximately on top of each other. Lower figure:
was restricted in vertical range to show clearly the relative positions of
the potential barrier and the energy levels. The minimum value of the
potential U occurs at U(r) ≈ −4.3 in our (100 km s−1)2 units.

heliocentric distance r0 = 0.03 AU. This example contains a
systematic difference in the amplitudes of the nanodust motion:
increase in the degree of corotation causes a reduction in the
amplitude.

The lower panel shows the shape of the potential functions
U and the energy levels E for the same three models. Particles
emitted at 0.03 AU move close to the bottom of the potential
well. The depth of the well is sensitive to the model of corota-
tion. The deepest well (and the largest amplitude of a particle
motion) occurs for the no-corotation case. The smallest depth
and amplitude occur for maximum corotation. The amplitudes
of the nanodust motion obtained by numerical simulations agree
well with the limits of the E > U region.

Figure 4 (upper panel) shows the trajectories for a particle
emitted at 0.14 AU from the solar centre, close to the outer limit
of the trapping region. The line styles and the assumptions about
corotation are the same as in Fig. 3. In this case, the upper and
lower limits of the trajectories are not visibly affected by coro-
tation. Increasing the amount of corotation (i.e., moving from
no corotation to the maximum corotation model) produces some
reduction in the orbital period.

The potential function U and the values of conserved energy
E are shown in the lower panel. In contrast to the case of particles

Fig. 5. Plots of total speed and the radial velocity component vs
heliocentric distance for the nanodust particles (Q/m = 10−4e/mp)
released just outside of the trapping region for different assumptions
about plasma corotation: no corotation (solid line), maximum corota-
tion (dotted line), and the model of Weber and Davis (dashed line). To
extend the corotation region, the Alfvén radius was artificially set at
0.5 AU.

emitted at 0.03 AU, the potential near the barrier is determined
by the c + a term, the value of which is insensitive to the model
of corotation. The values of the conserved energy are almost
the same for the different models. In consequence, the limits
of particle motion are effectively independent of the amount of
corotation.

According to our model, the nanodust particles created out-
side the trapping region are accelerated and escape from the
vicinity of the Sun. In Fig. 5 we show the results of the numerical
simulation (velocity versus distance plots) for a particle created
just outside the trapping region for the three corotation models
described above. Because the outer limit of the trapping region
occurs at ∼0.16 AU, we made the additional assumption that
the corotation region extends to 0.5 AU. We find that plasma
corotation can increase the outward velocity of escaping parti-
cles, although the effect is strong only in the case of maximum
corotation.

In Czechowski & Mann (2018) we have discussed the pos-
sibility that nanodust emitted from elongated orbits might be
trapped. The result was that the trapping becomes impossible for
high-eccentricity orbits because the velocity difference between
the dust particle and the local plasma is strong. Because this
difference can be affected by corotation, we calculated the max-
imum eccentricity consistent with trapping for the case of parti-
cles emitted at perihelium of the parent body orbit. The result is
presented in Fig. 6. Increasing the amount of corotation can be
seen to facilitate trapping at some heliocentric distances.

In the same work, we have also observed that the nanodust
emitted from the inbound part of the high-eccentricity orbit of
the parent body can approach very close to the Sun (the “cor-
ridors to the Sun”). Figure 7 illustrates the effect of plasma
corotation on this phenomenon. For the case shown, the parent
body orbit of the dust is assumed to have a perihelion distance
and orbital eccentricity corresponding to those of the Aquarids
meteor shower.

To summarize, the effect of corotation on charged nanodust
particles in the solar system is weak. A stronger (but moder-
ate) effect is sometimes produced by the maximum corotation
model.
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Fig. 6. Maximum eccentricity of the parent body orbit consistent with
trapping of the emitted nanodust. The nanodust particle is emitted at
perihelium. The cases illustrated are no corotation (solid line), max-
imum corotation (dotted line), and the model of Weber and Davis
(dashed line). The curves correspond to particles emitted at the points
of maximum heliolatitude from the orbits of 20◦ inclination (curves on
the left) and of 70◦ inclination (curves on the right).

Fig. 7. Effect of corotation on the propagation of nanodust particles
emitted from the orbit of the Aquarids. The distances of the closest
approach to the Sun are plotted against the position of the emission
point on the orbit, represented by the angle counted from perihelion.
The corotation models are the same as in Fig. 6: no corotation (solid
line), maximum corotation (dotted line), and the model of Weber and
Davis (dashed line).

7. Can the effects of corotation become important
in the case of other stars?

An important limitation on trapping of small dust particles in
the vicinity of a star is the requirement that the ratio of radia-
tion pressure to gravity β should be low (β < 0.5). This condi-
tion constrains the possibility of dust trapping around hot stars,
although it does not prevent it entirely (see e.g., Rieke et al.
2015). In particular, in the case of β-Pictoris, the estimation of
the value of β for cristalline olivine gives a value below 0.5
(Kohler & Mann 2002) and an estimate for obsidian particles is
even lower (Artymowicz 1988).

In this study we search for examples of stars for which the
effect of corotation (measured by the value of a2) is strong. The

upper limit for a is (Ω/Vr)r sin θ. Therefore we have to find stars
with a high rotation rate Ω and/or low stellar wind speed Vr.

A high rotation rate (more than one order of magnitude
above the solar value) is usual for early-type stars. This is of
particular interest because of recent observations of dust emis-
sions from their vicinity (Su et al. 2013, 2020; Rieke et al. 2015;
Kimura et al. 2020). The question of dust survival in the vicin-
ity of hot stars (Kimura et al. 2020) is beyond the scope of
this work. Rotation rates higher than that of the Sun were also
observed for some M-type stars (Nielsen et al. 2013).

We first consider the hypothetical case of a star with half the
solar mass but a far higher rotation rate (by a factor of 3–4) than
the solar value. These parameters may appear for M-type stars.

We assume that the stellar parameters are such that a2
max > 1.

The value of µ0 can then change significantly between different
corotation models. We considered some hypothetical examples
of stars with high maximum values of a2. Although we did not
find any example for which a choice of the corotation model
would preclude trapping, we found that this choice affects the
depth of the well in the trapping potential. The deepest potential
well of the trapping potential corresponds to the highest value of
a, that is, to the case of no corotation.

To find an example of a star for which the plasma corotation
would have a strong effect on the form of U, we require a star
with a value of (c + a)2 comparable to or higher than 1. Keeping
Ω constant while changing Vr artificially from ∼400 km s−1 to
100 km s−1 would increase c+a by a factor of ∼16. The effect on
the potential function U would then be strong, with the depth of
the potential well changing by a factor of ∼2. Trapping of low-β
particles would be not affected. However, such a low value of the
stellar wind speed does not typically occur for Sun-like or hotter
stars (Kimura et al. 2020).

Another possibility would be a star with a high rotation rate
Ω. If the radiation of the star were to permit low values of β,
the trapping region will exist, but its size would contract by a
factor proportional to Ω−2/3 so that the value of (c + a) in the
trapping region would then only increase proportionally to Ω1/3.
Increasing the rotation rate by a factor 10 would then increase the
value of (c+a)2 by a factor ∼4.4. Because the value of (c+a)2 in
the trapping region is about 0.02 for the Sun, the increase would
change it to ∼0.09, which is still far lower than 1.

The trapping potential for two different stars is presented in
Fig. 8. The parameters relevant for our purposes are the stellar
mass M, the rotation rate Ω, and the value of the ratio of stellar
radiation pressure to gravity β for small dust grains. The exam-
ples shown represent the hypothetical M- and A-type stars.

We consider the case of a particle created at a distance r0
from the star, at the point of maximum stellar latitude of the
circular parent body orbit of 5◦ inclination. The distance r0 we
chose to be near to the outer limit r1 of the trapping region. The
value of r1 (Eq. (25)) is ∼0.16 AU for the Sun, and depends
on M and Ω as r1 ∝ M1/3Ω−2/3. We chose r0 = 0.12 AU ×
(M/MS )1/3(Ω/ΩS )−2/3 , where the subscript S denotes the solar
value.

The potential curves are shown for three models of corota-
tion. The horizontal lines show the values of conserved energy
E for each case.

The results shown in Fig. 8 illustrate the contraction of the
trapping region for each star. The dependence of the potential
function on the corotation model is prominent only in the case of
the A star because only in this case is the value of a2 of the order
1 within the trapping region. Figure 9 shows the radial veloc-
ities of the trapped dust (in the guiding centre approximation)
corresponding to the trapping potentials from Fig. 8.
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Fig. 8. Shape of the trapping potential function U(r) for two hypotheti-
cal stars: the M-type star with half the solar mass and 4 times the rota-
tion rate, and the A-type star with twice the solar mass and 23 times
the solar rotation rate. The ratio of stellar radiation pressure to gravity
β was assumed to be 0.1 for the M star and 0.4 for the A star. The cases
of no corotation (solid line), maximum corotation (dotted), and moder-
ate corotation (dashed line) are shown. The horizontal lines show the
conserved energy values for each case.

Fig. 9. Radial velocities of trapped particles for the cases illustrated in
Fig. 8. The guiding centre radial velocity components calculated from
the conservation law (Eq. (24)) are plotted.

Figure 10 illustrates the effect of corotation on the radial
velocity of trapped particles for the hypothetical M-type star. In
absence of corotation, the distance – radial velocity plot shows
oscillations that do not appear in the maximum corotation case.
The oscillation frequency depends on the charge-to-mass ratio
Q/m of the trapped particle. We chose a low value of Q/m (low
oscillation frequency) to make the plot readable. The oscillations
can be understood as due to Larmor rotation of trapped particles
around a rotating magnetic field line. In the case of maximum
corotation, the field lines are straight, so that the Larmor rota-
tion, with the velocity perpendicular to magnetic field, does not
produce any variation in the radial speed.

Figure 11 shows the outer limits of the trapping region for a
hypothetical M-type star compared to the case of the Sun. The
ratio of radiation pressure to gravity β for small dust grains is
assumed to be 0.1 for both cases. The horizontal axis shows the
maximum value of the radius of the parent body orbit consistent

Fig. 10. Simulated distance – radial velocity plots along the trajectories
of trapped particles with Q/m = 10−6e/mp for the star with half the
solar mass and three times the solar rotation rate. The solid (dashed)
line corresponds to the no corotation (maximum corotation) case.

Fig. 11. Limits of the dust-trapping region for the hypothetical M-type
star (half the solar mass, four times the rotation rate) compared to those
for the Sun. The curves show the maximum distance from the star con-
sistent with trapping of the dust particle vs the inclination of the parent
body orbit. Two cases are illustrated: (1) The particle starts from the
point of maximum latitude along the orbit (curves bending right), and
(2) it starts from the point at which the orbit crosses the stellar equator
plane (curves bending left). The results assuming no-corotation (solid
line), maximum corotation (dotted), and moderate corotation (dashed
line) are shown.

with trapping of the emitted nanodust particle, while the verti-
cal axis shows the orbit inclination relative to the stellar equator.
Two cases are illustrated, corresponding to different choices of
the initial point. Because in our model the magnetic field lines
lie on the cones of constant latitude, curve (1) can also be under-
stood as the outer limit of the trapping region in space, applicable
to the particles emitted at the point of maximum latitude. On the
other hand, the particles corresponding to case (2) remain close
to the stellar equator.

Although Fig. 11 shows the results for three different
assumptions about corotation, the results differ very little. The
effect of corotation is much stronger for the case of the hypothet-
ical A-type star illustrated in Fig. 12. We assumed β = 0.4 for
small grains. The trapping region near the stellar equator is now
∼0.02 AU, compared to 0.16 AU for the Sun and 0.05 AU for the
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Fig. 12. Similar to Fig. 11, but for the hypothetical A star with twice
the solar mass, 23 times the solar rotation rate, and β = 0.4. The no-
corotation (solid line), maximum corotation (diamonds), and moderate
corotation (triangles) cases are shown. Curve 2 has a bimodal structure.
The results were obtained using simulated trajectories for the dust grains
with Q/m = 10−5e/mp.

M-type star (see Fig. 11). Increasing the amount of corotation
increases the trapping region. Curve (2) has a bimodal structure,
with the intermediate region above ∼0.007 AU, passing into the
asymptotic branch below this distance. This structure is related
to the high value of β (β = 0.4) assumed here for the A star.

The results shown in Fig. 11 were derived using our guiding
centre model (a comparison with trajectory simulations for the
case of the Sun can be found in Czechowski & Mann 2012). The
results in Fig. 12 were obtained from numerical simulations of
particle trajectories, assuming Q/m = 10−5e/mp and the solar
value of the radial component of the magnetic field at 1 AU.

8. Conclusions

The aim of this work was to study the effect of plasma corotation
on the dynamics of small charged dust particles in the vicinity of
the Sun. Our main conclusion, obtained using the model based
on the guiding centre approximation and confirmed by numerical
simulations, is that this effect is weak for the case of the Sun. In
particular, the trapping of charged nanodust particles with β <
0.5 is not prevented by corotation.

The mechanism that is responsible for the weakness of the
effect of plasma corotation on the charged dust dynamics is a
simple consequence of the freezing of the magnetic field in the
plasma flow. The freezing-in condition affects the shape of the
magnetic field lines in such a way that the main repulsive force
acting on a charged particle in the guiding centre approximation
(the centrifugal force associated with the rotation of the magnetic
field line) is not affected by any choice of the corotation model.
The other repulsive force (the magnetic mirror force) depends
on the corotation model through a combination 1 + a2, where
a = −Bφ/Br. For the case of the Sun, we find that a2 � 1 for

all realistic models of corotation, implying that the mirror force
is also approximately independent of the corotation model. By
“realistic” models we understand here all models where plasma
rotates in the same direction as the star, with the angular velocity
not higher than that of the star.

Our results also have some implications for the dust in the
vicinity of other stars, and in particular, for the innermost zone of
planetary debris disks. A detailed study of dust trapping around
other stars is beyond the scope of the present work. Nevertheless,
we include a brief discussion of the case of the stars with a high
rotation rate. The value of a2 may then become high. If a2 ∼ 1 or
higher, the choice of a corotation model would have a stronger
effect on charged particle dynamics. We have considered two
(hypothetical) examples of M- and A-type stars. We found that
plasma corotation does not prevent trapping, but (for the case
of the rapidly rotating, hot A-type star) significantly affects the
dust dynamics, in particular, the shape of the outer boundary of
the trapping region.
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