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Abstract

Context. Vega and Fomalhaut display a thermal emission brightness that could possibly arise from hot dust near the stars, an inner extension of their planetary debris disks. An idea has been suggested that nanometer-sized dust particles are kept in the vicinity of the stars by electromagnetic forces. This resembles the trapping that model calculations show in the corotating magnetic field in the inner heliosphere within approximately 0.2 AU from the Sun.

Aims. The aim of this work is to study whether the trapping of dust due to electromagnetic forces acting on charged dust near the Sun can occur around Vega and Fomalhaut and what are the conditions for trapping.

Methods. We studied the dust trajectories with numerical calculations of the full equation of motion, as well as by using the guiding center approximation. We assumed a constant dust charge and a Parker-type magnetic field, which we estimated for the two stars.

Results. We find no bound trajectories of charged particles around Vega or Fomalhaut as long as the radiation pressure force exceeds the gravitational force, that is, for particles smaller than 1 μm. A trapping zone could exist inside of 0.02 AU for Vega and 0.025 AU for Fomalhaut, but only for those particles with radiation pressure force smaller than gravitational force. In comparison to the Sun, the trapping conditions would occur closer to the stars because their faster rotation leads to a more closely wound-up magnetic field spiral. We also show that plasma corotation can be consistent with trapping. Our model calculations show that the charged particles are accelerated to stellar wind velocity very quickly, pass 1 AU after approximately three days, and are further ejected outward where they pass the debris disks at high velocity. We find this for particles with a surface charge-to-mass ratio larger than 10−6 elementary charges per proton mass for both negatively and positively charged dust and independent of the strength of the radiation pressure force. Based on charging assumptions, this would correspond to dust of sizes 100 nm and smaller.
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1 Introduction
The vicinity of the Sun overlaps with the inner region of the solar system’s zodiacal cloud, which is made up of dust particles that form over a large interval of sizes by the collisional fragmentation of asteroids, objects emitted from comets, and smaller fragment of these objects. Planetesimals likewise produce dust in extrasolar planetary systems so that many main-sequence stars are surrounded by dusty debris disks. The dusty debris disks were first noticed in infrared observations, where the dust emission generates an excess brightness in comparison to the stellar spectrum. Most observational results describe cold and warm dust components at large distances from the stars comparable to regions beyond the asteroid belt and beyond the Kuiper belt of the solar system (cf. e.g., Wyatt 2009; Moro-Martin 2013).
Observational constrains usually prevent the detailed investigation of the innermost parts of the debris disks, because the hot dust emission overlaps with the brightness of the star and because of a lack of spatially resolved observations, an exception being recent interferometric studies (Absil et al. 2013; Ertel et al. 2016). At the same time, the inner debris disks are an interesting target of studies, since they have an impact on the evolution of the whole disk. The dust that is accelerated close to the star passes the outer disk where it enhances the collision rate and changes the dust distribution (cf. e.g., Czechowski & Mann 2007; Sezestre et al. 2017). The dust fluxes are also of special interest because the inner debris disks overlap with the hypothesized habitable zones (cf. e.g., Lammer et al. 2009) around the stars, and dust fluxes possibly have an influence on the evolution of the atmospheres of planets that could be located in this region.
The dust dynamics in the inner debris disks was in particular brought up in a recent study of the A-type stars Vega and Fomalhaut motivated by observational results with near infrared interferometry. Observations suggest that dust is likely to exist in the close vicinity of Vega (Absil et al. 2006) and a model to explain Vega observations suggests a component of small dust at about 0.1–0.3 AU around the star (Defrère et al. 2011). Observations also suggest the existence of hot dust particles within 6 AU from Fomalhaut (Absil et al. 2009). A work by Lebreton et al. (2013) suggests that the dust has a high temperature, is located close to the star, and includes a population of very small dust with sizes 10–500 nm at distances of 0.1–0.3 AU as well as a ring around 2 AU from the star. In a comparison of the disks around Vega and Fomalhaut, which is based on a number of different observations, Su et al. (2013) investigate the hot dust emission and as a possible scenario for its origin suggest the trapping of nanodust particles by electromagnetic forces, a process that was shown with trajectory calculation for the vicinity of the Sun (Czechowski & Mann 2010).
In the limit of nanometer-sizes, dust particles are most strongly deflected in the solar wind, in a process similar to the formation ofsolar wind pick up ions (Mann et al. 2007). While this normally leads to the ejection of particles, under certainconditions the nanodust has a trapping-like motion near the Sun (Czechowski & Mann 2010). Based on the guiding center approximation, the motion can be described as the sliding along a rotating solar magnetic field line. In this simplified view, the sliding along the field line is determined by the combination of the magnetic mirror force, solar gravity, and a term that is analogous to the centrifugal force (Czechowski & Mann 2010). Su et al. (2013) suggested that this trapping also occurs around Vega and Fomalhaut and gives rise to their hot debris disks. Since it is a possible mechanism that explains the existence of the hot disks, it is of interest to study the trapping.
In this article, we study the dynamics of charged dust particles around Vega, Fomalhaut, and close to the Sun in order to investigate under what conditions the suggested trapping can occur, and we characterize the motion of non-trapped particles. The text is organized as follows. In Sect. 2 the magnetic field model is described. The equation of motion is also described here. The method of calculations and guiding center approximation is described in Sect. 3. The results of the trajectory simulations of particles around the Sun and around Vega and Fomalhaut are described in Sects. 4 and 5, respectively. In Sect. 6, we improve the magnetic field model to include corotation of plasma close to the star. Finally, the conclusions are drawn in Sect. 7.
2 Acting forces and equation of motion
Dust particles move within the gravitational, radiation, and magnetic field of the star. For the magnetic field in the solar wind region, a Parker spiral model (Parker 1958) is often assumed. This model is a good description for the structure of the magnetic field when the frozen-in condition applies. An initially radial magnetic field at the solar surface is convected outward with the radially moving solar wind. The frozen-in effect together with the rotation of the Sun causes the spiral shape of the magnetic field. The polarity of a field line at a certain point is determined by the direction of the dipole component of the solar magnetic field at the footpoint of the field line. The version of the model used in most of the calculations reported here is the same as in Czechowski & Mann (2010). The solar wind is assumed to be radially directed and the speed to be constant, 400 km s−1 at a latitude below 20° (|θ − 90°|≤ 20°) and 800 km s−1 at a latitude above 20° (|θ − 90°| > 20°). The magnetic field at a distance r from the Sun is
[image: equation](1)
where [image: equation] is the magnetic field strength in radial direction at [image: equation] AU, [image: equation] is the unit radial vector, [image: equation] is the unit azimuthal angle vector for φ ∈ [0, 360°], and
[image: equation](2)
where Ω is the solar rotation velocity and u is the solar wind speed at solar colatitude θ ∈ [0°, 180°]. The solar wind speed is assumed to be independent of the distance from the Sun. This approximation is not very useful close to the Sun and we will consider a radial dependent wind profile in Sect. 6. The solar rotation is assumed to be the same for all latitudes.
Equation (1) is valid as long as r ≫ R⊙, where R⊙ is the radius of the Sun. Otherwise, the solar wind velocity is not purely radial and the azimuthal magnetic field becomes affected. The model is therefore applicable outside of the Alfvén radius, which is estimated at about 0.1 AU (20 R⊙) (Schatten et al. 1969).
The magnitude of [image: equation] is given by
[image: equation](3)
where [image: equation] 5 nT (50 μG) is the magnetic field strength at 1 AU and near the ecliptic and [image: equation]. Our specification of the magnetic field in terms of its strength at 1 AU is the same as used in Czechowski & Mann (2012). We keep the same convention also for the cases of Vega and Fomalhaut.
The sign of [image: equation] is decided by the sign of r ⋅d, where d is the direction of the solar dipole at time t′ = t − r∕u when the corresponding plasma volume left the solar surface. In all calculations, the solar dipole is aligned with the solar rotation. This implies that d = ±ẑ and is independent from time. The boundary between slow and fast solar wind was set to a latitude of 20°. Both the magnetic and the rotational solar equator are assumed to lie in the ecliptic. The magnetic field of the Sun can either be in a focusing or antifocusing configuration. In the focusing configuration the magnetic field in the northern hemisphere points toward the Sun (Czechowski & Mann 2010). The antifocusing magnetic field points in the opposite direction. All results shown here use a focusing magnetic field if not stated otherwise.
Knowledge on the magnetic fields of Vega and Fomalhaut is sparse. For Vega, the magnetic field is known from observations of the surface that points towards Earth (Lignières et al. 2009). Vega is almost seen pole-on, the stellar rotation axis is tilted ~5° relative to its direction towards the Sun (Yoon et al. 2010). This tilt will be neglected further on. The strength of the magnetic field in the direction of the Earth averaged over the surface pointing towards Earth, ⟨Bz ⟩, is −60 ± 30 μT (Lignières et al. 2009).
We assume that the magnetic field close to Vega and Fomalhaut can be described with the Parker model. In order to estimate the strength, we compared it to the conditions around the Sun. We extrapolated the Parker model to the solar surface and took the scalar product of the magnetic field with the polar unit vector, ẑ, to obtain the magnetic field pointing in polar direction at the surface (Bz):
[image: equation](4)
where [image: equation] is the magnetic field strength of Vega at 1 AU. We can average this expression over the northern hemisphere, that is, the upper half of the stellar surface. Assuming that the surface of the star is spherical and that stellar wind is constant at all latitudes, we get
[image: equation](5)
We assume that the stellar wind speed of Vega is equal to the escape speed at the surface equator. Using stellar parameters from Table 1, we estimate the magnetic field strength of Vega at 1 AU to be [image: equation] 687 nT, this is 137 times the same value for the Sun. The magnetic field strength of Fomalhaut we estimate by regression using Sun and Vega as a basis. Also for Fomalhaut, the stellar wind speed is assumed to be equal to the escape speed at the surface. The independent variables are radius squared, mass, rotation, and age. For the radius, we use both equatorial and polar values.
The results of the magnetic field strength estimation shown in Table 2 show that the strength of the magnetic field of Fomalhaut varies strongly with the selection of the independent variable. Braithwaite & Cantiello (2013) predict that the magnetic field strength is dependent on at least the age and rotation speed of the star. These two variables give a magnetic field strength for Fomalhaut that is evenly on each side of the estimate by taking the mass as an independent variable. We therefore choose the mass and hence the magnetic field strength of Fomalhaut at 1 AU is estimated to be 111 times the magnetic field strength of the Sun. This corresponds to a value of 555 nT. Rieke et al. (2016) estimate the Alfvén radius of an A-class reference star to be at 0.19 AU. We assume this Alfvén radius for Vega and Fomalhaut.
We further assume that the magnetic field does not vary in time. A force caused by momentum transfer between the streaming stellar wind particles and the dust particles was considered by Czechowski & Kleimann (2017), but is not considered here. The full equation of motion for the dust particles can then be written as
[image: equation](6)
where G is the gravity constant, M is the stellar mass, r the distance from the star, and β, q, m, and v are the ratio between radiation force and gravity, the charge, the mass, and the velocity of the particle, respectively. Further, vr is the velocity of the particle in the radial direction, c the speed of light in vacuum, u the stellar wind velocity, and B the magnetic field. This is the same equation of motion as in Czechowski & Mann (2010). They also calculated the specific energy equation for the dust particle,
[image: equation](7)
which is approximately constant for uniform stellar wind speed and magnetic field polarity. Since the Poynting-Robertson effect is negligible on the timescales considered here, conservation of this parameter indicates the reliability of the numerical calculations.
Table 1

Parameters of Sun, Vega, and Fomalhaut.

Table 2

Results of magnetic field strength estimation of Fomalhaut.

3 Solving the equation of motion and trajectory calculations
In the trajectory calculations, we assume that the dust particles are released from a parent body, which moves in a Keplerian orbit. We assume that the fragment particle initially has the same velocity as the parent body. When referring to initial orbit parameters, the orbit parameters of the parent body are meant. The release point is the point in the initial orbit where the dust particle and parent body are separated. In most of our calculations, the particles are released at the highest latitude of the initial orbit, by choosing the argument of periapsis accordingly.
The equation of motion, Eq. (2), is solved numerically by a fourth-order Runge-Kutta solver with variable time step. The initial values for the particles correspond to certain points in Keplerian orbits around the star. The simulation time varies between 3 × 106 s (about 35 days) for the closest particles (6 × 106 s when released outside of the periapsis) and 30 × 106 s for the farthest particles. It is chosen so that the particles could fulfill at least one orbit. The simulation time around Vega and Fomalhaut is always 30 × 106 s. When a particle hits the star, the calculation is interrupted. It is also interrupted when the particle reaches distances outside of 3 AU. In this latter case, the distance variation is inspected to see if the particle has a chance to come back in a reasonable timescale and if so, the trapping is set to undecided.
The initial orbits have different eccentricities, inclinations, and semimajor axes. Also, different starting positions in the orbits were considered. The argument of periapsis was either 0° or 90°, depending on the initial position in the orbit. The longitude of ascending node was always set to zero.
In the equation of motion, the charge and the mass always appear as a ratio. The considered charge-to-mass ratios are 10−4, 10−5, 7 × 10−6, 5 × 10−6, 3 × 10−6, 1 × 10−6, and 10−7 in units of elementary charges per proton mass (qe /mp), and assumed to be constant as previously used by Czechowski & Mann (2010). These values correspond to particles with sizes of 3–100 nm in solar wind conditions (Czechowski & Mann 2012). The results of Kimura et al. (2018) show that the charge-to-mass ratio is related to the particle size for the A-class star β Pictoris in the same way as for the Sun. We assume that this will be valid for Vega and Fomalhaut too. In addition, trajectories of neutral particles are considered for comparison.
For particles around the Sun, β is assumed to be 0.1, as in Czechowski & Mann (2010). The β-values for particlesaround Vega and Fomalhaut are taken to be as low as reasonable. Myrvang (2018) found β≳2 for Vega and β≳1 for Fomalhaut for particles with a size of some μm and smaller. Here, we use β = 2 if not stated otherwise.
In addition to the numerical calculations, we investigated the trapping conditions by using the guiding center approximation (Northrop 1963). This describes the trajectories as a superposition of gyration about a magnetic field line and motion along the field line. The latter is the motion of the guiding center. This simplifies the radial part of the equation of motion (Northrop 1963; Czechowski & Mann 2010, 2011). We modified the equation from the latter to clarify the velocity dependence by inserting for the magnetic moment, [image: equation]. We note that v⊥−u⊥ is not constant during guiding center motion. Equation (2) can then be simplified to
[image: equation](8)
where [image: equation] is the radial velocity of the guiding center, v⊥ and u⊥ are the velocity of the particle and stellar wind velocity perpendicular to the magnetic field, respectively, and [image: equation]. The approximation is valid if the forces on the particle do not vary considerably over one gyroperiod. In Eq. (8), the first term describes the combined gravitation and radiation pressure force. It is directed toward the star when β < 1 and away from the star when β > 1. The Poynting-Robertson effect is neglected here. The second term corresponds to the magnetic mirror force, which is caused by the inward converging of the magnetic field lines. It can be shown that this term always points outward. The next term is analogousto the centrifugal force. The motion of the guiding center does not depend on the charge-to-mass ratio.
The perpendicular velocity of the guiding center [image: equation] we approximate by
[image: equation](9)
In the following we shall use the sign of the initial radial acceleration [image: equation] given by Eq. (9) as an approximate criterion for trapping. Using the results of Czechowski & Mann (2010, 2011), it follows that if the initial value of vr is zero, the negative sign of [image: equation] is a sufficient condition for trapping.
The trapping of the uncharged particles only depends on the eccentricity of the initial orbit, the β, and the initial position. The trapping of the charged particles also depends on the distance to the star when released and the inclination of the initial orbit. The latitude of release might also contribute to the results (cf. Czechowski & Mann 2010), but is not investigated here.
To check the reliability of the numerical calculations, we consider the specific energy of the particles in the trajectories, Eq. (7). For most trajectory calculations, the parameter is conserved inside of the regions with uniform stellar wind speed and magnetic field polarity.
	[image: thumbnail]	Fig. 1
Trajectories of particles after release. The motion is projected to the ecliptic. The orbits of the particles with a charge-to-mass ratio of ≥ 3 × 10−6qe/mp are overlapping. All trajectories have same initial values. The star (*) marks the initial position of the trajectories. The initial orbit for this simulation is circular, with a radius of 0.1 AU, an inclination of 5°, and an argument of periapsis of 90°; its length of ascending node is 0° and the particles are released in the periapse.



4 Results of trajectory simulations of particles around the Sun
Our calculations provide the position and velocity of the particles as a function of time. From that we derive additional parameters, including speed, distance, gyroradius, and specific energy of the particle. An example of a trajectory for a trapped particle is shown in Fig. 1.
The calculations of dust trajectories around the Sun can be divided into different groups. One has initial values with varying inclination, one has varying initial eccentricity, and two have varying eccentricity and different positions in the initial orbit. The results for a particle with q∕m = 10−4 qe /mp are shown in Fig. 2, where the results are shown for every group. Figure 2a shows the dependence on the initial inclination while the eccentricity is zero for all simulations. In Fig. 2b, the inclination is 5°, while the eccentricity varies. In Fig. 2c, the inclination and eccentricity are as in Fig. 2b, but the particles are released at true anomaly = 90°. The initial orbit is rotated so that the release point still is at the highest latitude. Likewise, in Fig. 2d, but the release point is now set to true anomaly = −90°. In contrast to the others, the release point is at the lowest latitude.
In the figures, the background shows the initial acceleration that is derived using the guiding center approximation. The colors are chosen so that acceleration inward is shown in blue and acceleration outward is shown by the green and sandy colors. The dots show the result of the particle trajectory simulations with full equation of motion.
For the value β = 0.1 used in these simulations, the particles are in general in bound orbit for q∕m ≪ 10−7qe/mp and the guiding center approximation is only applicable when the particles are released in the periapse. The calculations show that for certain initial values, the charged particles are trapped. This region is located inside of 0.2 AU, but extends outward a bit for higher inclinations and heavily charged particles. In the figures, the trapping region can be seen as the part of the background that is blue. An inner boundary of the trapping region might exist, but here the trajectory simulations and the initial acceleration using the guiding center approximation give different results. In addition, this boundary is at distances where the Parker model is not applicable.
The trapping region shrinks even more if the particle is released outside of the periapse (compare Figs. 2a and b to 2c and d). Here the trajectory simulations do not agree with the guiding center approximation. A reason for this could be that by using the approximation only the initial radialacceleration was considered.
The further from the Sun the particle starts in the trapping region, the closer it comes to the Sun. Some particles come so close that they hit the Sun and the calculation is interrupted. Interestingly, this happens mostly for particles starting at the outer border of the trapping region (cf. Czechowski & Mann 2012).
	[image: thumbnail]	Fig. 2
Results of dust trajectory calculations dust around the Sun with initial orbits with varying inclination (a) and eccentricities (b–d). In (b), the starting point is the periapse, in (c) it is at θ = 90° and at θ = −90° in (d). The background shows the initial radial acceleration averaged over one gyroperiod by using the guiding center approximation. Both the x- and y-axis show values of the initial orbit. The black line shows the Alfvén radius. The points show the results of the numerical simulations with full equation of motion, Eq. (2). Blue means that the particle was trapped, red means that it was ejected, orange means that it hits the Sun, and black means that the result was ambiguous. Since the eccentricity is 0 in (a) and (b), the periapse is equal to the initial distance from the Sun.



5 Particle trajectories around Vega and Fomalhaut
We see that in Fig. 2 the ejection of the particles is predicted well by the initial acceleration of the dust particles, which we obtain using the guiding center approximation. However, this is limited to particles that are released in the periapse of the orbit. The guiding center approximation is applicable if the charge-to-mass ratio and the magnetic field strength of the star are large enough. Under these restrictions, the initial acceleration can give an indication of whether the dust particles are trapped or not.
For Vega and Fomalhaut, the main aim is to find if there were any bound trajectories for charged particles and, if yes, what they look like. The initial radial acceleration estimated in the guiding center approximation points outward for any reasonable initial values, predicting that no charged particles will be trapped even if the β-value is as low as 0.1, as shown in Fig. 3.
The only region where the guiding center is accelerated inward is closer than 0.02 AU from Vega and 0.025 AU from Fomalhaut. This is one to two star radii from the respective stellar surface, where the Parker model is not applicable. However, dust particles so close to the stars would probably be sublimated very quickly. Myrvang (2018) presented sublimation lifetimes for dust with different sizes and compositions at 0.3 AU. For most of the materials that were considered, particles with a size of 100 nm or less sublimate within seconds already at 0.3 AU. Closer to the star, the sublimation lifetime will be even shorter. When β is as high as 2, that is, for small particle sizes, all particles are ejected in any case.
In order to investigate why the potential trapping zone is closer around Vega and Fomalhaut than around the Sun, we consider Eq. (8). The gravitation force of Vega and Fomalhaut is stronger than around the Sun. This probably only has a small effect since the larger gravitation also is taken into account in the initial values, because the particles are released from Keplerian orbits.
Due to the faster rotation of Fomalhaut and especially Vega, the magnetic field lines are much more closely wound and thus the magnetic field lines are almost azimuthal. This extends the region where the stellar wind velocity is perpendicular to the magnetic field closer to the stars.
The region where the magnetic mirror force is small is narrow and very close to the stars. It overlaps with the region where the total acceleration points inward. Here, the particle velocity and the stellar wind speed, both perpendicular to the magnetic field, are very similar. Also, in the last two terms, the acceleration is larger than for the Sun due to the faster stellar rotation. The stellar wind velocity is almost equal to the solar wind velocity and therefore does not contribute strongly to the shrinking of the trapping zone. Together the contributions sum up to a strong outward acceleration.
In addition to the acceleration along the magnetic field lines, the velocity perpendicular to the magnetic field is almost constant. In the regions where the magnetic field is more radial, this may not influence the orbits very much. The dust trajectory calculations for the Sun were done for this region. There, the magnetic field strength in radial and azimuthal directions cross at about 1 AU. Around Vega and Fomalhaut this happens closer to the star, so the magnetic field lines are already almost azimuthal at ~0.05 AU. The particles are then travelling outward with an almost constant speed.
A result of this can be seen in Fig. 4. Here, the time variation of the speed of a particle with charge-to-mass ratio 10−5 qe /mp is shown. The particle is accelerated to stellar wind speed almost immediately, although the speed oscillates strongly in the beginning. The oscillation frequency varies proportional with q/m-ratio. It also decreases with distance, indicating that this is due to the gyro-motion around a magnetic field line. The amplitude of these oscillations seems to be independent of the charge-to-mass ratio for high charge-to-mass ratios. The same pattern appears for other charge-to-mass ratios over 10−6 qe /mp. Below this value, the particles do not reach the stellar wind speed.
Our simulations for Vega and Fomalhaut show that dust particles only stay in bound orbits if they are uncharged and the radiation pressure force is smaller than the gravitational force (β < 1). The dust that carries a large charge (q∕m ≳ 10−6 qe /mp) is accelerated to the stellar wind speed (Fig. 4) and approaches this almost at once, within a few gyroperiods.
The Parker model has a limitation in that it does not describe the innermost region around the Sun correctly, that is, the area inside of the Alfvén radius. The dust belts around Vega and Fomalhaut are assumed to be at about this distance. We expect that our results would hold in case of open magnetic field lines.
The escaping charged particles with q∕m ≥ 10−7qe/mp approach stellar wind speed, which is much larger than the escape speed at the same distance. Due to this high speed, the particles pass 1 AU after approximately three days and 3 AU after seven days. We expect that in general, escaping charged particles have that behavior. The particles with q∕m ≤ 10−7qe/mp pass 3 AU after ~20–60 days, depending on initial conditions. Through collisions with dust and planetesimals further out, a stream of charged particles might affect the evolution of the debris disk over time. We note that for the β Pictoris debris disk, the influence of ejected particles on the collisional evolution of the debris disk was found to be considerable (Czechowski & Mann 2007).
	[image: thumbnail]	Fig. 3
Initial radial acceleration around Fomalhaut (top) and Vega (bottom) averaged over one gyroperiod by usingthe guiding center approximation. The black lines show the Alfvén radius. Both the x- and y-axis in the plot show values of the initial orbit. In order to compare with the situation in Fig. 2b for the Sun, β = 0.1.



	[image: thumbnail]	Fig. 4
Speed(top) and distance (bottom) of ejected particles from Vega. The trajectory calculations were made using β = 2. Uncertainties within β do not influence the dust trajectory. The particles are released from a circular orbit with radius = 0.1 AU and inclination of 5°. The top figure shows the speed of a single charged particle with charge-to-mass ratio 10−5  qe /mp. The bottom figure shows the distance from Vega. The orbits of the particles with a charge-to-mass ratio of at least 1 × 10−6 qe/mp are overlapping, as in Fig. 1.



6 Effects of plasma corotation
In the vicinity of the rotating star, the plasma is expected to corotate. To investigate the effect of plasma corotation on the magnetic field and the dynamics of the charged grains, we consider the following simple model. We let the plasma velocity and magnetic field components depend only on r and θ, with latitudinal components equal to zero. The azimuthal velocity component we assume to vary from the (approximate) surface rotation velocity of the star ΩR sin θ at the stellar surface to zero for r ≥ rA, where rA is the Alfvén radius and R is the radius of the star. In particular, we consider the case of linear dependence:
[image: equation](10)
The magnetic field, apart from ∇⋅B = 0, is assumed to satisfy the freezing-in equation
[image: equation](11)
with the boundary condition Bφ = 0 at r = R. The solution is
[image: equation](12)
and
[image: equation](13)
In the calculations referred to in the present section, we assumed for simplicity that b and ur (r) do not depend on θ. For the radial velocity profile we have considered two cases: ur = const. and the analytical model used in Czechowski & Mann (2018)
[image: equation](14)
with [image: equation], where a = 3.4 m s–2, r0 = −0.6 R, and C = 800 km s−1. For Vega and Fomalhaut, the stellar wind speed is multiplied by the escape velocity at the equator relative to the Sun and the stellar equator radius is inserted for R.
The model is used to calculate numerically the trajectories of charged dust grains for different initial conditions. We compare the results with those obtained with the Parker model described in Sect. 2. A comparison with the same initial conditions as in Fig. 1 is shown in Fig. 5. We find very little effect on trapped grain trajectories. In particular, the outer and lower limits in r are practically unaffected. The most prominent effect is a small shift in the period of radial oscillations observed for r-dependent ur (Eq. (14)).
Our calculations include the initial distances between 0.15 and 0.01 AU; that is close to the upper limit and well inside the trapping region for the Sun. We also assume different values of the Alfvén radius (0.1 and 0.15 AU for the case of the Sun).
For β = 0.1, charged particles around Vega and Fomalhaut initially accelerate inward if released close enough to the star as predicted by the guiding center approximation (Eq. (8) and Fig. 3). Close to the equator, the particles fall into the star after some hours, but for highly inclined initial orbits, there exist trapped trajectories similar to those for the Sun. However, at these distances, small particles would sublimate within a short amount of time (see Sect. 5). On the other side, a particle for which the ratio between radiation and gravity force is 0.1 has a size that is larger than ~10 μm (Myrvang 2018). For charging conditions in the solar system and around A-class stars, this corresponds to a charge-to-mass ratio of less than 10–11qe/mp. Therefore, it could be that such particles can be treated as uncharged.
We conclude that trapping of charged dust is not precluded by the partly corotating corona, at least for the case when the magnetic field is frozen in the plasma flow, and the latitudinal flow is absent. We leave a more complete study of the effect of plasma corotation on charged dust dynamics to a separate work.
	[image: thumbnail]	Fig. 5
Effect of corotation on trapped particle trajectory. Particles with a charge-to-mass ratio 10−5 qe /mp are released from a circular orbit of radius 0.04 AU and inclination of 5°. The solid (dashed) lines show the distance from the Sun along the trajectories corresponding to the cases without (with) corotation. The radial velocity profile given by Eq. (14) is used. The particles are emitted at t = 0, but the difference in phase between the trajectories is visible only at later times.



7 Conclusion
This paper presents the model calculations of dust trajectories in a Parker-type magnetic field close to the Sun, Vega, and Fomalhaut. The considered acting forces are gravitation, radiation pressure, and Lorentz force. In the initial conditions, the following parameters are modified: semimajor axis, eccentricity, inclination, and true anomaly and they lead to different results that we discuss. The charge and mass of the dust particles enter the calculations as the ratio of surface charge to mass, whichwe vary over a range of parameters for dust of different sizes. When the charge-to-mass ratio exceeds 10−6 qe /mp, the particlesmove on similar trajectories independent of the charge-to-mass ratio. This corresponds to approximate particle sizes of 30 nm and smaller for charging conditions in the solar system and around A-type stars.
The calculations show that charged particles are generally not trapped around Vega and Fomalhaut, but rather ejected. The ejected particles reach the stellar wind speed almost instantaneously (see Fig. 4). This is different from the solar system, where previous works (Czechowski & Mann 2010) have shown that under certain initial conditions the charged particles are trapped in the vicinity of the Sun. Those particles that are ejected from the vicinity of the Sun do not necessarily reach the solar wind speed or only after a long time.
We find that the dust trapping and dust ejection conditions in the Parker-type magnetic field depend on the form of the magnetic field, which is determined by the stellar rotation speed and the stellar wind speed. The particles are ejected more quickly when the stellar rotation is slower and the stellar wind is faster. In solar conditions, the trapping occurs outward to around 0.25 AU. Vega and Fomalhaut rotate ~10–100 times faster than the Sun, and as a result the trapping zone moves very close to the star and the dust particles are ejected more quickly. A potential trapping zone could form inside of 0.02 AU for Vega and 0.025 AU for Fomalhaut, if radiation pressure force were smaller than gravity force and the Parker field approximation still applicable. We also note that sublimation lifetimes are short that close to the stars.
Particle trajectories are less affected by the Lorentz force when the charge-to-mass ratio is smaller than 10−7qe/mp, that is, for particles larger than 100 nm. In the case of Vega and Fomalhaut, these particles are ejected because the radiation pressure force exceeds gravity. In case of the Sun, the radiation pressure force can be smaller than the gravitational force and the exact conditions for bound or unbound orbits depend on the initial orbits and on the location within the orbit where the dust particle is released.
We find that the initial acceleration of a particle derived under the guiding center approximation can serve as a criterion to predict whether a particle is trapped or not, as long as the particle is released in the periapsis of the initial orbit. The guiding center approximation is found to be applicable for charge-to-mass ratios q∕m ≥ 10−5qe/mp (Czechowski & Mann 2010), that is, for dust particles with sizes of few nanometers. The trapping arises in a Parker-type magnetic field, which may also include the effect of plasma corotation. This is different from the model assumptions of a recent work by Rieke et al. (2016) where the dust trajectories are studied in a dipole field. Our study of the dust trajectories is also different from a study by Kimura et al. (2018) who concentrate on dust destruction and charging processes.
In summary, we find from our calculations no trapping of dust particles around Vega and Fomalhaut as long as the radiation pressure force exceeds the gravitational force. The particles that are predominantly influenced by electromagnetic force (of a size smaller than 100 nm) stay within a 3 AU distance of Fomalhaut for less than approximately seven days and within 3 AU distance of Vega for less than approximately seven days. The particles that are predominantly influenced by radiation pressure force (of size 100 nm and larger) stay within 3 AU distance of the stars for typically 20–60 days. The results of our calculations do not support the hypothesis (Su et al. 2013) that the hot dust emission at Vega and Fomalhaut is produced by nanodust in trapped orbits near the stars. Dust particles that form in the inner debris disks in the vicinity of the stars do contribute to the observed thermal emission brightness, but only for a short time, so that a high rate of dust production in the inner disks of Vega and Fomalhaut is needed to explain the observational data with dust emission. Finally, the escaping particles can play a role in the evolution of the outer debris disks.
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Trajectories of particles after release. The motion is projected to the ecliptic. The orbits of the particles with a charge-to-mass ratio of ≥ 3 × 10−6qe/mp are overlapping. All trajectories have same initial values. The star (*) marks the initial position of the trajectories. The initial orbit for this simulation is circular, with a radius of 0.1 AU, an inclination of 5°, and an argument of periapsis of 90°; its length of ascending node is 0° and the particles are released in the periapse.
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Results of dust trajectory calculations dust around the Sun with initial orbits with varying inclination (a) and eccentricities (b–d). In (b), the starting point is the periapse, in (c) it is at θ = 90° and at θ = −90° in (d). The background shows the initial radial acceleration averaged over one gyroperiod by using the guiding center approximation. Both the x- and y-axis show values of the initial orbit. The black line shows the Alfvén radius. The points show the results of the numerical simulations with full equation of motion, Eq. (2). Blue means that the particle was trapped, red means that it was ejected, orange means that it hits the Sun, and black means that the result was ambiguous. Since the eccentricity is 0 in (a) and (b), the periapse is equal to the initial distance from the Sun.
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Initial radial acceleration around Fomalhaut (top) and Vega (bottom) averaged over one gyroperiod by usingthe guiding center approximation. The black lines show the Alfvén radius. Both the x- and y-axis in the plot show values of the initial orbit. In order to compare with the situation in Fig. 2b for the Sun, β = 0.1.
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Speed(top) and distance (bottom) of ejected particles from Vega. The trajectory calculations were made using β = 2. Uncertainties within β do not influence the dust trajectory. The particles are released from a circular orbit with radius = 0.1 AU and inclination of 5°. The top figure shows the speed of a single charged particle with charge-to-mass ratio 10−5  qe /mp. The bottom figure shows the distance from Vega. The orbits of the particles with a charge-to-mass ratio of at least 1 × 10−6 qe/mp are overlapping, as in Fig. 1.
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Effect of corotation on trapped particle trajectory. Particles with a charge-to-mass ratio 10−5 qe /mp are released from a circular orbit of radius 0.04 AU and inclination of 5°. The solid (dashed) lines show the distance from the Sun along the trajectories corresponding to the cases without (with) corotation. The radial velocity profile given by Eq. (14) is used. The particles are emitted at t = 0, but the difference in phase between the trajectories is visible only at later times.
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    Table 1 

Parameters of Sun, Vega, and Fomalhaut.



	Star
	Sun
	Vega
	Fomalhaut





	Distance
	–
	7.76 pc (4)
	7.70 pc (6)



	Radius
	1 R⊙ = 6.957 × 108 m (1) (0.00465 AU)
	2.818 R⊙ (a) (5) (0.0131 AU (a)) 2.362 R⊙ (b) (5)
	1.842 R⊙ (6) (0.00857 AU)



	Gravitation constant × Mass
	1 GM⊙ = 1.3271 × 1020 1 ms−2 (1)
	2.135 GM⊙ (5)
	1.92 GM⊙ (6)



	Rotation speed
	2.86 × 10−6 rad s−1 (c) (2)
	1.20 × 10−4 rad s−1 (a) (5)
	7.76 × 10−5 rad s−1 (a, d) (6)



	Escape speed (a, d)
	6.1 × 105 m s−1
	5.4 × 105 m s−1
	6.3 × 105 m s−1



	Age
	4.57 × 109 yr (3)
	455 × 106 yr (4)
	440 × 106 yr (6)






Notes.The rotation speed of Fomalhaut is only measured projected onto the line of sight. The value in the table is calculated by the assumption that the equator of Fomalhaut lies in the plane of its outer debris disk, which has an inclination of 67° (Su et al. 2013). (a)At equator. (b)At the poles. (c)At 26° latitude. (d) Calculated.

References.(1) IAU (2015); (2) Hakamada & Kojima (1994); (3) Bonanno et al. (2002); (4) Köhler & Mann (2002); (5) Yoon et al. (2010); (6) Mamajek (2012); (7) Díaz et al. (2011).





  
    Table 2 

Results of magnetic field strength estimation of Fomalhaut.



			Magnetic field strength of Fomalhaut



	Independent variable
	In units of
	[image: equation]





	Equatorial radius squared
	solar radii
	64 [image: equation]



	Polar radius squared
	solar radii
	85 [image: equation]



	Mass
	solar masses
	111 [image: equation]



	Age
	yr
	137 [image: equation]



	Rotation speed
	rad s−1
	86 [image: equation]
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Trajectories of particles after release. The motion is projected to the ecliptic. The orbits of the particles with a charge-to-mass ratio of ≥ 3 × 10−6qe/mp are overlapping. All trajectories have same initial values. The star (*) marks the initial position of the trajectories. The initial orbit for this simulation is circular, with a radius of 0.1 AU, an inclination of 5°, and an argument of periapsis of 90°; its length of ascending node is 0° and the particles are released in the periapse.
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Results of dust trajectory calculations dust around the Sun with initial orbits with varying inclination (a) and eccentricities (b–d). In (b), the starting point is the periapse, in (c) it is at θ = 90° and at θ = −90° in (d). The background shows the initial radial acceleration averaged over one gyroperiod by using the guiding center approximation. Both the x- and y-axis show values of the initial orbit. The black line shows the Alfvén radius. The points show the results of the numerical simulations with full equation of motion, Eq. (2). Blue means that the particle was trapped, red means that it was ejected, orange means that it hits the Sun, and black means that the result was ambiguous. Since the eccentricity is 0 in (a) and (b), the periapse is equal to the initial distance from the Sun.
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Initial radial acceleration around Fomalhaut (top) and Vega (bottom) averaged over one gyroperiod by usingthe guiding center approximation. The black lines show the Alfvén radius. Both the x- and y-axis in the plot show values of the initial orbit. In order to compare with the situation in Fig. 2b for the Sun, β = 0.1.
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Speed(top) and distance (bottom) of ejected particles from Vega. The trajectory calculations were made using β = 2. Uncertainties within β do not influence the dust trajectory. The particles are released from a circular orbit with radius = 0.1 AU and inclination of 5°. The top figure shows the speed of a single charged particle with charge-to-mass ratio 10−5  qe /mp. The bottom figure shows the distance from Vega. The orbits of the particles with a charge-to-mass ratio of at least 1 × 10−6 qe/mp are overlapping, as in Fig. 1.
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Effect of corotation on trapped particle trajectory. Particles with a charge-to-mass ratio 10−5 qe /mp are released from a circular orbit of radius 0.04 AU and inclination of 5°. The solid (dashed) lines show the distance from the Sun along the trajectories corresponding to the cases without (with) corotation. The radial velocity profile given by Eq. (14) is used. The particles are emitted at t = 0, but the difference in phase between the trajectories is visible only at later times.
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