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Key Points:
+ We find that charged dust particles released in the solar corona can be rebounded away from the sun by the magnetic mirror force,
contributing to the formation of a dust-free zone close to the sun.
+ We propose that the distortion of the cometary tail can be used to infer the topological change of the coronal magnetic field
direction.
+ We suggest that, compared with magnetic gradient and curvature drifts, the electric field drift dominates the perpendicular drift
motion of cometary oxygen ions.
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Abstract: The sun-grazing comet C/2011 W3 (Lovejoy) showed a distorted, unconventional tail morphology near its perihelion (1.2R).
Based on the “Solar Corona and Inner Heliosphere” modeling result of the magnetic field and plasma dynamics in the solar corona, we
use the Runge-Kutta method to simulate the moving trajectory of charged dust and ion particles released at different positions from the
C/2011 W3 orbit. We find that the dust particles near the sun, which are subject to a strong magnetic Lorentz force, travel differently from
their counterparts distant from the sun, where the latter are mainly affected by the solar gravitational force and radiation pressure.
According to the simulation results, we propose that the magnetic mirror effect can rebound the charged dust particles back away from
the sun and be regarded as one crucial cause of the dust-free zone formation. We find that ions mainly move along magnetic field lines at
an acute angle to the comet's direction of motion. The cometary ions' movement direction was determined by the comet's velocity and
the coronal magnetic field, which are responsible for the C/2011 W3's unique comet tail shape near perihelion. Additionally, the ion
particles also experience perpendicular drift motion, mainly dominated by the electric field drift, which is similar to and can be used to
approximate the solar wind's transverse velocity at its source region.
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1. Introduction

Sun-grazing comets commonly belong to the Kreutz family and
their perihelia are about 1-4R; (Jones et al., 2018), thought to be
fragments formed after a comet broke up (Sekanina and Chodas,
2007). With the launch of the Solar and Heliospheric Observatory
(SOHO) in 1995 (Brueckner et al., 1995) and the advancement of
space exploration, by 2016, people have discovered more than
2700 Kreutz comets and a few sun-skirting comets (Battams and
Knight, 2017), the perihelia of which are about 10R; (Jones et al.,
2018). Since sun-grazing comets can penetrate deep into the sol-
ar corona and experience extreme environments, observations of
sun-grazing comets are of great significance for understanding
the activity of comets, the features of the corona, and their inter-
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actions.

The activity and material composition of comets can be obtained
by multi-band spectral observation. Biesecker et al. (2002) studied
the light curve of 141 sun-grazing comets observed by SOHO
from 1996 to 1998 and found that the peak brightness of comets
appears between 7R, and 12R; away from the solar center, which
is possibly due to comet ruptures. Based on the spectral observa-
tions, useful information about comets can be obtained, such as
nucleus sizes (Bemporad et al., 2005; McCauley et al., 2013), the
gas release rate (McCauley et al,, 2013) and the relative abund-
ances of elements (Ciaravella et al., 2010; McCauley et al., 2013). In
the ultraviolet band, hydrogen generated by photolysis of water
scatters Lya light. Giordano et al. (2015) compared the measure-
ment results of Lya band with Monte-Carlo simulation results to
study the properties of the corona and solar wind (e.g. temperat-
ure, density, velocity). Raymond et al. (2018) estimated the prop-
erties of solar wind with a global magnetohydrodynamic (MHD)
simulation. Based on the extreme ultraviolet images of C/2011 W3
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(Lovejoy), McCauley et al. (2013) studied the tail striations at dif-
ferent spectral lines and suggested that these spectral lines cor-
respond to a series of excited states of oxygen.

When approaching perihelion, comets release dust particles into
the surrounding environment due to sublimation (Jewitt, 2012)
and thermal fracture (Li J and Jewitt, 2013; Jewitt et al., 2013).
These dust particles will undergo sublimation, decomposition,
and ionization (Russell, 1929; Downs et al., 2013). Hence, Russell
(1929) first proposed that there should be a region near the sun
called the dust-free region, where all dust particles are ionized. At
present, comet debris collected on Earth mainly consists of
pyroxene and olivine (Jessberger et al., 2001). If the orbit of dust
particles around the sun is assumed to be circular, then the
boundary of the dust-free zone of pyroxene is 5R; (Mann et al.,
2004). Considering that sun-grazing comets are mostly long-peri-
od comets in elliptical orbits with large eccentricity, Sekanina and
Chodas (2012) suggested that the boundary of the dust-free zone
should be at 1.8R. Recent observations by Parker Solar Probe
have found that the dust thermal emission intensity decreases
within 17R;, which may be regarded as direct observational evid-
ence of the dust-free zone (Howard et al., 2019). Mukai (1981) pro-
posed that, due to the ionization, the surface potential of dust
particles with diameters of 10 nm is +5 - +10 V. Supposing that
the dust particles are spherical with a density of 3.5 g-cm™>, then

the charge-mass ratio of charged dust particles is 10> mi, where e

is the electron charge and my is the proton mass (Meyer’zVernet et
al., 2009; Czechowski and Mann, 2010; Ip and Yan TH, 2012). We
propose that this kind of charged dust particle can be bounced by
the magnetic mirror-type geometry during its approach to the
sun in favor of the dust-free zone formation.

As a sun-grazing comet that survived through perihelion (1.2R;)
(Sekanina and Chodas 2012), C/2011 W3 showed a distorted stri-
ation tail around the perihelion time (2011-12-16 00:17 UT).
Downs et al. (2013) proposed that striations may be caused by the
movement of charged particles along magnetic field lines and
compared two coronal magnetic field models based on observa-
tions. Raymond et al. (2014) thought the striations reflect that
C/2011 W3 might have passed through different magnetic flux
tubes. The work of Downs et al. (2013) and McCauley et al. (2013)
suggest that the comet tail of C/2011 W3 near perihelion may be
mainly composed of a series of excited-state oxygen ions includ-
ing O5*. Oxygen ions (e.g., 0>+ and O%*) can undergo chemical re-
actions leading to the loss or gain of mass through photo- and im-
pact ionizations in the solar corona and can be treated as separ-
ate fluid species in multi-fluid MHD modeling (Jia et al., 2014).
After inspecting the projection and column densities, the multi-
fluid simulation results show a dominance of O+ and O®%* ions in
the cometary tail, and they interpret the phenomenon of bright
tail structure observed as oxygen ion lines in the extreme ultravi-
olet (EUV) band (Jia YD et al., 2014). However, the fluid-like treat-
ment cannot disentangle the complex movements of oxygen ions
being transported parallel and perpendicular to the magnetic
field direction.

To better understand the formation of the dust-free zone and
C/2011 W3's comet tail morphology, we simulate the movement
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of C/2011 W3's tail particles (charged dust particles and O%*).
Based on the simulation results, we propose a new mechanism for
the formation of dust-free regions and explain the formation of
the comet tail's morphology around perihelion. In the next sec-
tion, we introduce the data and methods, followed by Section 3
where we show and discuss the simulation results, summarizing in
Section 4.

2. Model Setup and Running

We use the fourth-order Runge-Kutta method to simulate the tra-
jectory of ions and charged dust particles in the heliocentric co-
rotation coordinate system. The fourth-order Runge-Kutta meth-
od, which has a global error on the order of O(At*) with At being
the time step, is often employed in modeling the dynamics of
space particles. After setting the time step At, the initial position
ro, and the initial velocity v, of the particles, their position and ve-
locity along with the time can be determined.

Force analysis and calculation are crucial for the calculation of the
particles’ movement. For charged dust particles, we consider sol-
ar gravity, radiation pressure, Lorentz force and inertial force (see
Equation (1)—(3)). We obtain the ratio of radiation pressure and
solar gravity from Equation (4). For O%* ions, the gyro-radius is
small and the gyro-frequency is high, so in order to save calcula-
tion time, we use the guiding center approximation and calculate
the position and velocity of the guiding center. Besides parallel
motion, different types of perpendicular drift motion of the guid-
ing center are shown in Equation (5)—(8) (Gordovskyy et al., 2010).
The initial position and velocity of dust particles and O°* ions are
assumed to be the same as that of C/2011 W3, utilizing the aster-
oid ephemeris provided by NASA's Jet Propulsion Laboratory. The
plasma and magnetic field data in the corona are needed to calcu-
late forces and the ions’ drift velocity. Here we use the modeling
result from Solar Corona and Inner Heliosphere (SWMF/SC/IH)
model provided by Community Coordinated Modeling Center
(CCMQ), and the time range is selected at the 2118th Carrington
rotation (2011-12-13 14:40:50 UT—2012-01-09 22:35:54 UT). The
inner boundary of the model is the top of the chromosphere, and
the outer boundary is at 24R;. This model is based on the BATS-R-
US MHD code. For the inner boundary conditions, the magnetic
fields are based on a synoptic magnetogram (GONG/MDI), the
temperature is 50000 K and the density is 2 x 10''cm™>. The outer
boundary conditions are set as extrapolation conditions for the
supersonic and super-Alfvénic outflows.

GMmr
Fgrav=_ 3 ’ (1)
q
Fem = m (_sz xB+ V:just x B)' (2)
LR
Fooo R 4 Tclschd2 r 3
rad = C - 4!’2C I ( )

where, G is the gravitational constant, M is the solar mass, g and m
are the charge and mass of dust, respectively. r represents the
space position of dust particles, Vg, and V,,, respectively repres-
ent the velocities of solar wind and dust particles in the helio-
centric co-rotation reference frame. Here, we assume the magnet-
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ic frozen-in condition and have replaced the electric field E,, with
—V,, X B. I is the solar constant (1366 W/m?). R is the solar radi-
us, ¢ is light speed, and d represents the diameters of dust
particles.

Fag  37ERS 1
= = ~=. 4
B Fgav 2GMcdp ~ d ()

In Figure 1, the ratios of radiation pressure to gravity (8) shows an
anti-correlation with dust particle diameter, which is greater than
1 um. The radiation pressure is the pressure of solar radiation act-
ing on the particle. Dohananyi (1978) added an effective factor of
momentum transfer into Equation (4), and the value of § for the
nano-dust grains is expected to be small (~0.1) (Czechowski and
Mann, 2010; Ip and Yan TH, 2012). As shown in Figure 3a and 3d,
our results are not sensitive to 3 value. So, we set 8 equal to 0.1 for
dust particle diameters less than 1 um, and calculate 8 using Equa-
tion (4) for dust particles with diameters greater than or equal to
1 pum.

The governing equations for the guiding center of ions are ex-
pressed as:
% =u+ V||b, (5)
mv myj|
u:u5+$[bx(b-v)b]+E[bx(uEV)b]

+ %[bx(b~v)u5]+%[bx(uE~V)UE] (6)
+’Z—§’[bx(v3)1+%xa
d
% = LE.b—p(b-VB)+vyue - (b-V)b) + ue - ((ug-V)b), (7)
du
Lo 8)

where r is the position of the ion’s guiding center, u is the velocity
of the ion’s guiding center, v is the ion’s parallel velocity,

B
b=3

is the direction of the magnetic field,
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Figure 1. The relation between the ratio of solar radiation pressure
to solar gravity () and the diameter of dust particles.
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is the magnetic moment, y, is the cyclotron velocity of ions. The
above set of equations has been used to study the dynamics of
the electron’s guiding center and electron acceleration associ-
ated with interchange magnetic reconnection in the solar corona
(Yang LP et al., 2014).

In studies of particle motion within the planetary magnetosphere,
the additional drift caused by inertial force is considered in the co-
rotation coordinate system. When solving the azimuth drift velo-
city, Coriolis force and centrifugal force need to be considered
separately (Huang et al., 1988). Considering the centrifugal force
Feent, We add

F
—Cgm x B

to the right side of Equation (6). The angular velocity in the Coriol-
is force term is equivalent to the additional magnetic field 6B, and
the magnetic field B in the equation becomes B + 8B. Since 8B in-
troduced by the angular velocity of the sun is far less than B, the
contribution of the Coriolis force can be ignored.

3. Results and Discussion

3.1 Dynamics of Charged Dust Particles

For charged dust particles, we choose 10 different positions be-
fore perihelion for C/2011 W3, as the dust ejection places in the
time range of 22:00-22:45 UT on 2011-12-15. Each position is
5 minutes apart, and the distance range of the initial position is
~2.5R;—3.5R;. The initial position and velocity of the dust particles
at each position are set to those of C/2011 W3. We test the dust
particles of three diameters (10 nm, 1 um, and 10 pm) at each pos-
ition. The g for 10 nm dust particles are set to 0.1, and the ratio 8
for dust particles of 1 umand 10 um is calculated with Equation

(4).

In Figure 2, particles of 10 nm are mainly controlled by the Lorentz
force (see Figure 3a, 3d) after leaving C/2011 W3, and the particles
gyrate when moving along the magnetic field line. With decreas-
ing heliocentric distance and increasing magnetic field, the
particles are subjected to the magnetic mirror force. As a con-
sequence, the parallel velocity decreases and the vertical velocity
increases, finally reversing at a certain magnetic mirror point. For
dust particles with diameters of 1 pmand 10 pum, due to their
small charge-to-mass ratio, they are mainly controlled by gravity
(see Figure 3b-3c, 3e-3f), leading to the trajectory of such dust
particles being close to the orbit of C/2011 W3.

Analyzing the simulation results, we can get the initial pitch
angles and reversal position of 10 nm dust particles. In Figure 43,
the pitch angles are not near 0°/180°, which means magnetic field
geometry can effectively influence the dynamics of dust particles.
In Figure 4b, the heliocentric distance at time t, represents the ini-
tial position of 10 nm dust particles. We can see that, although the
initial positions are different, the reversal positions of the dust
particles are similar and near 2R;. The particle with the smallest re-
versal heliocentric distance (1.86R;) is shown with the red line.

Hou CP and He JS et al.: Dynamics of cometary particles in solar corona
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Figure 2. Trajectory simulation results of charged dust particles of
different sizes. The sphere surface represents the magnetogram at an
altitude of ~0.15R, above the sun. The white lines and gold line
denote the magnetic field lines and the orbit of C/2011 W3,
respectively. The green lines, red lines and black lines represent the
trajectories of different charged dust particles, the diameters of which
are 10 nm, 1 um and 10 um, respectively.
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This manifests that reversal of dust particles controlled by the
magnetic mirror force can be one of the reasons for the formation
of a dust-free zone. Dust particles with larger diameter are almost
unaffected by the magnetic mirror force, but can undergo the
process of decomposition and then become further charged to be
more sensitive to the magnetic mirror force. Another possibility
for the formation of the dust-free zone lies in dust sublimation
and transformation to ions, which may enter into the dust-free
zone to mix with solar coronal ions.

3.2 Dynamics of O5* lons

We choose 32 different positions before the perihelion of C/2011
W3 as the O5* ejection positions, with an interval of 1 minute in
the time range between 2011-12-15 23:39 UT and 2011-12-16
00:10 UT. The initial position and initial velocity of the ions are as-
sumed to be the same as that of the C/2011 W3. The charge-to-
mass ratio of O3+ is

R

16 My’
Next, we can calculate the trajectory of O>* released from mul-
tiple locations. The results displayed in Figure 5 show that the ions
move along magnetic field lines in the open field region, and
eventually away from the sun. When released in closed field re-
gions, the ions bounce back and forth along the closed magnetic
field lines. In Figure 6a, the initial pitch angles of O>* at different

releasing positions are also not near 0°/180°, so the magnetic mir-
ror effect can influence the motion of O>+. According to Figure 5d,

Dust diameter: 10 um
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Figure 3. The comparison of different forces (top panels) and their corresponding accelerations (bottom panels) exerted on the dust particles of
different diameters. For the 0.01um dust, the Lorentz force dominates the dust dynamics, whereas for 1um and 10 um dust sizes, gravity

dominates.
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Figure 4. (a) The initial pitch angle of 10 nm charged dust particles. Dust # represents the sequence number of different release positions. (b)
The change of heliocentric distance during the movement of 10 nm charged dust particles. The smallest heliocentric distance on the red line is
1.86R;.
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Figure 5. The trajectories (red lines) of O°* at different release positions. The gray sphere, blue lines and brown line represent the solar surface,
magnetic field lines and the orbit of C/2011 W3, respectively. Panels (a), (b), (c) illustrate the result from three different visual angles. (d) Zoom-in

of the sub-region in (c) showing the drift motion of 0°*, which is much slower than the field-aligned movement.
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Figure 6. (a) The initial pitch angle of o**. 0" represents the sequence number of different release positions. (b) A comparison of parallel
velocity and different drift velocities of 0°* as released in close field regions. The variables with number subscripts in the legend correspond to
the terms of the same order on the right side of Equation (6). For example, U, corresponds to the second term of right side of Equation (6). The
parallel velocity is much larger than the drift velocities, which are dominated by the E x B drift.

the motion of ions along magnetic field lines is accompanied by
the transverse motion perpendicular to the magnetic field lines.
After comparing the contributions of each drift movement item
(Figure 6b), we find that the electric field drift (£ x B) dominates
over other types of drift (e.g., magnetic curvature drift and mag-
netic gradient drift) and is the major contributor to vertical drift.
We note that the vertical drift velocity is still far less than the par-
allel velocity even in the solar corona with a strong magnetic field
(Figure 6b).

Although the initial velocity is the same as that of C/2011 W3, the
direction of ions’ motion is determined by both the comet's velo-
city and the direction of the magnetic field. As a result, when the
direction of the magnetic field changes, so does the direction of
the ions’ movement. In observations, C/2011 W3 has a distorted
tail (Downs et al., 2013); this is consistent with our simulation res-
ults. In addition, we find that the drift velocity of cometary ions is
equal to the perpendicular velocity of the solar wind flow. There-
fore, we suggest the perpendicular velocity of the solar wind in
the solar corona inferred from cometary tail observations.

4. Conclusions

Based on modeling data of the magnetic field and solar wind in
the solar corona and inner heliosphere, we simulate the trajector-
ies of charged dust particles and ions released from the comet
C/2011 W3 at different locations, and analyze the particle move-
ments. Dust particles with a diameter of 10 nm gyrate around the
magnetic field lines when approaching the sun, and are finally re-
bounded away from the sun by the magnetic mirror force. We find
that the smallest heliocentric distance of the rebound is 1.86R;.
Thus, the magnetic mirror force is regarded as one of the reasons
for the formation of the dust-free zone. Dust particles with larger
size have smaller charge-to-mass ratio and are not easily con-
trolled by the magnetic field due to the relatively smaller influ-

ence of electromagnetic force. When these large dust particles are
fragmented into secondary nanometer-scale particles, the sec-
ondary particles can be again rebounded by the magnetic mirror
force. Therefore, both the fragmentation of larger-diameter dust
particles and the effect of the mirror force should be considered
when estimating the boundary of the dust-free zone.

As for O+, it mainly moves along magnetic field lines, accompan-
ied by the vertical drift motion (dominated by E x B drift) perpen-
dicular to the magnetic field line. After being released from
C/2011 W3, the direction of tail ions’ motion is determined by the
directions of the comet velocity and magnetic field. Therefore, the
distortion of the comet tail reflects the change of magnetic field
directions. The striation tail is the result of particles moving along
magnetic field lines, which is consistent with the observations in
Downs et al. (2013) and McCauley et al. (2013). Local magnetic
field distribution in the solar corona can be studied by observing
the morphological evolution of a sun-grazing comet’s tail. In addi-
tion, the transverse drift motion of ion particles may be used as a
proxy for the transverse velocity of nascent solar wind at its source
region.

This work is limited to the passive motion of charged particles in
the context of the solar corona and solar wind without consider-
ing the feedback of charged particles to the nascent solar wind
plasmas and electromagnetic fields. According to in-situ measure-
ments in near-Earth space, interplanetary field enhancement (IFE)
events are often observed and are suggested to be evidence of
momentum transfer from solar wind to a dust cloud when the lat-
ter is accelerated and picked up by the former (Lai HR et al., 2015).
The in-situ measurement of electromagnetic fields from Parker
Solar Probe allows us to understand the features of dust in the in-
ner heliosphere and corona (probably from sun-grazing comets)
and the process of solar wind-corona coupling (Howard et al.,
2019; Battams et al,, 2020; Szalay et al., 2020). However, there is no

Hou CP and He JS et al.: Dynamics of cometary particles in solar corona
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instrument to detect the dust particles directly on PSP, and meas-
urements only provide indirect evidence for the dust and coup-
ling (Page et al.,, 2020).
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