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Abstract Collisionless mass loading was suggested by Biermann et al. (1967) for describing interactions
between the solar wind and cometary atmospheres. Recent observations have led to an increased
interest in coronal mass loading due to sungrazing comets and collisional debris of sunward migrating
interplanetary dust particles. In a previous paper, we presented a 3-D MHD model of the solar corona based
on the Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme code which includes the interaction of dust
with the solar wind. We have shown the impact on the solar wind from abrupt mass loading in the
coronal region. We apply the model to a sungrazing cometary source, using ejected dust dynamics to
generate tail-shaped mass-loading regions. Results help predict the effects on the solar wind acceleration
and composition due to sungrazing comets, such as Comet C/2011 W3 (Lovejoy). We show how these
effects may be detected by the upcoming Solar Probe Plus Mission.

1. Introduction

The future Solar Probe Plus mission through the solar corona will provide scientists with the first ever in
situ measurements of the coronal plasma environment and magnetic field structure. Among the mission
objectives is the exploration of the plasma environment near the Sun [Solar Probe Plus, 2008]. The plasma
environment of the corona is expected to be contaminated by the delivery and collisional breakup of
interplanetary dust particles near the Sun [Mann and MacQueen, 1996].

Another mechanism for depositing dust particles in the solar corona is via larger objects passing near the
Sun, where dust release by sputtering or evaporation may occur. Sungrazing comets provide a common
means for dust particle release and pick up by the solar wind, since such comets lose a significant amount
of mass (if not all) during their perihelion passage. For example, on 15 December 2011 Comet C/2011 W3
(Lovejoy) saw a significant mass reduction after passing at a height of 0.2 R, above the solar surface, leading
to a cataclysmic fragmentation [Sekanina and Chodas, 2012].

Certain interplanetary magnetic field enhancements have been proposed to result from solar wind interac-
tions with cometary tails or other dust sources [Russell, 1990; Russell et al., 2009]. However, with no in situ
observations yet for the solar corona, it is uncertain how solar wind parameters near the Sun will be affected
by mass loading of these particles.

Recent modeling of mass loading in the solar corona due to dust [Rasca and Hordnyi, 2013; Rasca et al., 2014]
included an additional mass-loading feature to a Solar Corona (SC) component of the Space Weather Mod-
eling Framework (SWMF), which uses the Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme (BATS-R-US)
magnetohydrodynamic (MHD) code. Both BATS-R-US and the SWMF are described in Téth et al. [2012, and
references therein]. The MHD + dust coronal model presented by Rasca et al. [2014] is an extension of the
MHD coronal model described by van der Holst et al. [2010].

Rasca et al. [2014] primarily focused on introducing a mass-loading mechanism into the SC model and
demonstrating how the solar wind reacts to general mass-loading regions being placed in the subsonic
and supersonic wind regions (Figure 5 in their study). Their study introduced a potential sungrazing comet
application for the model, where a cometary mass-loading point source is represented by depositing
mass-loading particles into a single computational cell at a steady rate. We will expand on this sungrazing
comet application by replacing the point source model with a more realistic extended tail source model.

In the next section we provide a brief review of the MHD code and cometary dust mass loss model used by
Rasca et al. [2014], followed by a description of our cometary tail model, defining a mass-loading region.
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We show a mass-loaded solar wind during various stages of a sungrazing cometary trajectory. In section
3 we discuss how a mass-loaded solar wind may appear to Solar Probe Plus as it passes downstream of a
cometary source. Lastly, we discuss and summarize our findings.

2. Model Description and Results

We use the modified SC component described by Rasca et al. [2014, and references therein] for modeling
the solar wind out to 24 R. The intrinsic solar magnetic field is described by an ideal dipole tilted 10° with
respect to the solar rotation axis. This model solves a coupled set of 3-D MHD equations on an adaptive grid
coupled to a wave kinetic equation for low-frequency Alfvén waves, under the Wentzel-Kramers-Brillouin
approximation, that accelerates and heats the plasma along open magnetic field lines. Heating is achieved
by turbulent Alfvén wave dissipation as described by Hollweg [1986] (see van der Holst et al. [2010] for more
details). The model splits mass conservation into an equation for hydrogen density p,; and an equation for
ionized dust density Pd;r where the total mass density is defined as p = p, + Pd;- The set of resulting MHD
equations are

%+V'(PH“)=0 M

%+V' (pd;u) zspd, @
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where u, p, E, and B are flow velocity, pressure, energy density, and magnetic field, respectively. B, y,, and
u, represent magnetic field strength, permeability of free space, and Alfvén speed, respectively. The wave
energy densities of Alfvén waves propagating parallel and antiparallel to B are denoted by £}, and E,,,
respectively. The Alfvén wave energy density and pressure are defined as £, = £, + E; andp,, = E, /2,
where the former is given by the time-dependent solution of

+

oF,
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and Q is the wave dissipation term [van der Holst et al., 2010].

The nonzero source terms for equations (1)-(5) are defined as
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where G, M, and Q are the gravitational constant, solar mass, and solar angular velocity, respectively. The
parameter q is the Spitzer thermal heat flux vector applied within 10 R. The flow is considered collisionless
outside this radius. The mass-loading source terms S, = (S41, Sy, Sd3)T are the same as described by Rasca
et al. [2014] and derived from earlier works by Biermann et al. [1967]. These space- and time-dependent
source terms represent the added mass, momentum, and energy that mass-loading particles add to the
solar wind flow. In this study, equations (7)-(9) represent the mass source in the solar wind caused by
ionized cometary dust. Rasca et al. [2014] used a steady mass-loading rate for a single computational cell to
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L 170 bilities and collisional effects from
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10 1140 © picked up by the solar wind, which
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5 dust sources (~10% km).
On the spatial scales used, the
o . . . . assumption of a cometary body being

-20 -15 -10 5 a dusty point source seems reason-
XI[R] able. However, in a more realistic
Figure 1. A tail-shaped mass-loading region and particle distributions used ~ Situation dust particles may survive
to update results for four different times t.. The example shown is for ion pickup long after ejection from
tc=12 h. Particles are colored according to diameter d, ranging from 0.1 their cometary parent. To analytically

to 100 um. The solar surface, cometary orbit, and outer boundary of the SC

) determine the shape and distribution
component domain are drawn.

of a cometary dust tail prior to mass

loading the solar wind, we follow par-
ticles ejected from their cometary source, assuming they are subjected to only two basic forces: radiation
pressure and solar gravitation. The ratio of these forces, , is determined by particle size/mass and indicates
whether ejected particles will have elliptic or hyperbolic trajectories with respect to the Sun.

Using the orbit of Comet C/2011 W3, but restricted to the ecliptic (xy) plane, we eject dust particles with
bulk density p,, = 0.4 g cm~3 and diameters ranging from d = 0.1 pm to d = 100 pm starting at perihelion.
At various times t., following perihelion (t, = 0) we determine how the ejected particles are distributed.
We will specifically look at t- = 6, 12, 18, and 24 h after perihelion. Figure 1 shows a dust tail example for
tc = 12 h. All particles of the same g form curves called syndynes, while particles ejected at the same time
form synchrone curves [Mendis et al., 1985]. Like with the mass distribution, the smaller particles account for
most of the dust tail volume.

Using spatial distribution data (e.g., Figure 1) to define tail-shaped mass-loading regions for our four snap-
shots, we run the SC component with a spread of particles more realistic than with a point source. This is
done by taking the syndyne-/synchrone-generated particle distributions and reading them into the SC
component model described above. Following the point source model by Rasca et al. [2014], a particle size
distribution d=* (with k = 3.5) is used in determining the overall mass distribution within the tail region and,
as a result, our mass-loading source. For our first case, we keep the overall mass loss rate the same as with
the point source simulations, with particles now spread out across our tail region, and determine the mass
loss rate using a model by Sekanina and Chodas [2012]. For a second case, we increase the mass loss rate by
a factor of 10. The exaggerated rate case considers a larger mass-loading cometary source, such as the much
larger Comet C/2011 W3 [Knight and Walsh, 2013]. We assume dust is lost to the solar wind at a constant rate
during the first 2 days following perihelion, giving a steady mass loss rate of 1.7 x 10* kg/s (1.7 x 10° kg/s
for our exaggerated case). The result is the same mass-loading rate as the point source results, but spread
across our new mass-loading region.

Equations (1)-(5) are solved on a spherical grid with extra levels of refinement around the cometary source
for each t.. Figure 2 shows radial velocity steady state solutions for the two different mass-loading rates. In
both cases, solutions for each t are plotted together in the same panel. When the dust tail mass is more
spread out, only a slight change in radial velocity is observed. However, results using our exaggerated
mass-loading rate closely mimics point source results from Rasca et al. [2014], indicating that a tenth of the
mass remains close to the source, while the remainder is too spread out to cause visible changes in the solar
wind velocity. Figure 3 shows the separated densities p; and pg, for t- = 18 h from Figure 2 (right), indicating
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Figure 2. Radial velocity results from using a modified SC component to place a dust tail source along a sungrazing
cometary trajectory (black curve) in the xy plane, using mass loss rates of (left) 1.7 x 10% kg/s and (right) 1.7 x 10° kg/s.
Each t- mass-loading result corresponds with tail-generated mass-loading regions similar to Figure 1.

where each species dominates in the mass loaded solar wind. The dust species primarily dominates in the
immediate vicinity of the cometary source extending downstream approximately 1.5R,.

3. Solar Probe View

The upcoming Solar Probe Plus (SPP) mission will be taking direct observations of the solar corona within
the next decade, launching in 2018 for a 7 year mission, making several passes through the solar corona.
SPP’s closest approach will be 8.5 R, from the solar surface [Solar Probe Plus, 2008]. We now look at how
measurable solar wind parameters may appear when traveling downstream of a sungrazing comet such as
Comet C/2011 W3. Several of SPP’s orbits will also have approaches between 15 R, and 20 R, from the Sun,
allowing use of our t- = 18 h mass-loading results from Figure 2 (right).

We set up four possible SPP paths downstream of our t- = 18 h mass-loading tail source (exaggerated)

to show how changes in the solar wind will appear to the probe with changing distance from a cometary
source. These paths have orbital characteristics similar to actual planned SPP passes near the Sun and are
spread out evenly, from the cometary source to a few R downstream. We can then determine how solar
wind parameters such as velocity, plasma density, and magnetic field strength change as the probe travels
along these paths.

Figure 4 shows the solar wind radial velocity, plasma density, and magnetic field strength in the vicinity of
our mass-loading source with the four SPP orbits (1-4) drawn. Figure 4 also shows the changes in the solar

pu [g/cm®] pq [g/cm®] x10%'
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T
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Figure 3. Mass densities py and Pq, for hydrogen and ionized dust, respectively, in the vicinity of the t- = 18 h
mass-loading source from Figure 2 (right).
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Figure 4. (top to bottom) Radial velocity, total density, and magnetic field strength profiles (right) along four probe paths
(left), similar to planned Solar Probe Plus approaches through the solar corona.

wind that SPP would see along each orbit. The radial velocity and plasma density profiles show typical drops
and spikes, respectively, associated with mass-loaded compressible flows, which decrease in magnitude
downstream. The magnetic field strength profiles show more interesting results, revealing that signatures
in the magnetic field indicating a mass-loading dust source will occur before any observable changes in
wind velocity or plasma density. Large drops in the magnetic field strength directly downstream will be pre-
ceded/proceeded by jumps in the field strength, in agreement with magnetic draping around mass-loading
regions and resulting downstream magnetic cavities [Rasca, 2013] and with interplanetary magnetic field
enhancements observed by the ISEE-3 spacecraft when encountering a comet [Russell, 1990]. Variations in
mass-loading rates would alter the strengths in any observed drops/peaks.

This is of course a simplified view of a cometary orbit around the Sun, with the comet and SPP orbiting in the
same plane. Cometary orbits are often tilted significantly with respect to the ecliptic plane, making an SPP
encounter with a cometary tail less likely than in our simplified case. However, the Solar and Heliospheric
Observatory (SOHO) and Solar Terrestrial Relations Observatory (STEREO) spacecraft have discovered thou-
sands of sungrazing comets over the past decade, revealing a high frequency of previously unknown visitors
to the solar corona. The majority of these comets belong to a family called the Kreutz sungrazers, which
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originated from a single parent comet that broke apart several centuries ago. The vast majority of sungrazers
discovered by SOHO and STEREO are from the Kreutz group, with nearly 1600 discovered from 2004 to 2013
[Sekanina and Kracht, 2013]. On average, one Kreutz sungrazer reached perihelion every 2 days during that
time period.

Since Kreutz sungrazers all share similar orbital elements and account for most of the known sungrazing
comets, it is rather straightforward to determine the general likelihood of SPP encountering a Kreutz
sungrazing comet. Assuming typical Kreutz orbital elements (140° inclination, 250-280° longitude of peri-
helion, 1-2 R, perihelion distance, ~700 year orbital period), several of SPP’s planned inner orbits through
the corona pass 5-10 R, directly downstream of the descending node of the Kreutz orbits, depending on
the specific perihelion longitude and distance, close enough to detect dust or possible variations in the solar
wind. Considering the velocity and dust coverage (e.g., Figure 1), the dust tail will only intersect SPP’s path
for approximately 3 h every 2 days (on average), giving SPP a 6% chance of encountering a Kreutz cometary
dust tail during each of its closest approaches to the Sun. However, a large group of bright Kreutz sungrazers
is predicted to arrive within the next decade, with Comet C/2011 W3 possibly being the first Great Comet of
this forthcoming group [Sekanina and Chodas, 2007; Sekanina and Kracht, 2013], which would help increase
the likelihood of SPP encountering a sungrazing comet.

4, Discussion and Conclusions

When using the tail source model, much of the ejected mass is still near the cometary source, generating

a similar imprint on the solar wind velocity as with a point source. However, with the mass spread out, the
drop in the solar wind speed is significantly lower. An order of magnitude increase of the mass-loading
source is enough to account for the dispersion of mass and regain comparable results to the point source
model. Additionally, the arcing nature of the dust tail is not reflected in any of our results shown. From addi-
tional simulations for the tail source cases, the source term would need to be increased by a factor of 103 for
any arcing features to become evident in the radial velocity, but this rate will severely disrupt the coronal
plasma near the cometary source.

With the prospects of future in situ coronal data, we looked at signatures in the solar wind indicating how an
upstream cometary source would appear to a passing space probe. The results show a general drop in radial
velocity and increase in plasma density, both decreasing in magnitude with distance from the cometary
source. Magnetic field strength profiles along a space probe orbit reveal a magnetic cavity directly down-
stream, flanked by jumps in field strength due to magnetic draping. These results will hopefully establish
the basic framework to compare future in situ observations with theoretical modeling of mass-loading due
to dust.
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