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Plasma/Obstacle Interactions
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Neglect gravity, so no hydrostatic equilibrium
Essentially an exosphere (mean free path for

Neutral escape

collisions > scale height)

Once neutrals escape, u, . = const

Show
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Fate of escaping neutrals

* Photoionization

hV—l—HQO — HQO—I_ + €

* Charge exchange

HT +H,0 — H+ H,OF



lon production rate

* Determined from the cometary ion production
rate

Ny (T)
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Photoionization timescale

y m; QO Assume neutral
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Mass loading of solar wind flow

* Momentum exchange to “pickup” ions slows
down the solar wind.

* Pickup ion distribution critical for
understanding the cometary plasma
environment.



Dory-Guest-Harris (DGH) function

Anisotropy factor,

° R|ng beams N=0 -> Maxwellian
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1-D Hybrid simulation interplanetary
ion pickup



Solar wind interaction with comets

 Cometary atmosphere (large escaping gas
cloud) impedes solar wind.



Maxwell Stresses
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Maxwell Stress Tensor

* Force per unit area
acting on a surface F
(or stress) acting in
the ith direction on an
element of surface
oriented in the jth
direction.

* Diagonal elements
are pressures.

* Off-diagonal are
shears
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Plasma flow/obstacle interaction

* Any perturbation to
flow will perturb
the magnetic field
(Walen relation)

OV, | _ 0B, ]|
VA BO
— Solar wind IMF

— Jupiter’s magnetic
field at lo.



Maxwell Stress Tensor: Example



Maxwell Stress Tensor: Example

* On the top surface

B=B,x+ B,z

e On the bottom surface

B=-B.,x+ B,z

* On the other sides

B =B,z



Maxwell Stress Tensor: Example
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Strong interaction and saturation
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* Plasma mass coupling rate to ~
solar wind

Msw — 2/03w UAA

Msw < Mcomet Long plasma tail



Question(s)?

* |s it possible to progressively slow the solar
wind to subsonic speeds and avoid a shock?

* If not, where will the shock form?




Estimating cometary bow shock
location
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ABSTRACT

The nature of the solar wind flow near comets is examined analytically in this paper. In particular, typical
values for the stagnation pressure and magnetic barrier strength are estimated, taking into account magnetic
field line tension and change-exchange cooling of the mass-loaded solar wind. A knowledge of the strength of
the magnetic barrier is required in order to determine the location of the ionopause surface which separates
the contaminated solar wind plasma from the outflowing plasma of the cometary ionosphere.

Subject headings: comets — Sun: solar wind



Basic features of cometary
environment
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Equations for unshocked solar wind

flow
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Unshocked solar wind flow

v d(p' ! miu/Q
,OZUf(U,,U) :/ (du’ )5 f 2B/ du’

U oo

/

Unperturbed solar wind
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Assume that pressure is due entirely to pickup ions
(neglect magnetic field and solar wind protons)



Unshocked solar wind flow
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Normalized to upstream conditions



Shock stand-off distance

Rs L Qomi

 ATUeseT Poolos|(PT) e — 1]

* Continuous solar wind flow only possible until
the mean molecular mass of contaminated
solar wind reaches of critical value



Shock stand-off distance

e Numerical simulations show that the shock is
weak, i.e. M=2

The following choice of parameters is appropriate for a Halley-type comet at 1 AU:n, =6 cm™ >, v, =400 km s~ ', m;/m, = 1§,
V,=1kms !, t=10%s,and Q, = 2.5 x 10*° s~ . The distance to the shock given by equation (9) is 8 x 10°> km from the nucleus
along the Sun-comet line.



Plasma interaction as an atmospheric
diagnostic
* Tenuous neutral gases are not easily

measured

* But the ionized products are detectable at
very low concentrations with in situ plasma
detectors



Solar wind interaction with
Comet 19P/Borrelly

Range [10° km
Range [10” km]

Time from closest approach [hrs]



Borrelly’s plasma environment



Hybrid code

* Kinetic treatment of * Ampere’s Law
lons V x B,
. U = u; —
* Fluid treatment of an

electrons (massless)

* lon momentum

* Electron momentum equation
equation
dv
E=-u xB
* Faraday’s Law
0B,

— = — E
5 V X



Simulation geometry



Gyroradius effects at Borrelly



Borrelly Hybrid Simulation




Solar wind stagnation near comets
[Biermann et al., 1967; Galeev et al., 1985]
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AMPTE artificial comet

e AMPTE artificial comet

— On December 27, 1984, a cloud of neutral barium
vapor was released into the solar wind outside of
the bow shock by the Active Magnetospheric
Particle Trace Experiment (AMPTE) satellite.




Pluto’ s Escaping Atmosphere

* Hydrodynamic escape/Enhanced Jeans

escape

* Atmospheric escape, Qo

McNutt (1989) CHa | Qo=2.3-4.4x10% s
Krasnopolsky [1999] N2 Qo~2.0x10% s°!

Strobel [2007] N2 Qo~2.0x10% s°!
Tian and Toon [2005] N2 Qo~2.0x10%8 5!




Pluto’s extended atmosphere
[ ., 2012]
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Hybrid simulations
of Earth’s BS
[Omidi et al., 2013]

 Hot flow anomalies
Zhang et al., 2012]

* Density fluctuations
in the solar wind->
changes local jump
condition.




Vsw
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z (10° km)

High Qo
(Biwr = 0.2 nT, Qo = 20x10%7 s°1)
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z (10° km)

Low Qo
(Bivr = 0.2 nT, Qo = 0.2x10%" s7)
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Proton gyromotion
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Pluto’s bow

shock

Bow shock standoff
distance is much closer
than given by theory, e.g.

Large pickup ion
gyroradius displaces full
pickup to ~500 Rp
downstream. Solar wind
contamination minimal
upstream of Pluto.
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Bogdanov et al., [1996]

e Bi-ion fluid
analysis of
weakly
outgassing
comets

— Nonlinear
structuring

— Bow shock
formation

— Nonstructured
cycloidal
motion

Normalized heavy ion production rate

f‘fil
owo‘— '_ ["HI
l BOW SHOCK >‘< G.I'ﬂd bini—Zinner
L FORMATION Iﬂ B !
10.00 . I | ';}_ Pluto
| ' | %
X ;f“ Lf
1_[30&» Grigg-—Skjeilerjhzy' 'NON{;INEAFE 3 ¢ g
/; STRUCTURING T
| | . 1L
| r/ f“ ’
o ;,/ ””;um
| ’/ ”HW NONSTRUCTURED
BT
.U_G;iL ”)/,’:r CYCLOIDAL MOT!ON
S T N R N
2 4 6 8 10 :

I ] T [ T T

Solar wind Alfven Mach number



Z(R)

Bow shock with recent atmospheric
model by Strobel et al.
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lon velocity distributions



Low Frequency Waves
[Sauer et al., 1999]

e Electromagnetic waves at
the hybrid ion cyclotron
frequency (Qp,h)

* Beam-plasma interaction




Pluto’s low frequency waves
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Pluto’s cometary tail



Nsw = 0.005 cm™, B = 0.1 nT, v, = 340 km/s, f(v) — HT, He™", PU



Nsw = 0.005 cm™, B = 0.1 nT, vs, = 340 km/s, f(v) — HT, He™t, PU



Nsw = 0.005 cm™, B = 0.1 nT, vy, = 450 km/s, f(v) — HT, He™t, PU



Nsw = 0.005 cm™, B = 0.1 nT, v, = 450 km/s, f(v) — HT, He™t, PU



New = 0.01 cm™3, B = 0.1 nT, vy, = 340 km/s, f(v) — HT, Het™



Nsw = 0.01 cm™3, B = 0.1 nT, vy, = 340 km/s, f(v) — HT, Het™"



Nsw = 0.01 cm™2, B = 0.1 nT, vy, = 340 km/s, f(v) — HT, He™t, PU



Nsw = 0.01 cm™2, B = 0.1 nT, vy, = 340 km/s, f(v) — HT, He™t, PU



New = 0.01 cm™3, B = 0.2 nT, vy, = 340 km/s, f(v) — HT, Het™"



Nsw = 0.01 cm™2, B = 0.2 nT, vy, = 340 km/s, f(v) — HT, He™™



Nsw = 0.01 cm™3, B = 0.2 nT, vy, = 450 km/s, f(v) — HT, He™™ PU
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Nsw = 0.01 cm™3, B = 0.2 nT, vy, = 450 km/s, f(v) — HT, He™™ PU



Nsw = 0.005 cm™>, B = 0.15 nT, v,, = 450 km/s, f(v) — HT, Het",PU
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Nsw = 0.005 cm™>, B = 0.15 nT, v,, = 450 km/s, f(v) — HT, Het",PU



Nsw = 0.01 cm™3, B = 0.15 nT, vy, = 340 km/s, f(v) — HT, He™™,PU



Nsw = 0.01 cm™3, B = 0.15 nT, vy, = 340 km/s, f(v) — HT, He™™,PU
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Conclusions

Shock structures: Mach cones, weak (attached
shocks), full bow shocks depending on neutral
escape rate

— Excellent diagnostic of Pluto’s inflated atmosphere
Significant asymmetry
Lots of interesting plasma physics

— Bi-ion waves (hybrid frequency)
— Kelvin-Helmholtz instability

Very slow momentum transfer = perturbed
flow ~AU??? Long tail!





