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Fig. 1 Density for the negative dispersion, 1−-DSW case (a) and positive dispersion, 1+-DSW case (b)
with stationary soliton edge s+ = s− = 0 (see Sect. 6). The background flow velocities u 1, u 2 and linear
wave edge velocities v+, v− are also pictured. In (a), backflow (v− < 0) occurs, while in (b), it is possible
for the downstream flow to be negative when a vacuum point appears (see Sect. 9)

As laid out originally by Gurevich and Pitaevskii (1974), a DSW can be described by
the evolution of a free boundary value problem. The boundary separates the oscillatory,
one-phase region, described by the Whitham equations, from nonoscillatory, zero-
phase regions, described by the dispersionless evolution equation. The regions are
matched at phase boundaries by equating the average of the one-phase solution to the
zero-phase solution. Thus, the free boundary is determined along with the solution.
There are two ways for a one-phase wave to limit to a zero-phase solution. In the
vicinity of the free boundary, either the oscillation amplitude goes to zero (harmonic
limit) or the oscillation period goes to infinity, corresponding to a localization of the
traveling wave (soliton limit). The determination of which limiting case to choose at
a particular phase boundary requires appropriate admissibility criteria, analogous to
entropy conditions for classical shock waves.

Riemann problems consisting of step initial data are an analytically tractable and
physically important class to study. For a system of two genuinely nonlinear, strictly
hyperbolic conservation laws, the general solution of the Riemann problem consists
of three constant states connected by two self-similar waves, either a rarefaction or
a shock (Lax 1973; Smoller 1994). This behavior generalizes to dispersive hydrody-
namics, so borrowing terminology from classical shock theory, it is natural to label
a left(right)-going wave as a 1(2)-DSW or 1(2)-rarefaction. See Fig. 1 for examples
of 1±-DSWs where the ± sign corresponds to positive or negative dispersion. For
a DSW resulting from the long-time evolution of step initial conditions, the oscil-
latory boundaries are straight lines. These leading and trailing edge speeds can be
determined in terms of the left and right constant states, analogous to the Rankine–
Hugoniot jump conditions of classical gas dynamics. Whitham modulation theory for
DSWs was initially developed for integrable wave equations. Integrability in the con-
text of the modulation equations (Tsarev 1985) implies the existence of a diagonalizing
transformation to Riemann invariants where the Riemann problem for the hyperbolic
modulation equations could be solved explicitly for a self-similar, simple wave (Gure-
vich and Pitaevskii 1974; Gurevich and Krylov 1987). The two DSW speeds at the
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Motivation & Outline
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• High-resolution multi-fluid reconstruction of an 
interplanetary shock observed by New Horizons at 50 AU

• Multi-fluid, hybrid, and PIC simulation of the termination 
shock

• 2D solar wind propagation model (MSWIM2D) to predict 
magnetic field at New Horizons

MHD reconstruction of the New Horizons Pluto flyby

• Oblique shocks introduce differential flow between solar wind ions 
and pickup ions (PUI), as demonstrated by multi-fluid simulations.

• New Horizons data indicate inconsistency with the assumption of a 
single bulk velocity. The mass flux should be conserved across shocks 
for all the ion species.

• Solar wind ions and PUI need to be treated as separate fluids with 
different velocities. 

PUI shock observed by New Horizons (McComas et al., 2022)



Solar Wind Propagation from 1 AU to the Outer Heliosphere:
The MSWIM2D model

Solar wind speed in the ecliptic plane 
(Keebler et al., 2022) Model validation with New Horizons SWAP data (Keebler et al., 2022)

• 2D MHD model of the solar wind with interstellar neutrals, using ACE, WIND, and STEREO data as input at 
the inner boundary at 1 AU

• Predict	radial	trends	in	the	solar	wind	in	the	ecliptic	plane	from	1	AU	to	75	AU



MSWIM2D Simulation of Solar Wind Speed 1995 - 2007 

Courtesy of Anna Nica



Inner Boundary Conditions at 1 AU from Earth (OMNI) and STEREO

(Keebler et al., 2022)



Solar Cycle Variation of the Solar Wind Recurrence Index 

Courtesy of Sammy Siegel 

Recurrence index:

Correlation of hourly solar 
wind speed data between 
successive solar rotations
(27 days)

Highest in the late declining 
phase of the solar cycle 
due to recurrent high-speed 
solar wind streams
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Interplanetary Magnetic Field Prediction at New Horizons
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Interplanetary Magnetic Field Prediction at New Horizons 
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Solar Wind Speed at New Horizons in 2021 
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reverse shock
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Multi-fluid Simulation of an Interplanetary Shock
Observed by New Horizons on DOY 50 in 2021 

PUI abundance = 30%
TPUI/TSW = 400

TS3
Compression ratio = 1.5  (1.8)

Mach number = 1.3        (1.6)

Plasma ! = 73 (60)

Low Mach number subcritical
dispersive shock wave



Multi-species MHD Simulation of the Termination Shock



Three-Fluid Simulation of the Termination Shock



Three-Fluid Simulation of the Termination Shock 



Model Validation With Voyager 2 Data, TS3 
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The pickup ion 
temperature can be 
constrained by fitting 
the simulated shock 
structure to Voyager 2 
observations.

nSW=  0.0013 cm-3

TSW= 4200 K
B= 0.067 nT
nPUI= 0.25 nSW
APUI= 0.2
TPUI= 13.4 MK
Te= 0.83 MK
pe= 0.0173 pPa

Zieger et al., 2015
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Reflected SW ions 

Three-Fluid and Hybrid Simulations of TS2 

The shock structure is dominated 
by dispersion rather than ion 
reflection.

The secondary peaks in the ion 
density are produced by reflected 
solar wind ions.



Generalized Ohm’s Law:

convective ambipolar ohmic
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Cross-Shock Electric Field, TS2 

The Hall term dominates 
in the cross-shock electric 
field.

The convective and 
ambipolar terms more or 
less compensate each 
other.



PIC Simulation of TS2 

Courtesy of Senbei Du



Three-Fluid Simulation of an Oblique Termination Shock,  !Bn = 70∘
Radial Velocity



Three-Fluid Simulation of an Oblique Termination Shock,  !Bn = 70∘
Tangential Velocity



Conclusions 

• Pickup ions should be treated as a separate fluid in the outer heliosphere

• The magnetic field at New Horizons can be predicted by a 2D solar wind propagation model 
(MSWIM2D).

• The prediction is best in the declining phase of the solar cycle when the solar wind recurrence index 
is high.

• The shock observed by New Horizons at 50 AU on DOY 50 in 2021 is a subcritical dispersive shock 
wave.

• Multi-fluid simulation with pickup ions can reproduce the microstructure of the termination shock 
observed by Voyager 2.

• The multi-fluid approach is validated by hybrid and PIC simulations.

• Oblique multi-ion shocks introduce differential ion flows in the downstream region.


