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Observations at low energies (LECP) of particles upstream of the shock show distinct differences at Voyager 1 
and 2 (Decker, et al., IGPP conference, 2007).

This has been interpreted as a consequence of the global lateral asymmetry of the  Heliosphere (see Jokipii’s talk 
tomorrow)

Courtesy of Rob Decker

Voyager 1 Voyager 2

These are spectra of “Termination 
Shock Particles”

The Voyager 2 spectra upstream of the 
shock showed considerable modulation 
at low energies

This is likely related to the distance to 
between the s/c and TS shock along the 
magnetic field line that connects each 
(V2 being the longer, V1, where there 
was less modulation, being shorter)



The Hybrid Simulation
• Self-consistent plasma simulation 

(kinetic ions, MHD fluid electrons, 
often assumed to be massless)

• Used to study the structure of 
shocks, ion distributions, 
upstream ions, etc., on thermal 
ion length and time scales

• Late1970’s-1980s, used to study 
the structure of Earth’s bow 
shock

• Can also be used to study the 
acceleration of thermal ions to 
high energies, ad the evolution of 
pickup ions across the 
heliospheric termination shock

1D Hybrid Simulation of 
suprathermal ions 
accelerated by a Parallel 
Shock
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• Hybrid simulation of the V2 crossing  - using observed field/plasma as input.
• Includes particle acceleration to energies ~50 keV. Box size limits the modeling of higher energies.
• As shock moves through large-scale pre-existing turbulence, the shock front becomes warped, and 

the time profiles of various quantities depend on the conditions where the shock is crossed



V2 trajectory

Hybrid simulation only models 
a very small part of the TS

Global Heliosphere

MHD Simulation of upwind 
side of heliosphere showing 
TS and HP

TS
HP

Zoom-in near V2 crossing point

2D hybrid 
simulation



• Pre-shock distributions from an extension of 
the study by Giacalone & Decker (ApJ, 2010) 
which shows efficient acceleration of PUIs 
that matches V2/LECP observation

Input distributions

SW

PUI

Pre-existing 
tail



• Pre-shock and post-shock distributions from an extension of the study by Giacalone & 
Decker (ApJ, 2010) which shows efficient acceleration of PUIs that matches V2/LECP 
observations

• The source of the energetic particles is consistent with shock-accelerated pickup ions

Input distributions Post shock, at t=200Ωp
-1 (~10 hrs)
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Simulated Downstream Energy Spectrum 
(+ Voyager 2/LECP observations)

heated solar wind←

heated PUIs←
accelerated 
PUIs

←
Simulated 
spectrum

if run longer, and in 
a larger simulation 

(expectation)

←

Typical Particle Trajectory 
(accelerated PUI)

←
range of shock-
front locations



Giacalone+. ApJ, 2021

• Hybrid simulations of TS at multiple locations 

• ~5-50 keV accelerated pickup ions are fairly uniformly distributed along the TS. 

Hybrid simulations

Background image from 
McComas & Schwadron, 2006



Hybrid simulations predict the distribution of pickup ions in the 
heliosheath, which are a source of energetic neutral atoms that can 
be detected remotely (IBEX, Cassini/INCA, SOHO/HSTLF, IMAP)

Hsieh+ 2010 used the 
published results from 
hybrid simulations, and 
measurements of 
energetic neutral 
hydrogen (EDH)  to 
estimate the thickness 
of the heliosheath



• Comparison of observed ENA 
spectrum along V2 trajectory 
line of sight to that from the 
hybrid simulation (converted 
to ENA fluxes)

• Shapes are similar, but there 
is a discrepancy in the ~3-15 
keV energy range.

• The cause is uncertain
• Hybrid simulation 

underestimates shock heating? 
• Further acceleration beyond 

the TS, in heliosheath?
• Refinements to initial 

conditions assumed in hybrid 
simulations?

Gkioulidou+ 2022



Richardson et al., Nature, 2008

Voyager 2 Plasma observations very near the TS

Previous 
hybrid 
simulations 
assumed the 
PUIs are a 
spherical shell 
distribution 
with a radius 
of this speed

Assumed input distributions in 
Giacalone & Decker, 2010

SW

PUI

Pre-existing tail

cut-off energy ~2.1 keV 
(proton speed of 640 km/s 
=2 x 320km/s)



Voyager 2 PLS measurements since launch

Termination 
shock crossing

• The solar wind speed at the time of the TS 
crossing was lower than the average 

• PUIs are created through charge-exchange 
with solar wind throughout the heliosphere
• Ionization cavity ~5AU from Sun

• Beyond ~5AU, when “picked up” the ions 
form a ring in velocity space with a radius of 
the local wind speed 

• PUIs subsequently drift outward via the ExB 
drift, experiencing pitch-angle scattering and 
adiabatic cooling.

• At large distances from the Sun, the 
distribution more resembles a somewhat 
filled in sphere in velocity space (Vasyliunas 
& Siscoe, 1976)

• In inertial frame, speed range is 0-2Vsw

from MIT PLS web page



• Observations of the solar wind speed as a 
function of time by Voyager 2, Pioneer 10 
& 11 in the outer heliosphere

• Range of solar wind speeds is typically 
400-500 km/s

• The wind speed ~600 km/s at Pioneer 11 
(P11) when the tilt angle of heliospheric 
current sheet (HCS) was nearly same 
latitude

• Proximity to the latitudinal extent HCS 
likely important

Gazis et al., Sp. Sci. Rev., 1995 
• bottom figure modified to show only one panel
• V2 and P11 data has been “time shifted” to account for solar wind 

travel time relative to P10

P11

V2 P10

Neutral line of mag. field polarity at the solar source 
surface (left), HCS resembles a “ballerina skirt” (right)



McComas+ GRL, 1998



Hill et al., ApJ, 2014

• Hill+ 2014 
suggest that 
variations in 
energetic ions 
and electrons 
relate to the 
proximity to the 
latitudinal extend 
of the HCS

• V2 passage in/out 
of the unipolar 
field region



• Estimates of the solar 
wind speed in the 
distant heliosphere as 
a function of time and 
heliographic latitude

• Based on large-scale 
MHD modeling using 
data-driven boundary 
conditions

Provornikova+ 2014

• Solar wind speed at TS during V2 passage 
through heliosheath is 500-600 km/s



New hybrid simulations
• We have revisited the hybrid simulations of the 

TS, using different PUI initial distributions

• New simulations use a partially filled-in 
spherical distribution, with varying radii

• All other simulations parameters are the same 
(or very similar) to those of Giacalone & 
Decker, 2010 and Giacalone+ 2021. 

• Distributions at the right only show PUIs. Solar 
wind ion distributions are not shown.

• Significant enhancement in downstream 
intensity of 2-10 keV energy range for larger 
values of VPUI.

Input PUI 
distribution

downstream PUI 
distribution

VPUI=640 km/s
VPUI=560 km/s
VPUI=480 km/s
VPUI=400 km/s
VPUI=320 km/s



Gkioulidou+ 2022 New hybrid simulations

VPUI=640 km/s
VPUI=560 km/s
VPUI=480 km/s
VPUI=400 km/sVPUI=320 km/s

(ref. run)

640 km/s

560 km/s

480 km/s



Courtesy of M. Kornbleuth

There is some improvement in resolving the discrepancy with the new results

(VPUI = 480 km/s)

(VPUI = 480 km/s)

There remains to be comparisons for 
higher solar wind speeds



The high-energy tail, small 
simulation domain, importance 
of the chosen turbulent field 
realization Input 

distributions

downstream 
distributions

3 different 
field 
realizations

This pattern is for a specific initial turbulent field realization See also 
Giacalone, 
2005



Comparisons between full particle and hybrid simulations 
(Swisdak+, 2023)

Full particle approach better determines the cross-shock electric field, leading to 
somewhat more heating of the PUIs compared to hybrid.



Conclusions

• The discrepancy between ENA observations and previous hybrid 
simulations in the ~3-15 keV energy range, downstream of the TS, can 
possibly be resolved by using more-realistic input PUI distributions 

• vPUI ~500-600 km/s and NOT 320 km/s, as used previously

• Proximity to the “sector boundary”, the latitudinal extent of the 
heliospheric current sheet, is likely important.

• Voyager 2 was likely near this boundary during its passage through the heliosheath

• These results suggest there should be a latitudinal dependence of the 
ENA observations - in the 3-15 keV energy range .



Termination Shock

Giacalone et al., Sp. Sci. Rev., 2022

• Voyager 1 & 2 obs. of 0.14-0.22 MeV ions for whole 
mission.

• Highest fluxes (outer heliohphere) are in the heliosheath

• ~uniformly distributed along V1&2 paths 


