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Three topics of discussion:Three topics of discussion:p fp f
1)1) Particle acceleration at interplanetary shocksParticle acceleration at interplanetary shocks
2)2) LargeLarge--scale scale structure of the heliospheric termination structure of the heliospheric termination 

shock shock (HTS)(HTS)shock shock (HTS)(HTS)
3)3) Structure and dissipation at Structure and dissipation at the HTSthe HTS
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Particle Acceleration 
at Interplanetary 

Shocks

Review particle acceleration by interplanetary p y p y
shocks:

i  l  f  h  i l  h k l i  1. Time scales for the interplanetary shock acceleration 
problem. 

2. Unsteady diffusive shock acceleration at a quasi-y ff q
parallel shock. 
• Protons
• Heavy ions • Heavy ions 

3. Particle acceleration at a quasi-perpendicular shock. 
4. Modeling specific events 



CSPAR-UAH Two Classes of Solar Energetic 
Particle Events

Criteria summarized by Reames (1995)
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Time scales for the SEP/ESP problem

Shock propagation in an inhomogeneous solar wind –
expanding, decelerating, decreasing magnetic field 
strength, in situ turbulence convection, decay, driving, 
variability of shock normal
Particle acceleration time scales; maximum energy, 
shock obliquityshock obliquity
Variability in generation of shock turbulence by 
streaming energetic particles; particle trapping and 
escapeescape
Diffusive time scales (diffusive mfp)
Transport time scales/length scales (transport mfp)

The shock itself introduces a multiplicity of time scales, ranging 
from shock propagation time scales to particle acceleration time 
scales at parallel and perpendic lar shocks  and man  of these scales at parallel and perpendicular shocks, and many of these 
time scales feed into other time scales (such as determining 
maximum particle energy scalings, escape time scales, etc.). 
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Halo CME: Sept. 24, 2001: 10:30
linear speed: 2400km/sec (from the 
SOHO/LASCO CME Catalog  courtesy SOHO/LASCO CME Catalog, courtesy 
of the CDAW Data Center, GSFC).

SEP Event # 215 (shock arrival at 
ACE: Sept. 29, 2001, 09:06 UT) 



CSPAR-UAH Shock position, velocity and compression ratio are
computed from 0.1 AU to up to several AU.

Simulation results of the shock
velocity dependence on radial
distance from the Sun. The
decaying shock propagates fromdecaying shock propagates from
0.1 AU, reaching a compression
ratio of about 1.8 at 1AU. The
modeling was performed for 61
shellsshells.

h k lSEP Event # 215 (shock arrival at 
ACE: Sept. 29, 2001, 09:06 UT) 
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P t h k l  ti  l  C ti  Post-shock complex time scales: Convection, 
adiabatic expansion, growth of post shock 
region and weakening of shock front. 
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quasi- -perp

Shock geometryShock geometry

CME

Shock geometryShock geometry

Sun
CME

shock

quasi--parallel

Red dot (spacecraft) connected to Red dot (spacecraft) connected to 
quasiquasi perpendicular shock initially and perpendicular shock initially and 

~convect
L
U

LR R

τ

quasiquasi--perpendicular shock initially and perpendicular shock initially and 
the connection gradually evolves to the connection gradually evolves to 
much more quasimuch more quasi--parallel configuration.parallel configuration.

~ ~/ /DYN
LR R

dR dt dR dtUθτ τ⇒
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Maximum particle energy

The maximum particle energy can be determined by 
equating the dynamic timescale of the shock with the equating the dynamic timescale of the shock with the 
acceleration timescale (Drury, 1983; Zank et al., 2000). 
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Diffusion coefficient at parallel shock

upstreamdownstream

Near the shock front, Alfven waves are
responsible for particle scattering.  The  
particle distribution f and wave energyparticle distribution f, and wave energy
density A are coupled together through:

u1u2 < u1 h k

Alfven waves

12 1 shock
upstreamescape
boundary

Gordon et al., 1999 used to evaluate wave intensity. P_max, N_inj, p_inj, s, etc. 
Bohm limited applied when wave energy density per log bandwidth exceeds local 
solar wind magnetic energy density. 



CSPAR-UAH Maximum particle energy at quasi-
parallel shock:
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CSPAR-UAHMaximum energies for protons
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Strong, medium, weak 
shock examples

SEP Event # 215 (shock arrival at 
ACE: Sept. 29, 2001, 09:06 UT) 

The maximum particle momentum obtained for a strong shock at early 
times can be as high as a few GeV – consistent with observations by Kahler 
[1994].



CSPAR-UAH

What happens to the turbulence excited 
by the streaming protons?
For quasi-|| shocks, turbulence excited 
by usual streaming instability; amplified 

h k t i ion shock transmission
Shell picture nice for describing the 

l ti f t b l i d tevolution of turbulence in downstream 
region – simplest is to assume WKB 
description as shell is convecteddescription as shell is convected 
outward and expands or to include 
turbulent dissipation.p
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Particle Transport

dt
tpxdf

p
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Particle transport obeys Boltzmann(Vlasov) equation:

colldtpdt q ][ ∂

The LHS contains the material derivative and the RHS 
describes various “collision” processes.
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describes various collision  processes.

• Collision in this context is pitch 
angle scattering caused by the 
irregularities of IMF and in quasi μμμμirregularities of IMF and in quasi-
linear theory

• The result of the parallel mean free path λ// , from a 
simple QLT is off b  an order of magnit de from that 
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simple QLT is off by an order of magnitude from that 
inferred from observations, leading to a 2-D slab model.
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Particle Acceleration – Diffusion Coefficient

Near the shock front, Alfven waves are
responsible for particle scattering.  The  

ti l  di t ib ti  f ti  d  particle distribution function and wave 
energy density are coupled together. SEP Event # 215 (shock arrival at 

ACE: Sept. 29, 2001, 09:06 UT) 



CSPAR-UAH Wave spectra and diffusion 
coefficient at shock

Wave intensity

Diffusion coefficient

Strong shock Weak shock



CSPAR-UAHUpstream particle spectrum(strong shock)
Early timeEarly time

• Cumulative spectra at 1 AU for five time intervals are shown, 
T=1 3 daysT 1.3 days.

• Spectra exhibit a power law feature.

• Broken power law at later times, especially for larger mfp (λ_0 = 
1.6AU).    E.g., K=20 MeV for the time interval t = 4/5-1 T –
particle acceleration no longer to these energies.
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Event Integrated spectra

Total or cumulative spectrum at 1AU, integrated over the time 
from shock initiation to the arrival of the shock at 1AU.

Strong shock case Weak shock case

Note the relatively pronounced roll-over in the cumulative strong 
shock spectrum and the rather flat power-law spectrum in the 
weak shock case.



CSPAR-UAH Intensity profile (strong shock)
Early timey

• Shock arrives 1.3 days after initiation

• No ~ 50 MeV particles at shock by 1 AU since shock weakens and unable to • No  50 MeV particles at shock by 1 AU since shock weakens and unable to 
accelerate particles to this energy and trapped particles have now escaped. 

• A slowly decreasing plateau feature present – result of both pitch angle y g p p p g
scattering and shock propagation. 

• Early time profile shows the brief free streaming phase. 



CSPAR-UAH Multiple particle crossings at 1AU

Due to pitch angle scattering, particles, especially of high energies, Due to pitch angle scattering, particles, especially of high energies, 
may cross 1 AU more than once, and thus from both sides. In an 
average sense, a 100 MeV particle has Rc ~ 2, or on average, two 
crossings. Histogram shows that some particles may cross as many 
as 15 times  A smaller mfp leads to a larger Rc since particles with as 15 times. A smaller mfp leads to a larger Rc since particles with 
smaller mfp will experience more pitch angle scatterings. 



CSPAR-UAH Anisotropy at 1 AU (weak shock)

• Similar to the strong shock case. 

• The value of asymmetry for larger λ_0 is consistently larger than 
that of a smaller λ_0 because fewer particles will propagate 
backward for a larger λ _0. 



CSPAR-UAHTime evolution of number density in phase 
space

• Snap shots of the number density observed at 1 AU prior to the shock arrival at 
t = 1/20, 2/20, …. T, with a time interval of 1/20 T in (v_par, v_perp)-space.
• Coordinates: 

• B field along positive Zx direction
• Particle energies from innermost to outermost circle are K = 4 88 8 12 10 47Particle energies from innermost to outermost circle are K  4.88, 8.12,  10.47, 
15.35, 21.06, 30.75, 50.80, 100.13 MeV respectively.

The next figures exhibit the following characteristics:

• At early times, more high energy particles cross 1 AU along +B 
direction, followed by lower energies later.

• Number density of higher energy particles at later times exhibits a 
“reverse propagation” feature corresponding to A < 0.

• The gap at  Θ = 90 degree reflects that particles must have a 
component along  B to be observed.
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Phase space evolution – time sequence

At t=0.85 T, we can see clearly that y
there are more backward propagating 
particles than forward ones between  
20<K<30 MeV.

At t=0.95 T, it is more pronounced for 
K~10 MeV.



CSPAR-UAH HEAVY IONS (CNO and Fe)
CNO: Q = 6  A = 14 CNO: Q = 6, A = 14 
Fe: Q = 16, A = 54 Effect of heavy ions is manifested 

through the resonance condition, 
which then determines maximum which then determines maximum 
energies for different mass ions and 
it determines particle transport –
both factors that distinguish heavy both factors that distinguish heavy 
ion acceleration and  transport 
from the proton counterpart.
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Deciding the maximum energy

Evaluate the injection energy by 
assuming it is a half of the down 
stream thermal energy per 

Then evaluate the maximum 
energy via

stream thermal energy per 
particle.
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Maximum accelerated particle energy

The maximum energy 
accelerated at the shock 
front. Particles having front. Particles having 
higher energies, which are 
accelerated at earlier 
times but previously protons
trapped in the shock 
complex,  will “see” a 
sudden change of κ. The 

l

protons

CNO

Fe maximum energy/nucleon 
for CNO is higher than iron 
since the former has a 
larger Q/A  thus a smaller 

Fe

larger Q/A, thus a smaller 
κ. 

Bohm approximation used throughout 
strong shock simulation but only initially g y y
in weak shock case. 
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Verkhoglyadova et al. 2007 results

Dynamical evolution of the maximum energies for protons (red), 
oxygen (green) and iron (blue) ions as the quasi-parallel shock 
propagates from ~0.1 AU. The minimum energy (shown in black) 
is the same for all species  is the same for all species. 

SEP Event # 215 (shock arrival at 
ACE: Sept. 29, 2001, 09:06 UT) 
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Dynamical spectra of iron ions averaged over consecutive ~5hrs time y p g
intervals until shock arrival at 1AU. ULEIS and SIS measurements are 
shown by blue diamonds and triangles, respectively. The straight line 
shows the theoretical limit for a power-law spectrum corresponding to 
shock parameters at 1 AU. Note the enhanced background at early times p g y
prior to the shock arrival at ~ 1AU.

SEP Event # 215 (shock arrival at 
ACE: Sept. 29, 2001, 09:06 UT) 
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E t i t t d t f ( ) t (b) d ( ) iEvent-integrated spectra for (a) protons, (b) oxygen and (c) iron 
ions. Modeling results are shown in red. ULEIS and SIS 
measurements integrated over the same time interval are 
shown by blue diamonds and triangles respectively Theshown by blue diamonds and triangles, respectively. The 
straight line shows the theoretical limit for a power-law 
spectrum corresponding to shock parameters at 1 AU. (Zank 
et al 2007). )

SEP Event # 215 (shock arrival at 
ACE: Sept. 29, 2001, 09:06 UT) 
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Event integrated spectra

NOTE change in Fe/O NOTE change in Fe/O 
ratio at about 10 MeV/nucratio at about 10 MeV/nuc

Iron Q = 14, A =56

CNO Q  6  A  14

Similar spectral 
d l

CNO Q = 6. A = 14

indices at low 
energies, with Iron 
slightly softer. 

Roll-over feature at 
high energy end with 
approximately (Q/A)2

Count only those particles before the shock arrival. 

dependence.
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Time intensity profiles

Protons

s=2.5
SEP Event # 215 (shock arrival at 
ACE: Sept. 29, 2001, 09:06 UT) 
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Time intensity profiles
IronIron

0.2 MeV/nuc.0.2 MeV/nuc.y p f

Time intensity 
profiles of iron and 

0.57 MeV/nuc.0.57 MeV/nuc.
profiles of iron and 
oxygen ions. 
Representative 
energies are (from 

2 MeV/nuc.2 MeV/nuc.

10 MeV/nuc10 MeV/nucenergies are (from 
top to bottom): 0.2, 
0.57, 2 and 10 
MeV/nucleon. Time is 

10 MeV/nuc.10 MeV/nuc.

in hours starting from 
the shock launch at 
0.1 AU until the
shock arrival at 1 AU

NOTE change in Fe/O NOTE change in Fe/O 

OxygenOxygen

NOTE change in Fe/O NOTE change in Fe/O 
ratio after 40 hoursratio after 40 hours
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Summary of modeling –
quasi-parallel shocksquasi-parallel shocks

A time-dependent model of shock wave propagation (1- and 2-D), A time dependent model of shock wave propagation (1 and 2 D), 
local particle injection, Fermi acceleration at the shock, and non-
diffusive transport in the IP medium has been developed to 
describe observed SEP events: This includes spectra, intensity 
profiles, anisotropies. profiles, anisotropies. 

We can similarly model heavy ion acceleration and transport in 
gradual events, even understanding differences in Fe / O ratios, 
f  lfor example.

We have begun to model mixed events to explore the 
consequences of a pre-accelerated particle population (from consequences of a pre accelerated particle population (from 
flares, for example) and have also related this to the timing of 
flare – CME events. 
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P di l  h kPerpendicular shocks
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Particle acceleration at perpendicular shocksp p

The problems: 1) Injection threshold?The problems: 1) Injection threshold?
2) No self-excited waves
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TRANSVERSE COMPLEXITY

Qin et al  [2002a b] - perpendicular diffusion can occur only in the Qin et al. [2002a,b] - perpendicular diffusion can occur only in the 
presence of a transverse complex magnetic field. Flux surfaces with 
high transverse complexity are characterized by the rapid separation of 
nearby magnetic field lines. nearby magnetic field lines. 

Slab turbulence only – no 
development of transversely 

Superposition of 80% 2D and 
20% slab turbulence, with 

development of transversely 
complex magnetic field.

the consequent development 
of a transversely complex 
magnetic field. 



CSPAR-UAH INTEGRAL FORM OF THE NONLINEAR 
GUIDING CENTER THEORY

Matthaeus, Qin, Bieber, Zank [2003] derived a nonlinear theory for the 
perpendicular diffusion coefficient, which corresponds to a solution of the 
integral equationintegral equation
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WHAT ABOUT WAVE EXCITATION 
UPSTREAM?UPSTREAM?

Quasi-linear theory (Lee, 1983; Gordon et al, 
1999): wave excitation proportional to cos ψ i e  1999): wave excitation proportional to cos ψ i.e., 

0I
t
∂

≈
∂

at a highly perpendicular shock.

t∂

SHOCK
U_down

INTERPLANETARY MAGNETIC FIELD

U_up
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Left: Plot of the parallel (solid curve) and perpendicular mfp (dashed curve) and the particle 
gyroradius (dotted) as a function of energy for 100 AU (the termination shock) and 1 AU (an 
interplanetary shock). 

Right: Different format - plots of the mean free paths at 1 AU as a function of particle gyroradius 
and now normalized to the correlation length. The graphs are equivalent to the ratio of the 
diffusive acceleration time to the Bohm acceleration time, and each is normalized to 
gyroradius. Solid line corresponds to normalized (to the Bohm acceleration time scale) 
perpendicular diffusive acceleration time scale, the dashed-dotted to parallel acceleration time 
scale, and the dashed to Bohm acceleration time scale (obviously 1).



CSPAR-UAH PARTICLE ACCELERATION AT PERPENDICULAR 
SHOCKS

STEP 1: Evaluate K_perp at 
shock using NLGC theory 
instead of wave growth instead of wave growth 
expression. 
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PARTICLE ACCELERATION AT 

PERPENDICULAR SHOCKS

STEP 2: Evaluate injection momentum p_min by 
requiring the particle anisotropy to be small. 
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PARTICLE ACCELERATION AT 

PERPENDICULAR SHOCKS

STEP 3: Determine maximum energy by equating dynamical timescale 
and acceleration timescale – complicated in NLGC framework. In inner 
h li h  ti l  t  ith i ti l  ( lik  t  heliosphere, particles resonate with inertial range (unlike outer 
heliosphere).
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Remarks re maximum energies

Fundamental difference between the perpendicular and quasi-parallel 
expressions is that the former is derived from a quasi-linear theory 
based on pre-existing turbulence in the solar wind, whereas the latter 
results from solving the coupled wave energy and cosmic ray g p gy y
streaming equation explicitly, i.e., in the perpendicular case, the 
energy density in slab turbulence corresponds to that in the ambient 
solar wind whereas in the case of quasi-parallel shocks, it is 
determined instead by the self-consistent excitation of waves by the y y
accelerated particles themselves.

From another perspective, unlike the quasi-parallel case, the 
resonance condition does not enter into the evaluation of p max  The resonance condition does not enter into the evaluation of p_max. The 
diffusion coefficient is fundamentally different in each case, and 
hence the maximum attainable energy is different for a parallel or 
perpendicular shock. 

In the inner heliosphere where the mean magnetic field is strong, the 
maximum momentum decreases with increasing field strength, this 
reflecting the increased "tension" in the mean field.g
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Remarks re maximum energies – different shock 

configurations and ionic species 

Three approaches have been identified for determining p_max [Zank et al 
2000; Li et al 2003]. 

1. For protons accelerated at quasi-parallel shock, p_max determined 
solely on basis of balancing the particle acceleration time resulting from 
resonant scattering with the dynamical timescale of the shock. The 
wave/turbulence spectrum excited by the streaming energized protons wave/turbulence spectrum excited by the streaming energized protons 
extends in wave number as far as the available dynamical time allows. 

2. For heavy ions at a quasi-parallel shock, the maximum energy is also y q p , gy
computed on the basis of a resonance condition but only up to the 
minimum k excited by the energetic streaming ions, which control the 
development of the wave spectrum. Thus, maximum energies for heavy 
ions are controlled by the accelerated protons and their self-excited y p
wave spectrum. This implies a (Q/A )^2 dependence of the maximum 
attainable particle energy for heavy ions. 
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Remarks re maximum energies – different g ff
shock configurations and ionic species

3. For protons at a highly perpendicular shock, the maximum 
energy is independent of the resonance condition, depending only 
on the shock parameters and upstream turbulence levels. For 
heavy ions, this implies either a (Q/A)^{1/2} or a (Q/A)^{4/3} heavy ions, this implies either a (Q/A) {1/2} or a (Q/A) {4/3} 
dependence of the maximum attainable particle energy, 
depending on the relationship of the maximum energy particle 
gyroradius compared to turbulence correlation length scale. 

It is possible to extract observational signatures related to the 
spectral break point that distinguishes between particle 
acceleration at quasi-parallel or highly perpendicular shocks (Li et 
al  2009)al., 2009).



CSPAR-UAH Observations
Perpendicular shock Quasi-perp shock
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CONCLUDING REMARKS FOR 

PERPENDICULAR SHOCKS

Developed basic theory for particle acceleration at highly 
perpendicular shocks based on convection of in situ solar wind 
turbulence into shock.
Highest injection energies needed for quasi-perp shocks and not for 
pure perpendicular shock. 90 degree shock “singular” example.
Determination of K_perp based on Nonlinear Guiding Center Theory
Maximum energies at quasi-perp shocks less than at quasi-par shocks 
near sun. Further from sun, reverse is true.,
Injection energy threshold much higher for quasi-perp shocks than for 
quasi-parallel shocks and  therefore can expect distinctive 
compositional signatures for two cases.p g
Observations support notion of particle acceleration at shocks in 
absence of stimulated wave activity. 
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SEP event of December 13, 2006 SEP event of December 13, 2006 is among large is among large 
SEP events of the Solar Cycle 23: SEP events of the Solar Cycle 23: SEP events of the Solar Cycle 23: SEP events of the Solar Cycle 23: 

ACE at 1 AUACE at 1 AUC at UC at U

From Cohen et al., AIP Proc. (2008); From Cohen et al., AIP Proc. (2008); 
see also Mulligan et al. (2008).see also Mulligan et al. (2008).
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Particle acceleration spectra and abundances Particle acceleration spectra and abundances 
observed in the mixed events are due to: observed in the mixed events are due to: 

Scenario 1: (QuasiScenario 1: (Quasi--perpendicular) shock perpendicular) shock 
geometry changegeometry change ((TylkaTylka et al., 2005);et al., 2005);geometry change  geometry change  ((TylkaTylka et al., 2005);        et al., 2005);        

Scenario 2:Scenario 2: Presence of both flare and shockPresence of both flare and shock--
accelerated particles accelerated particles (Cane et al., 2003), (Li and (Cane et al., 2003), (Li and 
Zank 2005);Zank 2005);Zank,2005); Zank,2005); 
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Modelling Modelling the 3 the 3 possible possible cases:cases:

From Li and Zank, GRL, 2005 From Li and Zank, GRL, 2005 
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Control parameters for the PATH modelControl parameters for the PATH modelControl parameters for the PATH modelControl parameters for the PATH model

Shock obliquity Shock obliquity ΘΘBnBn=30=30˚̊q yq y BnBn

Ratio of Q/M for seed particles (ACERatio of Q/M for seed particles (ACERatio of Q/M for seed particles (ACE Ratio of Q/M for seed particles (ACE 
observations): Q[Fe]=16; Q[O]=6 observations): Q[Fe]=16; Q[O]=6 

Injection with energy (10 Injection with energy (10 keVkeV) and efficiency (1% ) and efficiency (1% 
flux density) flux density) y)y)
Flare Flare parameters parameters 
Ratio of flare to SW particlesRatio of flare to SW particlesRatio of flare to SW particlesRatio of flare to SW particles
((Zank et al., 2007; Zank et al., 2007; VerkhoglyadovaVerkhoglyadova et al., 2008)et al., 2008)
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EventEvent--integrated spectra integrated spectra (~ 50 hrs)(~ 50 hrs)::

protons  protons  
** ACE,ACE, STEREO,STEREO, GOESGOES andand SAMPEXSAMPEX datadata

~~--(s+2)/(s+2)/
(s(s--1)/21)/2

ModelModel

ObservationsObservations

ModelModel

Arbitrary unitsArbitrary units((MewaldtMewaldt, 2007;, 2007;
Cohen, 2007, 2008 )Cohen, 2007, 2008 )

25%  flare particles in this mixed event 25%  flare particles in this mixed event 
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EventEvent--integrated spectra of Fe ions integrated spectra of Fe ions (~ 50 hrs)(~ 50 hrs):  :  

AAULEULE
ISIS

BBQ=16Q=16

observatiobservatiobservatiobservati
onsons

modmod
elel

SISSIS

Seed population:Seed population:p pp p

A A –– shock onlyshock only B B –– 25%  25%  
flare particlesflare particlesflare particlesflare particles

(high(high--energy spectrum is missing) energy spectrum is missing) 
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EventEvent--integrated spectra of O ions integrated spectra of O ions (~ 50 (~ 50 

hrs)hrs)::
ACEACEACEACE

OXYGENOXYGENOXYGENOXYGEN

25%  flare particles in this mixed event 25%  flare particles in this mixed event 
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Free parameters of the modelFree parameters of the model

Escape length (p)

MFP scaling and dependence on r and p

Injection energy (10 keV) and efficiency (1% flux density)

Flare parameters: duration, max/min p, spectra; 

Ratio of flare to shock-accelerated particles
(Zank et al., 2000; Li et al., 2003; 2005; Zank et al., 2007)
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An energetic-particle-g p
mediated termination 
shock observed by shock observed by 

Voyager 2 

Vladimir Florinski, G.P. Zank, and Rob Decker

8/30/07 – 83.7 AU

, ,

1) Center for Space and Aeronomic Science 
(CSPAR) and Department of Physics
University of Alabama, Huntsville
2) APL  Johns Hopkins UniversityJohns Hopkins University2) APL, Johns Hopkins UniversityJohns Hopkins University
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Voyager 2 termination shock Voyager 2 termination shock 
i   d  242i   d  242 244 f 244 f crossing on days 242crossing on days 242----244 of 244 of 

2007 was quite different from 2007 was quite different from 
Voyager 1 Voyager 1 

Broad precursor structure extending 

Voyager 1 Voyager 1 

p g
0.7 AU upstream (using V2 speed of 
14.8 km/s) 
Solar wind decelerated from ~370 
km/s far upstream to ~300 km/s just 

t f th h kupstream of the shock 
Decreases may be associated with 
t ti t ttwo magnetic structures 

Richardson et al., 2008



CSPAR-UAH We know that energetic charged particles We know that energetic charged particles 
affect the background plasma flow via their affect the background plasma flow via their 
pressure gradients. pressure gradients. 

AxfordAxford et al., 1982et al., 1982

p essu e g ad e ts. p essu e g ad e ts. 

Theory of particle-mediated shocks is well developed: 
Drury & Volk (1981); Axford et al. (1982), Donohue & 
Zank (1993), le Roux & Fichtner (1997), Chalov & 

•• A particleA particle--modified shock consists of two regions: an extended particle modified shock consists of two regions: an extended particle 

( ), ( ),
Fahr (1997), Florinski et al. (2004). 

mediated precursor, and a gasmediated precursor, and a gas--dynamic dynamic subshocksubshock..

•• Amount of deceleration (in terms of dynamic pressure) in the precursor is Amount of deceleration (in terms of dynamic pressure) in the precursor is 
h d ff b f l h h k dh d ff b f l h h k d~ the difference between pressures of energetic particles at the shock and ~ the difference between pressures of energetic particles at the shock and 

far upstream far upstream 

The length scale of the precursor is the same as the diffusive length of The length scale of the precursor is the same as the diffusive length of •• The length scale of the precursor is the same as the diffusive length of The length scale of the precursor is the same as the diffusive length of 
the particles, K/u, where K is the radial diffusion coefficient, and u is the the particles, K/u, where K is the radial diffusion coefficient, and u is the 
solar wind speed. solar wind speed. 

•• The The subshocksubshock properties are still governed by properties are still governed by RankineRankine--HugoniotHugoniot
conditions, without a contribution of energetic particles (in the diffusive conditions, without a contribution of energetic particles (in the diffusive 
approximation their intensity is conserved across the approximation their intensity is conserved across the subshocksubshock). ). 
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And now - some theory

Simple one-dimensional conservation laws - apply to the region of precursor. 
Energetic particles are considered massless, and contribute only to the energy 
of the mixture gas+particles. gamma=5/3 is the adiabatic index (ions are non-

l ti i ti ) d K ( ith th b ) i th AVERAGE diff i ffi i trelativistic), and K (with the overbar) is the AVERAGE diffusion coefficient 
(more on this later). 

We can obtain an ODE for 
the plasma velocity in the 
precursor: 

A, B, C, and D are the four integrals of 
the system, fixed by the measurements 

d j t t t th h kmade just upstream at the shock. 
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To apply this theory to Voyager 2 observations we must answer:

1.1. Is energetic particle pressure gradient sufficient to cause the Is energetic particle pressure gradient sufficient to cause the 
observed plasma speed decrease? observed plasma speed decrease? 

2.2. Are particle anisotropies upstream small enough to use diffusive Are particle anisotropies upstream small enough to use diffusive 
theory? theory? 

3.3. What is the value of the average diffusion coefficient? What is the value of the average diffusion coefficient? 

P ti l  f ti  ti l  P ti l  f ti  ti l  Partial pressure of energetic particles: Partial pressure of energetic particles: 
Black: partial pressure of ions 28 keV
to 3.5 MeV, Voyager 2/LECP Blue: 
same for V1 shock encounter ime-same for V1 shock encounter,ime
shifted to superimpose the two shock 
crossings on the same plot. Note the 
smooth increase upstream at 
V 2 b t i t VVoyager 2 vs. abrupt rise at Voyager 
2 Red line shows magnetic pressure 
(smaller than particle pressure). 

Cf: a typical upstream SW dynamic pressure rho u^2 ~ 10^-12 dynes/cm^2 
Energetic particles carry ~10% - non-negligible! Based on this estimate, we 
expect a precursor. But on what spatial scale? 
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V2/LECP ion spectra were strongly 
modulated upstream of the shock. 
C t t t l tt dConcentrate on spectrum plotted 
with filled triangles 

Most of the pressure is at the high 
end of the energy range, 1-3.5 
MeV Therefore this energy rangeMeV. Therefore, this energy range 
should determine \bar{K.} Use the 
upper LECP channels 

Decker et al., 2008b 



CSPAR-UAH V2 LECP PL07 and PL08 fluxes in two opposite azimuthal
sectors (red and black lines). Circles show sector-averaged intensities. Notice 
that anisotropies (normalized intensity difference in the two opposite sectors) 
during V2's last 40 days in the solar wind are small: 10-20% most of the time. 
Can use diffusive theory! 

Dashed lines show fits to the intensity rise. Linear increase on a Log plot is 
exponential increase on a linear plot - the precursor is indeed exponential! 
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Calculate diffusion coefficients from on e-folding lengths in PL07 and PL08 
channels:channels: 

where V_v2 is the speed of Voyager 2 (14.8 
km/s), u is solar wind speed, b is the measured 
logarithmic gradient (in 1/s)logarithmic gradient (in 1/s) 

Results: K_(1-3.5)=10^20 cm^2/s 
(radial diffusion). This will be the 
a erage diff sion coefficient for theaverage diffusion coefficient for the 
purpose of evaluating solar wind 
slowdown. 

Compare this with diffusion theoryCompare this with diffusion theory

Parallel and perpendicular mean free Parallel and perpendicular mean free Parallel and perpendicular mean free Parallel and perpendicular mean free 
paths based on quasipaths based on quasi--linear and NLGC linear and NLGC 
expression. This model predicts expression. This model predicts 
K_{K_{perpperp} = 4X10^19 cm^2/s, very } = 4X10^19 cm^2/s, very 
close to the estimate above! Parallel close to the estimate above! Parallel 
diffusion contributes ~ similar amount diffusion contributes ~ similar amount 
to to K_rrK_rr (even better agreement).  (even better agreement).  

ZankZank et al., 2006et al., 2006
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Model input parameters immediately upstream of the shock (NOTModel input parameters immediately upstream of the shock (NOT 
far upstream!) 

300 k /• u = 300 km/s 

• n = 0.0007 cm^-3 

• Plasma + PUI thermal pressure P_g = 0.09 eV/cm^3 PUI thermal pressure 
dominates, of course. 

• Energetic particle pressure P_c = 0.1 eV/cm^3 

• Calculation performed from x = -0.37 AU (x is negative upstream) to x=0 (the p ( g p ) (
TS) using Voyager 2 speed to convert time into distance. 

These parameters yield These parameters yield subshocksubshock compression ratio s=2.4, compression ratio s=2.4, p yp y pp
consistent with observed velocity drop downstream. consistent with observed velocity drop downstream. 
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P i i l ltPrincipal results: 

• The velocity, the plasma 
density, and the energetic 
particle pressure are all a 
good fit to observationsgood fit to observations 

• Solar wind slows down 
from 347 km/s to 300 km/sfrom 347 km/s to 300 km/s 
over a distance of 0.35 
AU. 

•Classical modified shock 
behavior!behavior! 
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Conclusions: 

1. Solar wind slowdown from ~40 days (0.37 AU) upstream to 
the TS was likely caused by energetic particles between 1 y y g p
and 3.5 MeV. 

2 Partial pressure of energetic ions was enough to decelerate2. Partial pressure of energetic ions was enough to decelerate 
the flow by ~50 km/s 

3. What about the entire 0.7 AU precursor? Could ions with 
T>3.5 MeV be responsible? Possibly - need to look in CRS 
data. 

4. Could Voyager 1 have observed a mediated shock? 
Perhaps but the shock was moving inward rapidly andPerhaps - but the shock was moving inward rapidly and 
steadily, so would appear 6-7 times shorter in time. Could 
have been masked by transients. 



CSPAR-UAH THE INTERACTION OF
PICKUP IONS AT THEPICKUP IONS AT THE
TERMINATION SHOCK: 

IMPLICATIONS FOR
ENERGETIC NEUTRALENERGETIC NEUTRAL

ATOMS8/30/07 – 83.7 AU

G.P. Zank
Center for Space and Aeronomic Science (CSPAR)

and Department of Physics
University of Alabama, Huntsville

Jacob Heerikhusien, Ross Burrows, Mitsuo Oka, Nick Pogorelov
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Three crossings of 
the termination 

shock
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Voyager 2 observations of TS

TS-3 is a supercritical quasi-TS-3 is a supercritical quasi-
perpendicular shock. The magnetic field 
strength profile shows the classical features of a 
supercritical quasi-perpendicular shock: a 

Burlaga et al. 2008

“foot”, “ramp”, “overshoot”, “undershoot”, 
and smaller oscillations. (Right) The internal 
structure of the ramp of TS-3. Note highly 
oscillatory structure in the foot and ramp.
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The temperatures observed by V2 in 

Richardson et al., 2008

e te pe atu es obse ved by V   
the solar wind and heliosheath. The 
points show high-time-resolution 
data and the lines show daily 
averages.

Histograms of the temperature 
distributions in the solar wind 
and the heliosheath  The black and the heliosheath. The black 
shows the solar wind distribution, 
the red shows the heliosheath 
distribution  and the blue shows distribution, and the blue shows 
the distribution of the solar wind 
temperature multiplied by 13, 
the ratio between the upstream p
solar wind and downstream 
heliosheath temperatures.
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Most of the solar wind flow energy 
does not go into the solar wind 
plasma.

Top: Daily-averaged energy/proton (flow Top: Daily-averaged energy/proton (flow 
energy plus thermal energy) near the TS with 
the magnitude of B superposed. 

B tt : The fast mode Mach number Bottom: The fast mode Mach number 
near the TS. The dashed line shows a Mach 
number of 1. The Mach number (M) of the 
thermal plasma, is about nine before the 
shock and two after the shock. 
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Vpa

r

R. Burrows thesis, 2008R. Burrows thesis, 2008
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PePercentag
rcentagge PU

Is 
ge PU

Is reflecte
reflecteeded

Number of reflectionsNumber of reflections

Approximately 14% to 16% of incoming PUIs experience at least one 
reflection at the TS – this example was run using the Voyager 2 TS3 
observed magnetic field profile (courtesy of L Burlaga)observed magnetic field profile (courtesy of L. Burlaga)

Corresponds to between 3 to 5% of total incoming ions
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Construct theoretical model

Incorporate basic physics and identify primary 
processes responsible for shock dissipation
Understand shock structure and scalings
•• Assume 3Assume 3--fluid model of electrons, solar wind protons, fluid model of electrons, solar wind protons, 
and pickup ions (PUIs)and pickup ions (PUIs)
•• Assume isotropic electron and SW pressure and that PUIs Assume isotropic electron and SW pressure and that PUIs 
coco--move with SW flowmove with SW flowcoco move with SW flowmove with SW flow
•• Reflected PUIs make PUIs anisotropic in vicinity of shock Reflected PUIs make PUIs anisotropic in vicinity of shock 

∂⎛ ⎞U ( )PUIs
PUI s s PUI PUI smn P en

t
∂⎛ ⎞+ ∇ = −∇ −∇ Π + + ×⎜ ⎟∂⎝ ⎠

U U U E U Bi i



CSPAR-UAH Scalar Pressure PPUI

1.1. Need to consider both reflected ion and transmitted PUI Need to consider both reflected ion and transmitted PUI 
contribution: contribution: PPPUIPUI = = PPPP

transtrans + + PPpp
refref. . 

2.2. Assume filled shell distribution incident on highly Assume filled shell distribution incident on highly 
perpendicular TS i.e., Vperpendicular TS i.e., V--SiscoeSiscoe distribution.distribution.

3

21e mvφ ≥33 Particles whose normal component Particles whose normal component vv satisfies               will satisfies               will 

( ) 3/ 2
3/ 2

3
2

4
p

p

n
f c c

Uπ
−=

2 xe mvφ ≥3.3. Particles whose normal component Particles whose normal component vvxx satisfies               will satisfies               will 
be reflected at shock by crossbe reflected at shock by cross--shock potential.shock potential.

44 Reflected PUIs trapped in front of shock until particle Lorentz Reflected PUIs trapped in front of shock until particle Lorentz 4.4. Reflected PUIs trapped in front of shock until particle Lorentz Reflected PUIs trapped in front of shock until particle Lorentz 
force exceeds force exerted by cross shock electrostatic force exceeds force exerted by cross shock electrostatic 
potential potential –– gives estimate of gives estimate of vvyy

5.5. Can use moments of filled shell distribution to estimate Can use moments of filled shell distribution to estimate PPPUIPUI



CSPAR-UAH Application of theory: partition  
of heliosheath energy

Voyager 2 observes SW ions and not PUIs
Upstream T_SW,1 = 2 X 104 K

2 105Downstream T_SW,2 ~ 2 X 105 K

Inclusion of PUIs high beta plasma ~ 4Inclusion of PUIs high beta plasma  4

Perpendicular shock 

Assume filled shell distribution for PUIs

Can use theoretical model above to estimate NPUI of 
reflected and transmitted PUIs, upstream temperature 
f PUI d d t t t f t itt dof PUIs, and downstream temperatures of transmitted 

SW ions, transmitted and reflected PUIs. 
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Application of theory: partition  of 
heliosheath energy – contheliosheath energy cont.

Use V2 TS3 data (U1 ~ 300km/s, U2 ~ 80km/s, N1 ~ 0.001 
cm-3 TSW 1 = 2 X 104 K TPUI 1 = 3 6 X 106 K r ~ 2 5 or lesscm 3, TSW,1  2 X 10 K, TPUI,1  3.6 X 10 K, r  2.5 or less, 
Bz1 = 0.05nT, TSW,2 = 4 X 105 K

C t T 1 56 X 106 KCompute TPUI,1 = 1.56 X 106 K

Compute TSW 2 ~ (2.5)2 X 20,000K = 180,000K (observed!)Compute TSW,2  (2.5) X 20,000K  180,000K (observed!)

Problem: Where is the heated plasma?
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Application of theory: partition  of 
heliosheath energy- contheliosheath energy- cont

Need to estimate temperatures of transmitted PUI population and reflected 
PUI l iPUI population

For transmitted ions: For 20% PUI population wrt NSW, model 
t itt d T 9 X 106Ktransmitted TPUI,2(trans) ~ 9 X 106K

Reflected ions: trapped at shock front by balance of Lorentz force evyBz
and cross shock potential gradientand cross-shock potential gradient

Lramp = 1.5min X Vsh ~ 7000 km
Lfoot = 23 min X Vsh ~ 110,000 km (Burlaga et al., 2008)Lfoot  23 min X Vsh  110,000 km  (Burlaga et al., 2008)

Reflected PUIs TPUI,2(ref) ~ 7.7 X 107K
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106106

b

T 105T 105

Distance
100 200 300 400

104

Distance
100 200 300 400

104

•• TT22 = 0.8 T= 0.8 TSW,2SW,2 + N+ NPUI,2(trans) PUI,2(trans) TTPUI,2(trans) PUI,2(trans) + N+ NPUI,2(ref) PUI,2(ref) TTPUI,2(ref) PUI,2(ref) = 3.4 X 10= 3.4 X 106 6 K K 
PogorelovPogorelov et al., 2008et al., 2008

(consistent with global self(consistent with global self--consistent MHD simulations)consistent MHD simulations)

REFLECTED AND TRANSMITTED PUIs PROVIDE DOWNSTREAM REFLECTED AND TRANSMITTED PUIs PROVIDE DOWNSTREAM REFLECTED AND TRANSMITTED PUIs PROVIDE DOWNSTREAM REFLECTED AND TRANSMITTED PUIs PROVIDE DOWNSTREAM 
HEATING AND REFLECTED PUIs RESPONSIBLE FOR DISSIPATION AT HEATING AND REFLECTED PUIs RESPONSIBLE FOR DISSIPATION AT 

HTS.HTS.
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Can we test shock structure Can we test shock structure 
and properties using ENA 

observations?observations?

Can use model predictions for downstream density and Can use model predictions for downstream density and •• Can use model predictions for downstream density and Can use model predictions for downstream density and 
temperature of solar wind ions, transmitted PUIs, and reflected temperature of solar wind ions, transmitted PUIs, and reflected 
PUIs to construct the inner heliosheath ions distribution function.PUIs to construct the inner heliosheath ions distribution function.

•• The constructed ion distribution function can then be used as The constructed ion distribution function can then be used as 
the background plasma distribution from which ENAs are created the background plasma distribution from which ENAs are created the background plasma distribution from which ENAs are created the background plasma distribution from which ENAs are created 
provided the temperature distribution is constrained by selfprovided the temperature distribution is constrained by self--
consistent global MHD simulations.consistent global MHD simulations.
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Downstream ion distribution
BlueBlue: kappa =1.63: kappa =1.63
Black: Transmitted Black: Transmitted 
SW ions, transmitted SW ions, transmitted 
PUIs, reflected PUIsPUIs, reflected PUIs
RedRed: total : total RedRed: total : total 
MaxwellianMaxwellian



CSPAR-UAH SUMMARYSUMMARY
Reflected PUIs represent the primary dissipation mechanism Reflected PUIs represent the primary dissipation mechanism 
at the quasiat the quasi--perpendicular termination shock, dominating perpendicular termination shock, dominating 
both the scalar pressure and the stress tensor. Solar wind both the scalar pressure and the stress tensor. Solar wind 

ions are largely irrelevant to TS dissipation  ions are largely irrelevant to TS dissipation  ions are largely irrelevant to TS dissipation. ions are largely irrelevant to TS dissipation. 

•• Derived the fully nonlinear model equations, including Derived the fully nonlinear model equations, including 
dissipation terms  for a 3dissipation terms  for a 3 fl id description of the TS  fl id description of the TS  dissipation terms, for a 3dissipation terms, for a 3--fluid description of the TS. fluid description of the TS. 
Exploited the geometric form of the PUI distribution in the Exploited the geometric form of the PUI distribution in the 
derivation.derivation.

•• Model provides explanation for why a kappa distribution Model provides explanation for why a kappa distribution 
should be an adequate representation of the heliosheath should be an adequate representation of the heliosheath should be an adequate representation of the heliosheath should be an adequate representation of the heliosheath 
plasma.plasma.

Predicted Predicted skymapsskymaps can be tested against ENA observations can be tested against ENA observations •• Predicted Predicted skymapsskymaps can be tested against ENA observations can be tested against ENA observations 
and are consistent with kappaand are consistent with kappa--based based skymapsskymaps..


