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Abstract. In the years 2004 and 2007, the instruments on-et al, 2008, observations are available that support the view
board the Voyager 1 and 2 spacecraft delivered unprecethat stochastic acceleration is an important mechanism ener-
dented data on the structure of the solar wind terminationgizing the ACRs. In fact, the solar wind termination shock as
shock. This shock has been assumed to be responsible fabserved by Voyager 1 and 2 is typically too weak to accel-
the acceleration of the anomalous component of cosmic raysrate the ACRs.
from a pick-up ion seed population derived from the inter- In this article, we discuss the physics of the heliospheric
stellar neutral gas penetrating the heliosphere. In expectanterface region in the context of recent observational data. In
tion of the Voyager observations near the termination shockSect.2, we show that models on the processes of shock ref-
and in the heliosheath region, detailed models have been dermation Gcholer et al.2003 and shock mediation{ex-
veloped on the acceleration mechanism for the anomalouashov et al.2004 have well predicted the observed structure
cosmic rays and on the structure of the termination shockof the termination shock region. Recentighr and Chalov
Here, an overview on the models on injection mechanismg2008 have explained the observed supercritical termina-
into first-order Fermi acceleration, stochastic acceleration intion shock transition by a straightforward analytical two-fluid
the supersonic and subsonic solar wind, shock mediatiommodel.
by suprathermal ions, and on shock reformation by ions re- However, observed spectra of ACRs and termination
flected at the shock is given. Comparing the results of thesghock energetic particles (TSPs) are inconsistent with the
models to the Voyager observations, we try to synthesize agssumption that first-order Fermi acceleration is the only
updated picture on the acceleration process of the anomaloysrocess energizing these particles (S8jt. In Sect.4, we
cosmic rays. give an integrated picture on the evolution of turbulence and
suprathermal ion populations with heliocentric distance. The
predicted flux and spectra of ACRs resulting from stochastic
1 Introduction acceleratiqn in the ppstream solarwind ang in the heliosheath
as the main energizing process are consistent with observa-
The anomalous component of cosmic rays (ACRs) originatdions by the Voyager 1 and 2 spacecraft and with observations
in the neutral gas of the local interstellar mediufisk etal, ~ Of energetic neutral atoms (ENAs) near Earth's orbit by sev-
1974. This gas penetrates the heliosphere, is ionized by sofral instruments.
lar radiation or by charge exchange with the solar wind. The
resulting ions are then stochastically accelerated in the up-
stream solar wind and convected outward to the heliosheati? Structure of the termination shock region
It has long been assumed that the ACRs are mainly acceler-
ated at the solar wind termination shock. After the passagdvlost information on the bulk plasma properties in the he-
of the Voyager 1 and 2 spacecraft through the terminationiospheric interface region has been gained when the Voy-

shock Burlaga et al.2008 Decker et al.2008 Richardson  ager 2 spacecraft has passed the solar wind termination shock
in 2007. At this location the termination shock is a quasi-

perpendicular supercritical shock that undergoes reformation
Correspondence taR. Kallenbach (Burlaga et al.2008 Decker et al.2008 Richardson et al.
BY (kallenbach@mps.mpg.de) 2008. The downstream thermal protons are still supersonic
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Fig. 1. (left panel) Snapshot of the structure of the solar wind termination shock observed by the Voyager 2 magne®unkstga (et

al., 2008. The shock foot has been passed in 23 min, while the shock ramp has been passed in 1.5 min by the Voyager 2 spacecraft which
cruises at 15.5 km/gright panel) Shock foot and overshoot correspond to expectations from basic space plasma Bawicphann and
Treumann1996

because the dissipated energy is mainly transferred into th8.2 Magnetic micro-structure

suprathermal ion population. The magnetic micro-structure

of the termination shock is characterized by a pronounced

shock foot and an overshoot, while on larger scales a strondf has also been pointed out e et al.(2009 that pick-
shock precursor has been identified. up ions dominate the dissipation process of upstream bulk
energy in the supercritical termination shock rather than
Joule heating of electrons. In addition to the heating of
pick-up ions by the conservation of their magnetic moment,
the reflection process at the electric potential of the quasi-
A supercritical termination shock transition has already beerperpendicular termination shock contributes to the heating
discussed by ee (1998. It also has been treated in full- of pick-up ions. Figurel shows the shock foot due to re-
particle numerical simulations t§choler et al(2003 which flected pick-up ions causing a drift current dengigyand

are based on more general shock structure simulations bthe overshoot due to the shock currgitin Voyager 2 data
Lembege and Savoir(iL992). Supercriticality follows froma  (left panel) and, for illustration, in a sketch (right panel)
much stronger pick-up ion heating rather than solar wind pro-taken fromBaumjohann and Treumar{h996. The amount

ton heating at the shock. In the two-fluid modelRathr and  of magnetic field change in the shock foot is a significant
Chalov (2008, the total pressure balance at the terminationfraction of the magnetic field change across the central steep
shock transition includes the dynamic solar wind pressureshock ramp. This suggests that a significant fraction of up-
the thermal pressure of the bulk solar wind protons, and thestream ions are reflected at the cross-shock electric field. Pro-
pressure of the pick-up ions caused by their highly suprathertons with the velocity of the bulk solar wind, however, have
mal velocity distribution Yasyliunas and Sisco&976. The  a low probability to be reflected at the cross-shock poten-
magnetic momenpzmvi/ (2B) (m: ion mass,B: ambi-  tial (e.g.Lee et al, 1996 Kallenbach et a).20053, while a

ent magnetic field strength, : ion velocity perpendicularto  much larger fraction of pick-up protons of interstellar origin
the ambient magnetic field) of suprathermal pick-up ions isare reflected at a quasi-perpendicular shock. These pick-up
much higher than for thermal protons. If this magnetic mo-ions have a shell-like velocity distributiorVgsyliunas and
ment is conserved when passing the magnetic field increasBiscoe 1976, where the shell is centered at the solar wind
at the shock, the pick-up ions are heated much stronger thabulk velocity and has a radius of approximately solar wind
the solar wind protons. Consequently, the bulk solar windbulk speed. Therefore, a large fraction of pick-up ions has
protons remain rather cool in the downstream heliosheatta small relative speed with respect to the termination shock
plasma and, in fact, their flow can remain supersonic. Up-and is likely to be reflected because the cross-shock potential
stream and downstream Mach numbers at the terminatiompproximately corresponds to the kinetic energy per charge
shock transition can well be reconciled with Voyager 2 dataof the bulk solar wind protons. The shock foot (Fig.has

if it is assumed that the pitch-angle scattering of the pick-a size of about 20 000 km which is somewhat smaller than
up ions is strong in the downstream heliosheath plasma buthe gyro-radius of protons traveling with about 300 km/s in a
weak in the upstream supersonic solar wind plasma. magnetic field of about 0.05nT i.e. 60 000 km — as expected.

2.1 Supercritical subshock transition
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Fig. 2. (upper panel)Magnetic field data of Voyager 2 give evidence for the process of reformation of the termination Booelgé et

al., 2008 on a time scale similar to the inverse proton gyro-frequency of order 1000s. Minimum shock ramp scale sizes are in the range
of one to few 1000 km.(lower panel) Simulation results byScholer et al(2003 predicting the reformation of the termination shock

due to pick-up ion pile-up upstream of the shock. Present computer resources still prohibit a completely realistic simulation with a correct
ion-to-electron mass ratie;j/me and at the same time an appropriate rafio= wpe/ ce of the electron plasma frequency to the electron
cyclotron frequency in the termination shock region. The shock normal angle has been choserfto be 87

2.3 Shock reformation The changing ramp scale size of the reforming quasi-
perpendicular termination shock presumably reduces the in-
Burlaga et al(2008 have found that the termination shock jection efficiency of pick-up ions into first-order Fermi ac-
undergoes reformation on a time scale roughly correspondeeleration. Injection thresholds at the termination shock may
ing to the inverse proton gyro-frequency (FR. This phe-  range up to a few hundred keV/amu (compare Bigelow).
nomenon has been predicted, and numerically simulated bguch high injection thresholds could be surpassed by coher-
Scholer et al(2003 as well as analyzed analytically bat- ent shock surfingSagdeey1966 Lee et al, 1996 Zank
sukiyo and Scholg2003. The process of shock reformation et al, 19963 le Roux et al. 2000, if the termination shock
has consequences for the steepness and the steadiness of tamp were a steady damped solitary magnetosonic wave with
main shock ramp. While minimum shock ramp scale sizesa ramp scale size of about one electron inertial lengit-(
are predicted to be as small as a few electron inertial lengthsnan and Krall 1971). As this is not the case, the efficiency
this steep ramp can only be maintained over short periods off injecting ions by the the process of acceleration during
time. Possible scale sizes for the termination shock ramp arenultiple reflection at the potential of the termination shock
the ion (proton) inertial length, which is of order 10000 km, may be limited even at locations where the shock is rather
the electron inertial length, which is of order 300 km, or the quasi-perpendicular.
proton gyro-radius, which is of order 60000 km. The data
of Fig. 2 generally support the simulations Bgholer etal. 2.4 Shock mediation
(2003 which predict that the ramp scale size is somewhere
between the electron and proton inertial range, and that parit larger spatial scales, suprathermal ions also play a major
of the potential drop occurs at times across the foot, and pantole in determining the structure of the termination shock.
of the potential ¢ 40%) occurs over a few~{4L¢) electron  Voyager 2 observations indicate that shock mediation occurs
inertial lengths in the steepened-up ramp. The exact rampglue to the pressure of suprathermal ions i.e. the ACRs and the
scale size is hard to determine from a single spacecraft meaermination shock energetic particles (TSPs). This pressure
surement because the relative speed of the termination shoatan only be transferred to the upstream bulk plasma over a
with respect to the Voyager 2 spacecraft is not known. scale corresponding to the approximate mean free path of the

www.astrophys-space-sci-trans.net/5/49/2009/ Astrophys. Space Sci. Trans6®,2089



52 R. Kallenbach et al.: ACR acceleration revisited

400 i i SRR B roms a
300 '
0 B 250 ‘\l 2
§ 200 L a
> 8 3,'
100 g 3
100
0 s0
200 300 20 95 100 1086 110
day of year 2007 Distance (AU)

Fig. 3. (left panel) Voyager 2 data on the solar wind bulk speed in the termination shock regiohardson et al2008. (right panel)
Theoretical predictions bilexashov et al(2004 for different mean free paths in the heliosheath, where solution 2 reproduces the observed
slow-down. This solution assumeg ~ 0.5 AU as energy-averaged mean free path in the heliosheath. Solutions 1 and 3 refer to mean

free paths of 0.05AU and 5 AU respectively, but clearly do not reproduce data. Solution 4 represents the solution assuming absence of
suprathermal particles.

ACRs and TSPs. The observed shock precursor scale size mocess of transfer of energy from the pick-up ion population
about 0.7 AU (Fig3, left panel). At shock-normal angles of to turbulent waves in the solar wind which in turn dissipate
about 80, this corresponds to energy-averaged parallel mearheir energy into the bulk solar wind protons. The relative
free paths ofi ~4 AU in the upstream solar wind plasma. importance of first-order and second-order Fermi accelera-
As will be shown in more detail in Sect.1, this mean free tion all over the heliosphere still remains to be evaluated in
path is consistent with models on the evolution of turbulentmore detail from data to be compared to theoretical models.
power with heliocentric distancé&éllenbach et a).2006 Continuous stochastic acceleration in the inner heliosheath
Zank et al, 2006. by compressional fluctuation8ykov and Toptygin 1981)

The amount of slow-down of the upstream solar wind is should reduce the decrease of ACR pressure as a function
consistent with simulations bflexashov et al(2004. In of heliocentric distance or could even lead to an increase of
their solution 2 (Fig3, right panel) they assumg =~ 0.5 AU ACR pressure towards the heliopause. Therefore, ACR pres-
as energy-averaged mean free path in the heliosheath. Meaure profiles in the heliosheath may indicate whether first-
free paths of less than 1 AU are also roughly consistentorder Fermi acceleration at the termination shock is the main
with the spatial gradients of suprathermal ions in the he-process that energizes the ACRs or whether second-order
liosheath Gtone et al. 2005 Kallenbach et a).2008. Fermi (stochastic) acceleration is the most important process.
Such short mean free paths are sufficient to confine shock-
accelerated iOﬂS in the heliosheath with a pressure that |§1 |njecti0n and acce|eration efﬁciencies at the
comparable to the ambient pressure of the Local Interstellar termination shock
Medium (Fig.4).

It is clear that the solar wind termination shock can only

3 Isthe source of the anomalous cosmic rays at the solar be the source of the ACRs if it is an efficient ion acceler-
wind termination shock? ator. There are simple arguments against this hypothesis.

First of all, the reforming termination shock is in average
Although the simulations byllexashov et al(2004 pre- & very weak shock with compression ratios ranging between
dict the correct order of magnitude of the slow-down of the 1.5 and 2.5. However, the TSP spectra at the location where
upstream solar wind, they do not give a clear handle to deMoyager 2 passed the termination shock are rather hard and
cide whether first-order Fermi acceleration at the terminationvould require a shock compression ratio of aboub@cker
shock is sufficient to energize the ACRs. Receritigllen- €t al, 2008. The observed spectral index is -1.25 which
bach et al(2006; Moraal et al(2006; Zhang(2006; Fer- is close but not identical to the spectral index of -1.5 ob-
reira et al.(2007) performed model calculations solving the served for most of the ubiquitous suprathermal taoeck-
Parker equation in various degree of complexity includingler, 2003 presumably created by stochastic acceleration in
momentum diffusion. All of them showed that ACR obser- compressional fluctuations. The observations of Voyager 1
vations at the shock could be explained by adding stochasti@lso support the hypothesis that the termination shock is not
acceleration and heating of ACRs or that first-order Fermithe source of the ACRs.
acceleration is not required at aKgllenbach et a).2006. McComas and Schwadroi2006; Chalov and Fahr
Fahr (2002 has found analytical solutions to describe the (2000; Fahr et al(2008; Verscharen and Falf2008; Fahr

Astrophys. Space Sci. Trans., 5, 48-2009 www.astrophys-space-sci-trans.net/5/49/2009/



R. Kallenbach et al.: ACR acceleration revisited 53

| Downwind Kl// \‘ Upwind |k, :3.75><1()2”§15—nz > '
S L N
o HP 1 K> =3.75%10% S0 S ﬁ
I \ o
; L i_\ ! , - o _total compression
W osf ! \ ‘ 1 K3=3.75x10" %5~ g
z R g 2o Stone et al. (2005)
< . R % Sci. 309, 2017
E 04T o ‘li TS TS i \‘;‘ E- 22l
i ! 3
0.2} i i V%
‘. 55 Vo _{Q <« 7»” ~0.5 AU . compression at the subshock
........ ?'\ ::KS ‘\\ e T
%300 200 100060 200 300 400 0 1
Distance (AU) Diffusion coefficient K

Fig. 4. (left panel) Pressure build-up of suprathermal ions in the heliosheath for different energy-averaged diffusion pargniggtérs.
panel) Reduction of the solar wind termination subshock compression ratio due to the mediation by suprathernfdéxashigv et al.
2009).

and Verscharerf2008 suggest alternative scenarios where
ACR injection does not pre-dominantly occur at locations of
quasi-perpendicular shock geometry such as those passed by s
Voyager 1 and 2 but at locations of quasi-parallel shock ge- =
ometry. Lowest shock normal angles may be found at high
heliolatitudes. However, at high heliolatitudes suprathermal
ion tails are rather weak during solar activity minimum so
that there are no strong seed populations for injection into
first-order Fermi acceleration. Injection and acceleration
may be more efficient in the flanks of the heliosphere where
the termination shock tends more and more to be an inclined L L
or even quasi-parallel shock. Unfortunately, observations are shock normal angle [degrees]
not available yet from such regiorScherer and Fal{2009 _ o o _ _
also discuss increased injection efficiencies at locations of'9: 3 Injection threshold into first-order Fermi acceleration of pro-
the termination shock where the sector boundaries of the het_ons as a function of the solar wind termination shock normal angle.
liospheric magnetic field influence the termination shock ge-
ometry. ] .
However, there are also arguments against these scenarié® the parallel mean free paty. Figure5 shows the in-
to apply. Standard models predict that the injection threshold€ction threshold for protons as a function of the shock nor-
into first-order Fermi acceleration is still rather large at any M@l anglew, based on the turbulence levels that are consis-
shock-normal angle down to 60 or 5(Fig. 5). According  tent with obsgrvazltlons (Figss and4) and on the assump-
to Giacalone and Jokipi{1999, the threshold for injection ~ iON« 1/ ~rg/Aj. Including the ‘meandering’ of magnetic
of suprathermal ions into the first-order Fermi accelerationfi€ld lines or other more refined mechanisms usually leads to
process at a shock with upstream solar wind spégith the a larger ratiac, /«j and, hence, lowers the injection thresh-

protons

100

injection threshold [k

shock frame is old at quasi—pgrpendicular shocks. .Futhermolre, it follgws
from the solution of an Ito-stochastic differential equation
2 2 ick-up i -
(K_A) Sin? w (1_ ,(_L> Sir2 U Co@ W system for the p!cl_< upion phase space trapspﬁna(ov and
vini=3Vy |1+ Ky Ky (1) Fahr, 2000 that injection at quasi-perpendicular shocks can
" [(KL/KH) Si? U + co2 \Ij]z ' be quite efficient. On the other handgerscharen and Fahr

(2008; Fahr and Verscharef2008 discuss refined scenar-
Here,« and« | are the spatial diffusion parameters parallel ios which predict increased injection efficiency at locations
and perpendicular to the magnetic field, andis the anti-  of quasi-parallel termination shock locations. Overall, the
symmetric component of the diffusion tensor. See Appendixinjection efficiency may not vary too much for different loca-
A of Kallenbach et al(2006 for a derivation of Eq. 1) tions of the heliospheric interface region because variations
and for the expressions far, and«a for the case in which  of the solar wind ram pressure and magnetic field structure
the gyroradiusg of the ion at speed is small compared cause ‘local’ variations in the shock normal angle anyway.
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Shock Uyp=1 of the supersonic bulk solar wind. In a very idealized
bulk bulk picture, the cross-shock potential is characterizeddyy 1,
which stops the bulk protons to zero speed. Of course, in
N u " reality us is less than unity because the downstream plasma
:\ : does not have exactly zero speed.

According toKallenbach et al(20053, the transmission
of ions of mass-per-charge ratio= A/Q of population (3)
through the shock (excluding the effect of the conservation

Fig. 6. Schematic showing the characteristics of the transmissiorf the magnetic moment) is

t > t >
0 1 Umin u 0 1 Umin u
US™ Umin ~ 1

of power-law suprathermal tails through a shock potential. Detailed w3 2
numerical simulations on the post-shock pick-up ion energy distri-T L a—1 us _Us @)
bution can be found i€halov and Fah¢2000). SR 2 VRitmin Ru? |’
This transmission function is illustrated in Fig. For large
3.2 What determines the composition of anomalous A/Q the transmitted phase space density is similar to a
cosmic rays? power law extending down to =us./Q/A with the same

spectral index as the upstream ion distribution, but with lower

A further argument against the scenario of ACRs being thephase space density than the upstream ions athighere-
result of first-order Fermi acceleration at the terminationfore, species with larget/Q have little chance to be in-
shock is the ACR composition i.e. the enrichment of heavyjected into first-order Fermi acceleration. The species with
masses $tone et al.2009. In fact, Stone et al(2005  low A/Q have a larger chance to gain energy at the shock
introduced the new term TSPs instead of the ACRs for theduring multiple reflections. The phase space density of the
suprathermal ions near the termination shock because th@ownstream ion distribution at highis larger than that of
TSPs have different composition than those typically ob-the upstream ions. These ions have a good chance to be in-
served in ACRs inside the heliosphere. Possibly, these aburjected into the first-order Fermi process at the termination
dances can be explained by the following scenario: (1) TSPshock. However, at small, suprathermal ions are “missing”,
are ions that are multiply reflected at the shock potenigal ( and in fact, a significant fraction of the ions with loty O

Roux et al, 2000 and injected into first-order Fermi accel- may actually be thermalized into the bulk plasma. Therefore,
eration, which has an injection threshold as shown in Big. suprathermal ions with lowt/Q have a large chance either
The TSPs do not undergo mass-per-charyed) fraction-  to undergo shock acceleration or to thermalize in the bulk,
ation because shock surfing, or acceleration of ions duringvhile suprathermal ions with largé/Q are mainly trans-
multiple reflections, respectively, is a process independent ofitted through the shock and subsequently undergo further
A/Q. (2) ACRs are suprathermal ions directly transmitted Stochastic acceleration in the heliosheath. If stochastic accel-
through the electric potential of the termination shock, buteration occurs by compressional fluctuations, no mof@

not returned to the shock for first-order Fermi acceleration.fractionation is expected in the heliosheath.

These ions undergo stochastic acceleration in the heliosheath

as discussed in more detail in Sedt. The transmission
through the termination shock potential prefers highQ
species in concordance with ACR abundances. (3) A frac-I
tion of the reflected ions are thermalized into the bulk plasm

4 Stochastic acceleration of anomalous cosmic rays

fthe ACRs are not accelerated by first-order Fermi accelera-
f the heliosheath. Lowt ) ‘ tiallv th %ion at the termination shock, one natural alternative scenario
of the heliosheath. Lowt/Q species are preferentially ther- ¢ qiqchagtic acceleration all over the heliosphere, in partic-

mallzed.hTh:/:cena}nq WObUId Tgt?h (_)I_bsssrvatlgnsb. Fog 'fn'ular in the inner heliosheath. This scenario requires turbu-
stance, the H/He ratio Is about 10 for TSPs and about 5 10§, -4 |evels which are sufficiently high so that stochastic ac-

ACR,S (Szotone e-t a!.ZQOS. o o celeration is more effective than adiabatic cooling while the
This ‘transmission’ scenario is quite simple, but can be g nrathermal ions are convected in the solar wind.
explained in some more detail as follows: Three popula-

tions approach the termination shock from the upstream so4.1  Evolution of turbulence with heliocentric distance

lar wind: (1) the bulk solar wind ions idealized as a pencil

beam fpyk <8 (u — 1, w — 1) (u: cosine of the pitch angle), Already before the Voyager 2 observatiordank et al.

(2) the freshly ionized pick-up ions in a shell distribution (2006 andKallenbach et al(2006 have modeled the evo-

g (u) x8 (u—1), and (3) the suprathermal tailgTocu™¢ lution of the mean free path of energetic particles over helio-
for u > umin. The suprathermal tails at the termination shock centric distance which requires modeling of solar wind tur-
presumably reach down to almaghin ~ 1 (u = v/ Vyp with bulence over heliocentric distance. The authors have con-
Vup the upstream solar wind speed) because the speeds of tlhentrated on the slow solar wind where the main sources of
waves causing these tails are much smaller than the speembmpressional turbulence are the stream-stream interaction,

Astrophys. Space Sci. Trans., 5, 48-2009 www.astrophys-space-sci-trans.net/5/49/2009/
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the decay of merged interaction regions, and the termina-
tion shock itself. Non-compressional (A#wic) turbulence

is driven upstream of the termination shock by the ACRs and
TSPs themselves through their anisotropies.

Figure7 shows the results of model calculations for which
details of the mathematical concept are describedank

o
o
o

0.010F

mean free path [AU]

)\||= 302 = 250fkey
et al. (19960 and inKallenbach et al(200§. The same i 51, P(k. ) [
mixing ratio between kinetic and magnetic fluctuations as in 0.001 e DTl

the work byZank et al.(19961 has been used. ot

upstream distance from shock [Au]
The modeled source strengths have the same scaling as

in Zank et al.(1996h and have been adapted to match ob-
servations of turbulence levels in the solar wind at 1 AU. In
the upstream region of the main shock driven by the Bastille
Day coronal mass ejectioBamert et al.2004 2008, par-
allel mean free paths, acceleration time scales, &ftatio,
turbulence levels, cascading time scales, and energetic pro-
ton flux are consistent with theoretical predictions, in par-
ticular with the quasi-linear theory (QLT) blee (1983
for the energy range of protons above 60 keV. In this QLT,
the protons accelerated at an interplanetary shock amplify
self-consistently the upstream A#a waves. Analogously, 1 0
anisotropic suprathermal ion flux upstream of the termina- Mndiormntyis distance JAM]

tion shock should amplify Alfénic turbulence. This am- . )
Fig. 7. (upper panel)Experimentally determined mean free paths

plification could well make a major contribution to the re- _ .
duction of the parallel mean free path in the heliosheath toupstream of the strongest interplanetary shock of the Bastille Day

L event Bamert et al.2004). (lower panel) Evolution of the parallel
about.O.SIAU as observed (Se2td) and as |n(j|cated b¥ red mean free path of protons with heliocentric distance in the ecliptic
COIOf 'r.] Fig.7. The modelgd factor of 40 of mcre@se in the plane. The values match estimates of the parallel mean free path in
Alfvénic turbulence level is based on observationally sup-the upstream region of the termination shozid.
ported models on the transmission of Adfvwaves through

shocks McKenzie and Westphal 969 Vainio and Schlick-

eiser 1999 Kallenbach et aJ.2005h, which predict a fac-  anq the mixing ratio between kinetic and magnetic fluctua-
tor of 4 increase in wave power spectral density at a quasitions. The heliosheath turbulence has a strong compressional
perpendicular shock, and on an estimate of the@&ifwave  componentBurlaga et al.2009 probably created by the ter-
amplification factor kee, 1983 Bamert et al.2004 due to  mination shock itself. This compressional component in fact

anisotropic suprathermal ion flux observed upstream of thgs yery important for stochastic acceleration of suprathermal
termination shockecker et al.200§. However, turbu-  jonsie. the ACRs in the heliosheath.

lence generation by shock-generated wave-unstable condi-
tions has to be considered as wéthpr and Siewer2007,
2009.

Unfortunately, there is no published power spectral den-

sity P (k) of magnetic field fluctuations in the heliosheath he hypothesis that ACRs are accelerated stochastically all
which would give us a direct comparison to theory on the o way through the heliosphere would be supported by the
parallel mean free path of protons, = 3v?/ [Bnﬂ,%P(k)], scaling of suprathermal ion flux with heliocentric distance
wherev is the proton speed, the wave number, an@, the ~ and with energy (Fig8). This scaling is consistent with
angular gyro-frequency of protons in the heliosheath. How-the evolution of compressional turbulence in the solar wind
ever, the data byurlaga et al(2009 would support the  (Sect.4.1). Details of the model are describeddallenbach
increase by a factor of approximately 40. The standard de&t al.(20053; Kallenbach et al(2006. Here, we only give
viation of magnetic field fluctuations over a fixed time in- a brief overview.

terval increases by a factor 3 to 4 in the heliosheath com- We solve the Parker equation written in the form

pared to the upstream solar wind, and the convection speed

Protons

=y
o

stream-stream driven
turbulence

parallel mean free path [AU]

T
100

4.2 Evolution of suprathermal ion flux with heliocentric
distance

of the plasma that is crossed by Voyager 2 in the heliosheati.f _ - vof

is roughly a factor 10 smaller than that of the upstream solarjt TV +Vo) - V=V -GV + 30v vV

wind. Uncertainty remains about the exact level of AlfNc 10/, of

turbulence i.e. the Alfén ratio in the heliosheath turbulence +ﬁ£ v D””% +0-5 (@)
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Fig. 8. The flux of suprathermal ions in average very roughly scales inversely with heliocentric distance as denoted by the yellow line (un-
calibrated data of the Low Energy Charged Particle instrument from the project homepage at Caltech). A spectral index of the phase space
density of 5.4 seems to be fairly typical.

The velocityV is the convection velocity of the bulk plasma where the approximation fore applies as long as
in some reference frame such as the spacecraft frame, th&@8/ (2+ 9D2) < 3+ 2/ (3D2).

tensork describes the spatial diffusion, the parame®®r  The pre-factorfy and the parametes depends on the
the diffusion of a nearly isotropic charged particle distri- soyrce distribution of freshly ionized interstellar atoms
bution in velocity space, an@ and S are source and sink o, (r, v). This source scales as2 outside the ionization
terms such as the creation of ions in the plasma by ionizazayity around the Sun extending out to about 7.5 AU. For
tion of neutrals or the reverse process, respectively. The termhterstellar helium atoms, the2 scaling is valid further in-
(V-V) v, f/3 describes the adiabatic deceleration (acceleryards, in particular in the upwind direction of the interstellar
ation) in an expanding (converging) plasma flow. The Ve-medium, i.e.0(u, p) = p~2q(u) for p > 1. The inhomoge-
locity Vp describes the drift of the suprathermal particles neoys solutionfinnom then scales as~i.e. = 1.

such as magnetic-field gradient or curvature drift. We ne-
glect spatial diffusion and drift in the following. We assume . .
spherical symmetry and constant solar wind speed, and w e derived from the observed spectral index of suprathermal

consider momentum diffusion in compressional turbulence ails. They are n th? range~S...6 (Eloeckler 2003, For
regions which are larger than the mean free path for pitch2 momfmlém d.'ﬁufloz p?_rﬁmetaz ~0.2 iag(;ﬂ =1) the
angle scatteringiykov and Toptygin1983 and neglectmo-  oFEELE TR Bl rbulonce levels (Set). Nofe
mentum diffusion in Alfenic turbulence. For the momentum :

diffusion parameter in compressional fluctuations we assum E:t"tgﬁt S\F/)vi(z:lals'lgSr?zsiiinggéeﬁsrzgﬁIi)retcr;?:ei. trTQIZ(;;i-
that it scales a®,, « r~1v2 which is roughly consistent with ’

the scaling used in Seat.1 Any scaling law ofD,, close nant term in the transport equation, iz > 1. In that case,

to »—1 may be approximated over some range of heliocentricthe quasi-linear description breaks down and one gets a cas-

. _ : . _ cade in speed represented by a phase space density scaling as
distance by-—1. Observations point toward8,, ocr~%7v? acs (Fiskpand Glgeckler2008y P P y 9
(Chaloy, 2006, but the cas®,, « r~1v?2 can be solved ana- : _ . _
lytically because all terms in the Parker equatipresume ~ Note, however, that power-law pick-up ion tails extend-
the same power in. This leads to an ordinary differential ing to high energies may cause a very high suprathermal-ion

equation inv. The Parker equation is rewritten in speed units Pressure in the termination shock regioRahr (2007) has
u=v/Vswand radiug =r/1 AU. In these normalized units Shown that this pressure could lead to effective Mach num-

Trusting the simplified model, typical values &f, can

the momentum diffusion parameter has the fabap 112,
whereD; is dimensionless.
We obtain a homogeneous solutigym from

of 12udf D1 9 [ 40f
_L Ze - T AL
ap ou

o u?du
Shom(u, p) = fOP_ﬂu_a
2
with g = éa—a(a—3)D2

2 38
3D, 249Dy’

=0
p 3 du ] =

or a~3+

(4)
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bers below unity at the termination shock. Naturally, thé
power law breaks down at some maximum spagg given,

for instance, by the equality of the scattering mean free path
and the outer scale of the compressional turbulence. The
phase space densities used in the modelsdiienbach et al.
(20053; Kallenbach et al(2006 imply a suprathermal-ion
pressure which is small compared to the dynamic pressure
of the bulk solar wind upstream of the termination shock. A
typical phase space density is characterized by the parameter
fo~50m=%in Eq. @) (see also caption of Fidl0). In

fact, the parametefy not only depends on the strength of
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the shell-like source distribution of freshly ionized interstel- 100g T T T T T T T T T
lar atomsQpy (r, v) (Vasyliunas and Sisco&976), but also = 105 3
depends on how fast pick-up ions are injected from this shell — _ E
distribution into the power-law distributions. This is another 3% 4L e 4
type of ‘injection problem’. ED ; - S B 3
o 0.1 [T HSTOF Ty =
4.3 Acceleration time scales in the heliosheath }.C:Nx HENA \\‘
@ § 001 N
The hypothesis that ACRs are accelerated stochastically in © - - apex direction: N
. . . < 0.001¢ : E
the heliosheath is also supported by an estimate of the accel- z = slow solar wind 3 % 3
eration time scales. Stochastic acceleration in compressional ™ 00001 |- fed to heflesheath | N
fluctuations has a shorter time scale than first-order Fermi o1 1 T o oo
acceleration down to ion energies below 100 keV/amu. This hydrogen atom energy [keV]
again is based on the previously mentioned turbulence mod- WOp— Ty pe oy & T reo - T
els (Sect4.1) which are supported by observations. 2 108 apex direction: 7
For mathematical details of the comparison of the ac- —. X fast solar wind 3
celeration time scales for first-order Fermi acceleration at x% 1f fed to heliosheath
the termination shock with stochastic acceleration (second- = ;’ F 3
order Fermi) in the heliosheath we refer Kallenbach et g_&’ 015 ST —_ E
al. (20053; Kallenbach et al(200§ and references therein. 2% o4 - U ]
The time scale for first-order Fermi acceleration is: 2 EFHSTOF S \5 3
3 " (vArup | vAras) dv < 00Tl HENA ) e % 1
face = Yo —, / <3V 3y, >_ = Y 0.0001f NS i SN
up ds Jug up ds / vV . B vl el e B N 3
£ \2/3 AN\L3 0.1 1 10 100
TaccFl | = déivccv ~ <m> col W (E) yr, (5) hydrogen atom energy [keV]

For this rough estimate, turbulence levels are assumed thﬁig' 9. Predicted spectra of suprathermal protons through stochas-
’ ¢ acceleration by Alfenic turbulence in the heliosheath as observ-

are consistent with observed mean free paths of order 0.5A ble in energetic neutral atoms (ENASs) at 1 AU and comparison to

for protons with 1 MeV energy (Se@.4). data of the CELIAS/HSTOF sensor onboard the SOHO spacecraft
Compared to this, the acceleration time scale for stochasang to upper limits derived by the HENA sensor onboard the IM-

tic acceleration in compressional fluctuations in the upstreannGE spacecraft. The red-marked curves are the predictions that
slow solar wind withD2~ 0.2 is about 4 years. This is de- correspond to Alfénic turbulence levels resulting from observed
rived with p ~ 100 from Eq. 4), which is written in units  anisotropic TSP flux.

of the solar wind convection time scale near Earth. If the

compressional fluctuations are stronger by a factor 40 in the . . . —
. . nto the ACR regime from a three-dimensional termination
heliosheath compared to the upstream solar wind, the accel-

eration time scale mav be about 0.1 vear at anv ener anahOCk surface where the shock-normal angle of the termi-
y Y y 9Y aNation shock is decisive for efficient injection. They find,

mass-per-charge ratio of the ions. This shows that in par;

: . . . . }hat during solar activity minimum, injection is most efficient
ticular at the high energies stochastic acceleration may wel - . : L

o ; ; hear the ecliptic plane. However, in their scenario injection
compete with first-order Fermi acceleration.

is much more efficient at the flanks of the heliosphere rather
than at the apex and anti-apex. However, observations sug-
gest increased ACR intensities near the apex and antiapex of

Note that only in the slow solar wind is the momentum diffu- the heliosphere during solar activity minimutdiichenbach
sion parameter as large Bs ~ 0.2, while the fast solar wind €t al, 1998. Data from the Interstellar Boundary Explorer
has mainly Alfénic fluctuations, and; is much smaller. If ~ mission McComas et al.2009 may resolve some of these
the main injection source for ACRs are pick-up ions which OP€n ISsues.

are stochastically pre-accelerated in the upstream solar wind, In support of the hypothesis of stochastic acceleration be-
then this source is generally stronger in the ecliptic plane during an important process, we would like to emphasize here
ing solar activity minimum. During solar activity maximum, that in the energy range between solar wind energies and a
slow streams are more evenly distributed all over the helio-few tens of keV/amu, even Alnic fluctuations in the he-
sphere. This source distribution of pick-up ions is in fact liosheath are sufficient for stochastic acceleration. Figure
not much different when compared to the alternative scenarichows the predicted flux spectra of energetic neutral hydro-
where first-order Fermi acceleration is the dominant ACR ac-gen atoms (EHAS) near Earth’s orbit resulting from stochas-
celeration processScherer and Fai2009 model injection  tic acceleration of suprathermal protons in Ahic turbu-

4.4 ACR injection source distributions
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o 102 4.5 Observed ACR and energetic neutral atom spectra

< E

§ 10 ] —— Until December 2004, only energetic neutral atom (ENA)
@ 100]Ht + H > H + H+| observations for H and He by CELIAS/HSTOF were avail-
= r \\ able to analyze suprathermal ion flux data in the heliosheath.
2 107 The flux of ENAs near Earth’s orbit created from the supra-
& 102 i / thermal ion tails anywhere in the heliosphere is modeled in
S . /k \\ detail byGruntman et al(2001), Kallenbach et al(20053,

g 10 andKallenbach et al(2006. Since the crossing of the termi-

Z,’ 104 / \ \ nation shock by Voyager Sfone et al.2005 in December

3 3 /|H+ + He —> H + He+ 2004, there are in-situ measurements of suprathermal ion dis-
& 10° T e A T tributions in the heliosheath plasma. Figd&demonstrates

P . . . |
L 10 it e that estimates of the suprathermal ion flux in the heliosheath

+
] H™ energy, eV from CELIAS/HSTOF data are roughly in agreement with
1 V1 (Docker 2009) the in-situ measurements.
3 v V1 (Stone2005) |- Some new data have been contributed by the Neutral Par-

NPD 2004.02.14 [

10%] Srkymeiamell ticle Detector (NPD) onboard Mars Express. At low en-
] NPDData | ergies k& 10keV), the phase space densities of hydrogen
E 4 HENA 3 atoms are definitely higher than the values derived from pre-

¥ HSTOF

KPB2tesnta E acceleration in the supersonic solar wind and further accel-

i eration in the heliosheath. This indicates that further injec-
tion into stochastic acceleration of low-energy protons takes

]
10 ] ? place in the heliosheath. In fact, this process appears to be
E " 3 very efficient. The high levels of compressional fluctuations
102} = ; observed in the heliosheatByrlaga et al.2005 support

H’ HT E this view.
Hﬁ 4 5 Conclusions

10" 10° 10! 102 10®  10* 108 Turbulence and ion acceleration are intimately linked pro-
Energy [keV] cesses of the outer heliosphere. The analysis of this arti-
cle supports the idea that stochastic acceleration in compres-
Fig. 10. Voyager 1 in-situ ion flux dataStone et al.2005 from sional fluctuations in the heliosheath is a process that can
the heliosheath plasma and “remote-sensing” energetic neutral atomompete with first-order Fermi acceleration at the solar wind
data from CELIAS/HSTOFKallenbach et a).200§, HENA IM-  termination shock. A viable explanation for the composition
AGE data (E. Roelof, private communication), and Mars Aspera-3of termination shock energetic particles (TSPs) and anoma-
NPD data Galli et al, 2009. The blue line indicates the model ;¢ cosmic rays (ACRs) is that TSPs are particles which are
proton spectra in the heliosheath for the injection of the minimum g ~ted as slightly suprathermal ions at the electric cross-

flux of th | tails in the sl lar wintl= fop~tu=>, ) : oo
fz)zuozil;iasozg?na_e ?IGSI 0'2 cklg ;Szggasoairdv:r?znhf gﬁ Ce; ent of shock potential of the solar wind termination shock and sub-

their flux by about a factor 10 at the termination shock. That sequently accelerated by the first-order Fermi process, while
HSTOF data are below the blue line is due to the fact that the chargé\CRs are particles transmitted as slightly suprathermal ions
exchange cross section decreases at higher energies, as is illustrafédfough the electric cross-shock potential of the termina-
in the upper panelGruntman et aj.2001). tion shock and subsequently stochastically accelerated in the
compressional fluctuations of the heliosheath. Probably, the
two processes of first-order Fermi acceleration and second-
lence in the heliosheath. The predictions that corresponarder Fermi acceleration are intertwined. Particles that are
to Alfvénic turbulence levels resulting from wave amplifi- stochastically accelerated in the heliosheath may eventually
cation through anisotropic TSP flux at the level observedreach an energy which gives them a sulfficiently large mean
by Voyager indeed match observations of EHAs at 1 AU byfree path to cross the termination shock again to participate
CELIAS/HSTOF onboard SOHO. in first-order Fermi acceleration. The relative importance of
The modeled spectra of Fi@ could perhaps even ex- first-order and second-order Fermi acceleration in different
plain the spectral index of -1.25 observed Dgcker et al.  energy ranges, at different heliolongitudes and heliolatitudes,
(2008 which is even harder than the -1.5 for the ubiquitous and during different solar activity phases still remains to be
suprathermal tailsGloeckler 2003. evaluated quantitatively from past and future observations.

ENA differential flux [cm® s sr keV]™
Q

10°®

Astrophys. Space Sci. Trans., 5, 48-2009 www.astrophys-space-sci-trans.net/5/49/2009/



R. Kallenbach et al.: ACR acceleration revisited 59

Lessons may be learned from the heliosphere for galac€halov, S. V. and Fahr, H.-J.: Pick-up ion acceleration at the termi-
tic acceleration processes. Second-order Fermi acceleration nation shock and the post-shock pick-up ion energy distribution,
may also be responsible for the energization of the Galactic Astron. Astrophys., 360, 381-390, 2000.

Cosmic Rays (GCRs)Warren et al(2005 have observed Chalov, S.: Interstellar pickup ions and injection problem for
that the turbulence region downstream of the blast wave of Afntct)1ma|1_l|01|4_s C?IS”_“CBRayZi Theorzt_ltc?jl Ssr\);eci;, Iln: Tge Physuc:js
the Tycho supernova is thinner than magnetohydrodynamic &' '€ MEIOSPRETNC boundaries, ecited by V. V. zmodenov an
models predict. This may be analogous with the reduced size ,F;,f;?"ﬁ,g?,iﬁgfrsﬁoggbﬂ'gétﬁ ngé\_/'zségr;(’ EZi;EZCdOTahe Nether-
of the heliosheath due to the ACR.pressure there. As the SUBecker, R. B., Krimigis, S. M., Roelof, E. C., Hill, M. E., Arm-
of the ACR pressure and .the hellosheath bulk pressure bal- strong, T. P., Gloeckler, G., Hamilton, D. C., and Lanzerotti, L. J.:
ances the pressure Of the |nter5te”ar med|um, the he“osheath Mediation of the solar wind termination shock by non-thermal
bulk pressure is reduced in the presence of the ACRs and the ions, Nature, 454, 67—70, 2008.

size of the heliosheath is consequently reduced. Fahr, H.-J.: Global energy transfer from pick-up ions to solar wind

This has been taken as an argument for the presence of protons, Sol. Phys., 208, 335-344, 2002. _ o
GCRs in the region between the blast wave and the contadtahr, H.-J.: Revisiting the theory of the evolution of pick-up ion dis-
discontinuity of the bubble of the Tycho supernova. In fact, tributions: magnetic or adiabatic cooling?, Ann. Geophys., 25,
it has been taken as evidence that a supernova shock wave 2649-2659, 2007. o . .
accelerates the GCRs. This result may have to be verified IIt:ahr, H.-J. and Siewert, M.: Anisotropic unstable ion distribution

) ’ functions downstream of the solar wind termination shock, As-
may actually be the turbulence downstream of the supernova

trophys. Space Sci. Trans., 3, 21, 2007.
shock that accelerates the GCRs. Fahr, H.-J. and Chalov, S. V.: Supersonic solar wind ion flows

downstream of the termination shock explained by a two-fluid
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