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Abstract. We investigate the well accepted idea that anoma-1 Introduction;: The ACR seed population

lous cosmic ray (ACR) ions originate from suprathermal halo

ions by means of diffusive shock acceleration. Usually theSince 1974 anomalous cosmic ray particles (ACRs) are con-
seed ions are taken to be the interplanetary pick-up ionssidered as originating from accelerated pick-up ions (PUIs)
but here we want to enlarge this idea by taking in additionwhich undergo Fermi-1 acceleration processes in the region
as seed candidates also into account normal solar wind ionglose to the solar wind termination shodkigk et al, 1974
which according to our recent calculations are reflected fromPesses et al1981; Potgieter and Moraall988 Cummings

the termination shock into the upstream solar wind flow andand Stone1996 Fichtner 2001 Decker et al. 2006 Mc-

then are also picked-up as suprathermal ions. We start oubonald et al, 2006 Cummings and Ston@007, etc.). As
from an ideally planar shock approximation and fix the ACR shown byChristian et al (1988 for instance ACR protons
spectrum by absolute spectral intensities and maximum ACRare especially seen at some phases of low solar activity on
energies, taking a precalculated fraction of the suprathertop of the modulated galactic cosmic ray spectrum in the
mal ion flow as ACR injection rate. Comparison of our spectral region between 10 and 100 MeV, amounting in this
calculated spectral intensities with ACR measurements neafegion ¢~ 20 AU) to peak differential flux intensities of the
94 AU, shows that satisfying data fits only can be achievedorder of 1 to 3 ACR#(m?s MeV sy/nucl). Pick-up ions are

if about three percent of the suprathermal ions swept into thehought to be the ideal seed population for ACRs, because
shock structure enter into the Fermi-1 acceleration processn the solar wind frame they are initially injected into an un-
We also show that the spectral slope of the ACR spectra istable suprathermal ring distribution, and due to pitch angle
decreasing and the spectral intensities are increasing with inscattering and preacceleration by Fermi-2 energy diffusion
creasing shock compression ratios. As maximum energieglsenberg1987 Chalov and Fahr2000 finally arrive at the
available from an ideally operating diffusive Fermi-1 accel- termination shock as ion species which, with good efficiency,
eration process we find, depending on the shock compressiogan get magnetically or electrically reflected from the shock
ratio, ion energies ranging from a few MeV up to*MeV. structure (seeChalov and Fahr1996 2000 and then un-
Compared to observations this seems to be a little on the higllergo further Fermi-1 scattering processes. While the injec-
side and may point to the fact that injection into Fermi-1 ac-tion efficiencies are not yet precisely predictatd@¢harek
celeration near the termination shock is occurring only spo-and Scholer1995 Chalov and Fahr1996 Le Roux and
radically due to variable upstream magnetic field orientationsFichtner 1997 Schwadron and McComa2003 Kucharek
with respect to the shock normal vector, i.e. due to variationset al, 2006 Fahr et al. 2008, there exists a kind of tacit un-

of the obliquity of the local shock surface with respect to the derstanding that about 5 to 10 percent of the PUIs passing
local upstream magnetic field. over the shock may enter diffusive acceleration up to ACR
energies of the order of 10 to 100 MeV.

Serious hints towards PUls as really being the seed of
ACRs always came from considerations of the elemental
abundances. The elemental abundances that appear in the lo-
cal interstellar medium (LISM) should also reasonably well

Correspondence td:.-J. Fahr characterise the elemental abundances of PUls — besides of
m (hfahr@astro.uni-bonn.de) heliosheath filtering effects (s&ucinski et al. 1993 — and
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2 Predicted ACR spectral intensities

According to the shock acceleration theory Bieeson and
S, Urch (1973; Krymskii (1977); Axford et al.(1977); Bland-

ford and Ostrike(1978; Drury (1983, the spectral profile

of the shock accelerated ions can be analytically calculated,

at least for ideally planar shocks. The absolute value of the

&4nUy \\ upstream distribution functiogy (hereinafter, the index 1 in-
dicates the upstream and the index 2 the downstream value)

has, however, not been specified in this theory and, thus,
s S needs to be fixed for the prevailing shock conditions. For
1 2N that purpose the absolute spectral intensity calibration factor

4 C in this function has to be fixed such that flux continuity
U, relations at the shock are fulfilled expressing the fact that
—————— the total diffusive outflowd of the ACR particle fluxes to
the upstream and downstream sides of the termination shock,
i.e. the sum of the upstream and downstream streamings (see
Fig. 1. Schematic sketch of the acceleration at the termination shocks|eeson and Axfordl1968), respectively, has to be identical

structure. From the left hand side a certain number of particles argy i, the flux of incoming particles serving as injection seed
injected into the Fermi-1 acceleration in the shock layer. They are start the Fermi-1 process (sah 1990

the source for the streamings and S». . ) ; .

The two-dimensional surface divergence of the differen-
tial streaming has to balance the incoming injected particles
since the injection at the shock represents a particle source:

originate from LISM neutral atoms penetrating into the inner

heliosphere. The elemental composition indeed appears tOpmax

be fairly Consister_wt with that of the neutral component of the / div(S) p2dp = e1n1U1, 1)
LISM (seeCummings and Stond99Q 1995. One should,

however, bear in mind that the ionisation degree of the LISM °

and filtration functions for the neutral LISM species in fact o )

even nowadays are not well known. This is because the ionwhereU indicates the proton bulk velocity, the upstream
isation state of the LISM neither is characterised as a therSolar wind ion density, ané, is the fraction of the flux of
modynamical equilibrium nor perhaps even a quasistationaryflowing solar wind ions which are reflected by the shock
state (sedrisch 1990 Reynolds 199Q Frisch and Slavin structure and injected into the Fermi-1 acceleration process,
2008 Breitschwerdt and de Aville200§. This uncertainty thus servi_ng as seed of the ACR population. The situation is
in the neutral composition provides us with some leeway toSketched in Figl.

explore other candidates for the ACR seed population in ad- To calculate the particle streaming, the so-called
dition to PUls. Compton-Getting functiorCcg(p), developed byGleeson

In this respect it recently became interesting to us to per—and Axford (19.68’ n view .Of the Iow—.m.or_nentum weight,
haps also consider normal solar wind protons as a possiblgere is approximated W.Ith its subrelat'lwstlc low-momentum
seed population at least for ACR protons. In recent papers b)\(/sa:Lu:S;c;(rltgggA;E sl?t?erg(r:rlﬁr? (g%cg;d\;cr?ttgon iqt'h(:g)”:om
Verscharen and Fak20083 andFahr and Verscharg2008 ' 9

we found that, at least for the case of quasi-parallel termina-

tion shock conditions, a specific percentage of the normal ””“ax[ I (

&
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solar wind ions passing over the shock will become reflected B +U
back to the upstream side of the shock due to nonlinear inter-;; "
actions of ions with shock-generated electrostatic turbulence.

These reflected ions are also, analogously to PUIs, picked-Ugjith the spatial diffusion coefficient, kinetic energyr’, and
by the upstream solar wind and are again swept back into the

shock structure after pitchangle redistribution, the fraction of )

reflected over all solar wind ions being about 15 percent and, _ T+ 2moc” 2 3)

139
f—ég?GﬂYO]P%P=SWﬂhQ)

the most probable injection energy being about 4 times the T +moc®

one for PUIs. In the following we shall study the ACR spec-

trum as originating from these reflected solar wind ions andfor the subrelativistic case. The Compton-Getting factor in
compare it with the one expected from PUI-generated ACRsthis case is given bfcg(p) ~1/3(1— p/f(3/9p) f).
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Hence, the above mentioned requirement of particle conelectric potential wall of the termination shock, but become
servation can be formulated in the form (seahr, 199Q reflected at this wall, at least for the first time, and then enter

Scherer et al2006: a continuous bouncing process between upstream and down-
. stream flow regimes (s&ghalov and Fahrl996.
f [%flUl — %Ulp%ﬁ — Kl%] - p2dp The reflectivity valueg; for quasiparallel MHD shocks
Po P has recently been determined in the papersFHajr and
Pmax (4) Verscharen(2008 and Verscharen and Fah{2008H to
- f [%foz - %Uzp%—’;f - /cz%—ff] - p2dp = e1Urmy amount toe; >~ 0.03. The associated injection momentum
po po= {pref),, connected with these shock-reflected ions is
Evaluating the above equation with the expressionyfgr ~ found to bepo = 2mUs.
given in Eqg. (22) ofScherer et a2006 by For most probable compression values of abaut3, for
example, one then obtains
p\ ¢ Upx
fi2(x,p)=C|—| exp H(—x) 5) £1n1 27e1n1
o= (2) ool o] o,
where the power index = 3s/(s — 1) is used with the shock 3 [3 N 1] P [1 N Xmaxl} 4pg |:1 - x”‘azx}

compression ratio= Uy /U. H (x) is the step function with . ) )
H(x)=1forx >0 andH (x) =0 for x <0. This then leads This points, depending on the valuexgfax, to a perhaps
to the foIIowing_input-output balance relation: weak dependence of the absolute spectral calibration factor

C on the upper momentum bord@max= poxmax. This is
Pmax why in Sect.3 we shall aim at an estimation of this border.

1 1 )
/ [§f1U1 + éUqul — Uy falp“dp

4 2.1 Transformation into spectral ACR energy fluxes

Py 1 5 To compare our calculations with observational data it is ap-
- / [3/2U2+ ZU2q/2lp dp = e12Urny (6)  propriate to express the distribution functigs(p) given in
Eqg. () by a spectral energy flux functich(E). For that pur-
Po

) o pose we use the relatidh = p2/2m valid for subrelativistic
and furthermore to the following result when reminding that ions and first find

atx = 0 (upstream shock position) the upstream and down- .
stream distribution functions, as seen from Ejabove, can 2 P\ " 2

: ) : ! ’ dp=C-|— d
be considered as identical, i.A.(xg) = f2(x0) = fo: Jo(p)p*dp =C ( > pep

Pmax 14 1 —C ( )q/zsz< mdE ) (11)
[ i 557 -1 ey = eatamy ™ ~ & V2nE
N

Po which delivers the differential energy distribution in the form

This, when evaluating the above expression with the dis- —-q/2
tribution function given by Eq.5), finally leads to: Jo(E) =C - (E_o) m~2mE

145 -1 P _em V2E (ENT? (12)
37 e [P ® T A0 @2 \E)

X0
where the approximation 4 (Emax/Eo)~¥® 2 ~1 is

wherexmax = pmax/po @ndxo = 1 are the upper and lower seq and the-dependence of the prefactor is merged into
integration borders of the above integral. With the evalua-ihe function

tion of the integral and a further re-ordering this then yields
the following expression for the spectral intensity calibration A (5) — 145-1_ 1|3 = l_ (13)
factor: 3 3

e1ny 9) The differential energy flux®g per steradian (cal-
[;4“_1_1] 35[)6—%_1] culated with the particle velocityv(E) according to
3 s Po~3~1¥max Po(E) = 7=v - fo(E)) is then given in the form

The dependence off; in the above formula is hidden in
the value ofpg= po(Uy) for the critical momentum of the  ®q(E) =
particle injection into the shock acceleration. In order to in-

1 [2E en1 1 ( E )(lq)/Z

47\ m A(s) 2Eq \ Eo

ject particles into the diffusive acceleration process, it is nec- 1 [2Egens 1 [ E\#9/?
essary that these particles are not simply convected over the ~ 47V m A(s) 2Eo \ Eo ’ (14)
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100 T T ——T T 3 (see e.gMcDonald et al.1992 Scherer et al.1998. For a
S | more detailed approach to the spatial diffusion coefficient,
ol 3 it could be of interest beyond the scope of this work to

............. . use quasilinear theories (efgprman et al.1974 Matthaeus
........................ o e et al, 199Q Bieber et al. 1999 or even nonlinear theories
.................... T T (e.g.Forman 1977 Bieber and Matthaey4997). With our

0.1 =

n above assumption, one then obtains here

001 — [s220 —— | T~ e e

Xmax
.......... k02 U+ U; dx
A y = ¢ n__ 18
Tacd Pmax. P0) Ur— U Uils / X P (18)

xo=1

particles per (cm2 s sr MeV)
=}
I

T
vonnnon
IeENENINENEN(
o oo BN O

le-04 —

N 3 evaluating withn =1 (subcritical diffusion for ions with
L e E <1.0GeV)to

1e-05 | I N N | L L I I |

E [MeV] ko2 1+
AT, \ = £
acd Pmaxs P0) s—1UiUs

Fig. 2. ACR spectra for d'ﬁer.ent compression ratios. A higher and evaluating withh =2 (supercritical diffusion for ions
compression ratio leads to a higher and flatter power-law spectrum.

with E > 1.0GeV) to

(Xmax— 1) (19)

Aacd y o ol L+s ( 2 1) (20)

[ g = X, — .

which can be transformed to acd Pmax, P0) = = 201U, \max

bo(E) = 1, am 1 (E @z (15) In literature, the threshold between subcritical and super-
0= 4 0A(s) 2Eo \ Eo critical diffusion atE ~1 GeV is sometimes given in terms

of the rigidity R = pc/e (Scherer et 8] 1998. An ion energy

using the injection velocityvy=+/2Eq/m ~2U; (Ver- of 1 GeV corresponds to a rigidity of about 0.4 GV.

scharen and Fah2008h).
This flux then should be expressed in dimensions3.2 Fermi-1 differential momentum gain and loss per
|do(E)| = [cm2s~IMeV~1sr-1| and is shown in Fig2. time
The termination shock is located at a distance of about
100 AU, which leads to a particle density 0f&10~4cm3. We consider the differential energy gain due to ongoing
The upstream bulk velocity is assumed to amount toFermi-1 ion processing at some maximum momentum bor-
400 km/s. der pmax and its balancing for the stationary case by leakage
of such ions from the shock structure due to particle stream-
] o N o ings into upstream and downstream directions. The temporal
3 Maximum Fermi-1 ion velocities at the termination  change of the ion distribution functia@f/ar) in the region
shock of the accelerating TS structure is caused by particle process-
ing in p-space(df/dt)r and lossegdf/dt). of these par-
ticles by the 1-dimensional configuration space divergence
of the patrticle streaming. This net change, i.e. the leakage
of these particles from the acceleration region, is therefore
given by

3.1 The Fermi-1 acceleration time

The Fermi-1 acceleration periaitacd pmax, po) needed to
process ions from the injection threshghd up to pmax is
given byDrury (1983 in the following form:

3 k1 K2\ dp E;_]: - <2_]:> " <Z_J:> ' (21)
A “n-wnl)\nutn)y ¢ F L
Tacd Pmax: P0) Uy — Uy f <U1 + UZ) (4o
Po

wherek 2 andUj 2 denote the spatial diffusion coefficients 3.2.1 Leakage rate

and the bulk flow velocities upstream and downstream of the ] )
shock, respectively. The leakage rate per momentum space differential volume

We assume that turbulence levels and diffusion coeffi-»°dp is determined by the divergence of the particle stream-
cients are identical upstream and downstream of the shock'9s S corresponding to Eq6}:
and that these diffusion coefficients can be represented in the 5 ¢ .
form tg) = |div(S) |
L

o " 1
k= fco% (ﬁ) (17) = ;- (Cosfils ~ Urfil ~ [Cosfolla)  (22)
S
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with L as the extent of the leakage region. At the shock3.2.2 Fermi-1 production rate

position the distribution functions are furtheron identical

(fi= fa= foatx=0):

(%),

Taking U in terms of the compression ratio leads to

(), = zanen (1= F) oo

For subrelativistic ions (i.e. kinetic energy= p?/2mg)
the coefficientCcg is given byForman and Gleesof1975
in the form

[CcafoU2])  (23)

1
—([CcafoU1r — U1 fol —
Lsh

= —foU1 (24)

Lsh

1
Cea(T)=1- ——(an)

25
3foT (25)
where the functiom(T) is defined by
T + 2moc? 1
a(T) = L 2moc” _ v+ (26)
T+ Eo y

using the Lorentz factoy = 1/,/1 — (v/c)2. Expressing the
kinetic energy in terms of the momentum then leads to

= 27
Ceap) =1-¢ f( Y3 [ (»p f(p)] (27)
We neglect terms higher than third order(iryc) and find
102 1 p?
Ol(P)—Z—Ez— 5 0C2 (28)

The distribution functionfp at the shock positionx(= 0)
is given by

()

(cf. Eq. 6)). This spectrum can be inserted into the Exy) (

fo(p) = (29)

for the Compton-Getting factor. Taking the partial derivative

then leads to

2 q 2
Po (P 1p
Ic =1-—|= 2_Z
ca(p) 6p <p0> X [( 2m%c2>
2 —q+1 —q+2
Po o mge= \ po

Reordering the terms yields

3

_g—9p°

. 31
12m3c? (31)

Cea(p) =1+ 1

The corresponding differential gains per momentum space
volume p2dp on the other hand are due to the momentum-
space divergence of the Fermi-1 accelerative drift flow and
thus is given by the following expression

f N EEIRY)
<§>F,max_ ‘ <df )Ff

P2ip
Here according th.agage and Cesarsk$983 the Fermi-1
accelerative momentum drift can be represented by the ex-
pression

dp U1—-U2
dr Jp

3
Insertion of the above relation into EQ4) at p = pmax then

leads to
Uz

(32)

Pmax

p

(33)

19
p?dp

2oU1— Uz
3

p
K
oy

(34)

(5™
ot F,max Prmax
Assuming the upstream and downstream diffusion coeffi-
cients to be essentially identical and reminding that the
stationary distribution function at the shock is obtained as

f(p,x=0)= fo(p)=C-(p/po)~? (see Eq.§)), then leads

to

of P
(),

91 ) F max K

eV 2

We takekx _Ko?f’(p /po)< from Eq. (_17) because we as-
sume a shock which accelerates the ions to the supercritical
diffusion regime. Hence, the evaluation of the derivative de-

livers

1 0Ux(s—=1) 0

p2 3(1+s) ap (35)

Pmax

<3f) H 1 U Uz(s — 1)
at F,max 3(1+S)
2 2 2
y <3p fo_arfo ,p fo) (36)
K K K
Pmax
Combining and arranging the terms yields
0 UrU 1
(), m | 00]
91 ) £ max 31+s) « Pmax

Now, balancing losses and gainspat pmax then leads to
the balance relation

U1Ua(s — 1) fo(pmax)
3(1+s) Kmax

1 1
— fo(pmax U1 [(1 - —) Ccc — 1] ,
Lsh N

g—-1

(38)

Thus, the Compton-Getting factor is given as a function of Which can be written in the form

the momentum and the compression ratio of the shock and/>(s — 1) 1

can now be used to evaluate the leakage term.

www.astrophys-space-sci-trans.net/5/21/2009/
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16000 i I I means that the maximum energy amounts to about 470 MeV,
o j which shows that the magnitude of the supercritical energy

14000 —  supercritical diff. —— — . .
subcritical diff. ------ / range can be reached. The maximum values for the achiev-
12000 — H able particle energy in dependence of the shock strength (i.e.

the compression ratio) is shown in FRgy.

Obviously, there is only a narrow range for possikle
values. Fors <1+ +/3~2.73 the argument of the square
root becomes negative (with an unphysical exception at a
certain range of compression ratios). Therefore, there is a
cut-off at this position. On the other hand, the singularity at
q =4 leads to a pole gbmaxats = 4. At higher compression
ratios the argument of the square root is furtheron negative.

\ \ \ \ \ \ \ We have to distinguish two different kinds of diffusion, i.e.
22 24 26 28 3 32 34 36 38 the subcritical and the supercritical. Up to an ion energy of
about 10 GeV the diffusion coefficient depends linearly on

] ) ] ) ) the ion momentum. This branch is called subcritical. Above
Fig. 3. The achievable maximum ion energy in dependence of theyic reshold, this relation becomes nonlinear and therefore

§hock compression ratl_o. Only the solutions for_supercrltlcal, phys-the diffusion coefficient in Eq(7) has a changed slope in its
ically relevants-values is shown. The energy diverges ai4. If
momentum dependence.

the maximum ion energy is smaller than 1 GeV, the subcritical dif-

10000 — /]

8000 —

Emax [MeV]

6000 —

4000 —

2000 —

fusion is used and, therefore, the calculationsres 1 are addi- Additionally, one has to clarify that due to our choice
tionally shown. In the intermediate range the slope of the diffusion0f n =2 in Eq. (L7) this result is only valid for a shock
coefficient is not known. which reaches the conditions of supercritical diffusion

(E > 1.0GeV). For smaller compression ratios and, there-
fore, at smaller energies this assumption is no longer valid.

To estimate the characteristic scale of the leakage regiofrhe calculation with: = 1 for the subcritical diffusion leads
we assume that the following relation is valid, in order straightforward to

to have detailed equlilibrium established at low momenta
(Cce=Cca0): pmax ¢ | 12 [2 + 45 + 352

3s(L+ s 1 po  voy[g—4| 3(1-s?)
Lsh = kmax ( ) [(1 - ;) Cceo— 1} (40)

Uls = Dlg = 1) which has a real solution fofl/2+ /13/4) <s <4. This
This suggests that the needed dimension for the Fermi-1 adgesult is additionally plotted to Fig3. Altogether, this

_2
+q3 +@, (45)

celerative region may be suggested to be means that froms <4 down to compression ratios of
p 1/2+ /13/4~ 2.3 our approach describes an effective ac-
Lsp(pmay) =~ — (41)  celeration mechanism. Evidently, there is an intermediate
U region where neither =1 norn =2 are valid because there
which then for higher momenta leads us to both cases would lead to incorrect maximum energy. Within
-1 1 this gap another slope for the dependence oh p must be
5 —
- @-D+1= <1 - —) Cca(pmax)- (42) take_n.
3s(1+s) s me With these values the total spectrum can be calculated by
After insertion of thep-dependent Compton-Getting func- use of Eq. 10):
. S ) . 27
]'Elonﬂ(]jerléved |_n1Eq.I61) thg afch|e\éable maximum momentum C— £1n1 _~42x 103 Sg3cm (46)
or the Fermi-1 process is found as 4pg [1 B 3757]

Pmax € 12 [1455+3s2 ¢g—-2 According to Eq. {5) the spectra for different compres-
=— + +1].  (43)  sjon ratios are shown in Fig
Po vor| g —4| 3 (l — sz) 3 .

Introducing as an example=3, which means that , Conclusions

q=3s/(s —1)=9/2, then delivers

Pmax € In Fig. 2 we have shown theoretically calculated absolute

o = w0 1=2375-1=375 (44) ACR intensity spectra for protons at a solar wind termina-
tion shock position of 94 AU, thereby starting from precal-

meaning that pmax=>~375pp Or Emax= Eo- (pmax/po)z culated ion injection efficiencies. This position has mean-

=1.4x 10 Eg (remember:vg~2U; ~8 x 10’ cm). This  while turned out also to be just the position where Voyager-1,

Astrophys. Space Sci. Trans., 5, 30-2009 www.astrophys-space-sci-trans.net/5/21/2009/
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at 16 December 2004, has crossed the upwind solar windime our calculated injection efficieney should apply. If for
shock (seéisk, 2005 Stone et a].2005 Decker et al.2009 the other period of time (nearly quasi-perpendicular type) we
and hence a comparison of measured and calculated ACReglect the associated injection efficiency, then with a tempo-
data seems to be in place here. While the spectral slope afal weight of(1/10) for quasi-parallelism to occur, we would
the measured and calculated ACR proton spectra seems jast come to the right injection efficiency bringing us to a
point to most probable compression ratios at the shock otomplete fit of spectral ACR intensities measured with Voy-
2.6 <s < 3.0, the measured spectral intensities appear to beager Decker et al.2005. Additionally, the temporal non-
lower by a factor of about 1@ in comparison to our theoret-  steadiness of the magnetic field geometry at the shock can
ical intensities calculated for the above range of compressiomxplain lower observed maximum energies than in our cal-
ratios. The question here may thus arise why this deviatiorculation. If the time that is needed to accelerate particles up
by one order of magnitude occurs. to the maximum energ¥may is longer than the time scale

One evident reason emanating from our calculations ison that the shock can be assumed to be quasi-parallel due to
connected with the fact that the efficiency valtye~ 0.03 the changing sector structure, the gained maximum energy of
which we have applied in our calculations is theoretically the accelerated particles will be lower then the ideally calcu-
justified for quasiparallel MHD shocks, but is not simply lated Enax. However, this effect cannot be quantified at this
transferable or applicable to quasi-perpendicular shock conmoment since the time-dependence of the Fermi-1 accelera-
figurations. The MHD shock configuration that was met by tion process is not adequately understood at this time. The
Voyager-1 when it crossed the upwind shock surface undeguasi-parallelity of the shock in our model is needed for the
an ecliptic latitude of about = 30° must most probably have efficient injection and not for the Fermi-1 acceleration itself.
been much closer to the quasiperpendicular, rather than th€he later acceleration can continue also under less favorable
quasiparallel one. This means that for a reasonable comparimagnetic field orientations.

son with Voyager-1 data, injection rates < ¢ >~ ¢1 have to We should mention here that injection to the ACR pop-
be applied to satisfactorily well describe the injection situa- ulation up to now was considered to be solely due to PUIs
tion for this actual configuration. becoming reflected at the shock (sKecharek and Sc-

The injection efficiencye1 used in our present calcula- holer, 1995 Chalov and Fahr1996 2000 McComas and
tions is taken from the relative number of solar wind ions Schwadron 2006 Fahr et al. 2008. The latter injection
running into the quasi-parallel shock structure and becomefficiency in that case also is highly sensitive to the mag-
ing reflected therein due to nonlinear interactions with shock-netic tilt anglex realised at the shock, and at angles 65°
generated electrostatic turbulences (geescharen and Fahr  practically drops te ~ 0. In tilt ranges < o <60° on the
20083. This process of ion reflection from the shock struc- other hand the efficiency for PUI injection turns out to be
ture studied by us is only operating with the calculated effi-roughly «-independent with a value of abogit~0.3. Tak-
ciency, if the upstream magnetic fields are essentially paraling again into account the HCS crossing statistics as already
lel to the shock normal. If the upstream magnetic field would mentioned above would then reduce the effective PUI injec-
have a tiltee with respect to the shock normal, then at best ation efficiency in the upwind part of the termination shock
reduced amount of this efficieney would prevail and also  to a value of(spy) ~0.07 (seeFahr et al. 2008. To now
the injection energy would be reduced to values of the ordercompare the PUI-induced injection with the one discussed in
of Eg(a) ~2mU? co a. this paper, i.e. due to reflected solar wind ions, one should

It is, however, very interesting to keep in mind that the compare injection rategrather than bare injection efficien-
case of the quasi-parallel shock will be prevailing for somecies. For the PUI induced injection one thus should take into
specific fraction of time even in the upwind shock region, ataccount the PUI abundanégy; at the shock and take as a
least in regions which are touched by the neutral sheath ofate:
the interplanetary magnetic field (HCS = heliospheric cur-
rent sheath). Above and below the HCS the magnetic sectoBi,pui = (epui) Epuin1 (47)

polarity changes, i.e. the magnetic field orientation changes _ e
by 180 degrees from below to above, also passing througl‘th'Ch should be compared with the solar wind ion injection

just that magnetic field configuration when the tilt angle rate for quasi-parallel shock configurations which evaluates
vanishes. According to Voyager daBuflaga et al.2003 a &S Shown above to an average number of

sector structure near the ecliptic lasts approximately between 1

8 and 10 days, while the change to the opposite polarity ocfi,| = (8”)n1 g Eelnl (48)
curs in about one day. During this day the quasi-parallel con-

figuration at the termination shock prevails, meaning that forrevealing the fact that the ratio between the two different in-
about(1/10) of the time even in the upwind part of the ter- jection rates is given by:
mination shock, where usually a quasi-perpendicular shock

is realised, the actually prevailing shock configuration will Bipui _ (epui) §puins  0.07
be of the quasi-parallel type, and thus for that fraction of the g, | <g“>nl ~0.015

épui = 4~66‘§pui (49)
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and bringing to mind that upwind PUI abundances at theperpendicular at the transR{chardson et a/2008 Burlaga
shock amount to most probable valueségfi~0.15 (see et al, 2008, while the injection rates discussed here in this
Fahr and Rudiski, 1999 leads us to the result that the ra- paper essentially apply to the case of quasi-parallel configu-
tio Bi pui/Bi,) = 0.7, meaning that the contributions from in- rations.
jected PUIls and from reflected solar wind ions to the ACR In the VOYAGER-1/2 shock crossings it became evident
population appear to be about equal. that the dominant portion of the shock-dissipated upstream

The theoretical values of maximum ion energiBgax kinetic energy reappears downstream in the form of thermal
originating from the Fermi-1 diffusive acceleration processenergy of suprathermal ions (i.e. pick-up ionRjghardson
as it has been studied in this paper are displayed in3zig. etal, 2008. This does not, however, imply that much higher
This figure shows a strong dependencé&gfix on the shock injection efficiencies than taken into account in our present
compression ratie and also shows that for compression ra- approach (i.ee; ~0.03) are indicated by these most recent
tio s > 3 energies ofFnax(s > 3) of the order of 1000 MeV  data. It only means that hot upstream ions are heated more ef-
can be expected under an ideal operation of the shock, i.e. fdiciently than cool ones when passing over the shock, which
an ideally planar 1D shock without precursor. Voyager datacan nicely be understood as an indication that the magnetic
(seeStone et al.2005 seem, however, to give indications moment of the ions is conserved at the shock passage (see
that maximum energies only of the order 0581eV can be  Fahr and Chalgv2008.
ascribed to Fermi-1-accelerated ions near the shock. The rea- In our considerations, we only take solar wind hydrogen
son for relatively low Fermi-1 maximum energies seen byions into account. Heavier ACR particles cannot be dis-
Voyager-1 can in first place be ascribed to the fact that relacussed in line with our treatment of these protons because
tively low compression ratios of < 3 have been found from their reflectivities at the shock are different and have not yet
the observed spectral indices. For low compression valuesyeen calculated by us. Protons, however, can be considered
however, also in view of our results shown in F&j.the re-  clearly as the dominant ion species of the upstream solar
sulting maximum energies are dropping strongly. wind.

In second place it must also be recognised that the opera-
tion mode of the solar wind termination shock in accelerat-AcknowledgementsThis work was presented on the 2nd Inter-
ing ions is not the one of an ideally planar shock as studiedhational H_eliospheric_; Year (IHY) confe_rence at the International
by Drury (1983 or Malkov and Drury(2003). In a realis- Space Science Inst_ltute (_ISSI) Bern in Noyember 2(_)08. T_he
tic geometry of the solar wind termination shock problem, authors express their gratitude to the organizers of this meeting.

in addition to a balance between gains due to Fermi-1 accel—They also acknowledge  financial support from the Deutsche

eration and Ipsse; due to diffusive leakage from the' shoclgg?f;nligg;%ﬁr:Elrr;?g:ta;ta(;'j;)_;hat supported this work within
structure, adiabatic energy losses have to be taken into ac-

count which then definitely will reduce the maximum ener- Egited by: H. Fichtner

gies presented in our calculation here. The fact that for comReviewed by: two anonymous referees

pression ratios smaller than=2.3 our theoretical approach
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