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Abstract: Anomalous cosmic ray spectra, observed by Voyager 1 at tlhe wind terminatiuon shock
crossing, were not of the form expected of first order Fermsfmck) acceleration, but gave an indication
that they were modulated relative to that form. Further daaysis reveals two other remarkable features,
namely that the energy where the peak ACR intensity occlaisasit four times higher than it was during
the previous solar minimum in 1997, and that regressiorspblow versus high energy cosmic rays, both
of the anomalous and galactic species, behave differeattsa the shock than would be expected form
standard acceleration theory. These phenomena are matstiin this paper with numerical solutions
of the cosmic ray transport equation. The two main conchsiare that (a) the features of cosmic ray
intensities that were observed during the shock crossing weminated by temporal variations in the
intensity as the heliosphere was resetting towards solanmim conditions, and (b) the change in spectra
with solar field reversal is not yet understood.

Introduction plain this effect in principle, but not quantiativel

Second, the regressions of low versus high ene
Voyager 1 crossed the solar wind termination ACRs and galactic cosmic rays (GCRs) of [5] b
shock (SWTS) at 94 AU on 16 December 2004. have different from what is expected from the ste
The main results are described in [1], [2], [3]. The dard radial intensity profiles across the shock. T
cosmic-ray observations held the surprise that the indicates that these regressions are strongly d
anomalous cosmic ray (ACR) kinetic energy spec- inated by temporal effects, both due to the gr:
trum was not of the form suggested by the theory ual demodulation to solar minimum conditions,
of first order Fermi acceleration. well as from significant short-term events passi

In this paper we investigate these unexpected ACR by.

spectra, and point out that there are at least two

other features of these spectra that need to be eX-Opservations
plained. The first is that the peak intensity occurs
at about four times higher energy than it did in
the previous solar minimum in 1997, and that this
energy is approximately the same as the peak en-
ergy of the 1987 spectra. It is generally perceived
that this type of effect, that switches from one so-
lar minimum to the next, can be explained as due
to oppositely directed drifts in consecutive solar
cycles, but [4] showed that this is not necessarily
so, and that one has to make special assumption
about diffusion mean free paths in the heliosphere.
Here we show that a polar source for ACRs can ex-

In this paper we use spectra and time histories
ACR Helium, as observed by the Voyager 1 a
Voyager 2 spacecraft. Figure 1, from [5], trac
the time histories of these particles at three er
gies during the solar cycle 23, from January 19
to May 2006. They are plotted as regressions
low- and high-energy species against one anot
which reveals rigidity (or rathef P) dependent ef-
Sects in their modulation.
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calculated from numerical solutions of the cosn

ray transport equation. The details of the mol
Figure 1: Regression plots of 10-21 and 316—478 appear in [6]. A shock with compression ratic=
MeV/n Helium against 30-56 MeV/n Helium ob- 3 was put air; = 94 AU, with the outer boundan
served on Voyager 1. atr, =180 AU.
Figure 2 shows model fits to the Voyager 1 anc
ACR observations during the solar minimum pe
ods of 1987 and 1998, and also for 2006, whi
apporaches the next solar minimum..

The regression line in panel A displays a signifi-

cant hysteresis effect that sets in at solar maximum
conditions in~ March 2001, such that low-energy i ) o
particles lag in their recovery behind high-energy "€ main, and puzzling, feature of this fit is th
particles. The3P dependence of these loops is, |t_can_only be achieved ina standard model if t
however, not immediately clear from comparison diffusion mean free paths in 1998 (Panel B) are
of the two panels, because panel B shows that 10 Iargerthagzln 1987 and 20?5- In 1987 and 2(
there is no significant hystersis between 316 - 478 rr = 2.4x10?23P(GV) cn’s™ ! inside the shock
MeV/n GCR He* (3P = 1.3 GV) and 30-56 dropping with a factos in the heliosheath, while
MeV/n ACR He' (3P =0.32GV). Giventhe large ~ *60 is 10% of k... Apart from this dl’Op_é_lCl’OSf
difference in3P, this indicates that species differ- the shock, both’s are independent of position. A

ences between GCR and ACR play an important < 0-4 GV both areoc 3. These solar minime
role in the modulation. were in gA<O drift cycles, and a neutral sheet ti

. — o angle of 10 was used.
It is also significant that the shock crossing is not i
the dominant effect in these plots. Both panels The 1997 gA-0 solution has the same paramet
do indeed show a perceptible kink at the crossing, &S the 1987 one, except that. is 10 times larger,
with the post 2004.9 points on a somewhat steeper *66 1S 20% ofx,,, and the source strengtty, is
slope than before that. We will show, however, that 7 times smaller. The larger diffusion coefficien

these profiles are dominated by temporal, and not &€ needed to shift down the roll-over of the sp
shock-crossing effects. trum that is accelerated on the shock by a facto

~ 4. These higher diffusion mean free paths, hc
ever, cause significantly less modulation relative
the shock spectrum, which must be compense
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tions are the same, and intermediate to the two
used in Figure 2. This does provide the requi
shift in peak energy predicted by [7] in a straigf
forward way. It happens because in the<gq@\cy-

cle the particles are efficiently accelerated as tl
drift from the poles to the ecliptic along the shoc
In the gA>0 cycle the acceleration is much le
efficient because there are little or no source ps
cles near the ecliptic plane to be accelerated. -
source particles injected at the poles therefore h
to be cycled throughout the entire heliosphere fil
before they become available for acceleration
the shock, leading to lower overall efficiency. TF
natural explanation comes at the expense, howe
of having to use a source function thatli®’ times

higher in the gA>0 than in the gA0 cycle. This
is even more porblematic than the different me
free paths used in Fig. 2 for the different dri
states. This solution also produces latitudinal

tensity distributions in the inner heliosphere tt
are not observed. Thus, we conclude that the s
in ACR peaks in consecutive solar cycles is a ft
damental effect that is presently not understood
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Figure 3: Fit to the 1987 and 1998/9 ACR-I spec-
tra by using a source/injection mechanism limited
to within 20° off the poles to demonstrate that this
scenario does lead to significant shifts in peak en-

ergy as observed. Regression profiles through the shock

for by a weaker source function. We note tidat

is actually the combination of source strength and

injection efficiency at the shock. This injection ef-
ficiency is, in turn, determined by magnetic field

topology and its connection with the shock, so that

both the higheks and lowerQ seem to be related
to the properties of the HMF. In agreement with

The second surprising feature of both the ACR ¢
GCR components is that their recovery from ¢
lar maximum conditions in 2001 has been rema
ably similar in the supersonic solar wind inside t!
shock and in the heliosheath. Standard model:
the ACR modulation predict an entirely differe
behavior, as can be seen as follows.

[4], we consider these differences from one solar Figure 4a shows the radial distribution of 16 and
cycle to the next as fundamental. MeV/n ACR intensities, calculated with the san
There is an interesting way to reduce the big dif- parameters as those used for the spectra in Fi
ferences in transport coefficients needed to explain 2c. Inside the shock these intensities show the 1
the spectra in the gAO and gA<O solar cycles. ical modulation depletion which leads to positi
This is based on an old idea of [7] to limit the radial gradients, the magnitude of which increa:
source function to the polar regions. As discussed with decreasing energy. The intensities reacl
above, this also reflects the efficiency of the in- maximum at the shock, however, with negative
jection mechanism, which may be quite different dial gradients in the heliosheath. These nega
in the quasi-radial HMF configuration above the radial gradients increase with increasing ener
poles than at other positions on the shock. Accord- because the particles are convected and scatt
ingly, Figure 3 shows the observations and solu- away from their source.

tions for 1987 and 1997 when the source of par- The intensity variations of Figure 1 are produc
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Figure 4: Panel A shows the radial distribution of =
ACRs at 16 (dashed) and 43 MeV/n (full) MeV/n.
In panel B the solutions are lifted up to simulate C
demodulation towards solar minimum conditions.

30 - 56 MeV/n He

fects. These temporal effects can both be due to the

gradual reset to solar minimum conditions and the _ o _
passage of shorter-term modulating events. With Figure 5: Regression line of the bottom half of Fi
radial gradients as high as 100 %/AU (at MeV ure 2a together with three solutions of the trans
energies) the effect of the outward motion can eas- €quation, for conditions in 2001 (point 1), 20(
ily be 300%lyr, or a factor of- 100 over the recov-  (Points 2 and 2’, and 2006 (points 3 and 3') in Fi
ery phase of a solar cycle. The unprimed numbers Ure 4.

1, 2, and 3, connected by the dashed line in Fig-

ure 5 show the calculated regression line due to the Acknowledgements
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