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Abstract: The recent unusually long solar minimum offers a unique insight into the physics of cosmic ray modulation.
The magnetic field was weakest ever recorded, and the flux of galactic cosmic rays (GCRs) reached a record high level.
Anomalous cosmic ray (ACR) fluxes, on the other hand, did nor exceed their 1987 level. We interpret these observations
in terms of enhanced diffusion in the weaker field. The source spectrum of ACRs at the termination shock depends on
the diffusion coefficient inside the TS: adiabatic cooling results in a steeper source spectrum of ACRs at the TS if the
diffusion into the heliosphere is easier. 1-D and 2-D model simulations will be presented and preliminary results will be
compared with observational evidence.
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1 Introduction

The recent unusual solar cycle offers a unique possibility

to gain new insight into the modulation mechanism and

identify the drivers of solar modulation. The minimum of

cycle 23 was unusually long, solar activity remained very

low quite until late 2009 when solar activity finally started

to increase.. The solar magnetic field decreased to an un-

precedented low value [1], the density, and hence the ram-

pressure, of the solar wind was also low [2]. The current

sheet, on the other hand, remained moderately tilted, and it

was not until 2009 that the HCS flattened.

GCR fluxes reached record-high level following the flat-

tening of the HCS. Record-high levels were observed at

neutron monitors and spacecraft measurements [3]. For in-

stance, based on ACE observations of few hundred MeV/n

iron, Mewaldt et al. [4] derived a � 20 percent increase

relative to the 1987 minimum of the some polarity. Pamela

recorded high fluxes as well.

It is interesting to note that ACRs, in contrast to GCRs,

did not reach record high levels in 2009 [5]. This may be

connected with a decreased level of the source spectrum

of ACRs at the solar wind termination shock (TS). A full

understanding of the difference between GCRs and ACRs

may give important constraints for the modulation and ac-

celeration processes.

ACRs are typically singly charged ions, which are subject

to the same physical processes as GCRs. Besides the dif-

ferent rigidities, a fundamental difference between ACRs

and GCRs is that ACR are created and accelerated in the

heliosphere. The spectrum of ACRs is determined by he-

liospheric processes, while GCRs have harder spectrum

which is modulated in the heliosphere. The ACR source

spectrum at the TS is expected to decline if either the pro-

duction of pickup ions declines or the spectrum steepens.

The spectrum steepens if either the shock weakens or the

diffusion coefficient increases [6]. This latter possibility

has been raised by several authors [7, 8, 9, 3]. In the present

work we report on preliminary results of 1-D and 2-D sim-

ulations to further explore this possibility.

2 Galactic Cosmic Rays

The recent solar minimum occured in a so called
� � �

polarity state when GCR ions drift inward along the helio-

spheric current sheet (HCS), hence their modulation is sen-

sitive to the tilt of the HCS. It is worthwhile to recall that

HCS effects appear only when the tilt is low for a substan-

tial time so the flattening of the HCS extends to a large part

of the inner heliosphere [10, 11]. In typical solar cycles,

the tilt of the HCS and sunspot number are well correlated,

so their effects are difficult to disentangle.

Here, we present a simple model calculation illustrating

what may have happened during the last solar minimum.

Figure 1 shows the isolated effect of HCS. We assume a

constant field strength, and constant parallel and perpendic-

ular diffusion coefficients, while the tilt angle of the HCS

is changed continuously in a cycle from a high value of

70 � to a flat sheet and back to the highly inclined 70
�

state.

GCRs do barely respond at the beginning, when the tilt is

still high. GCR fluxes start to increase rapidly, with some

delay, as the HCS sinks below 30 � or so, and peak, again

with little delay, when the HCS becomes flat. Similar vari-

ation is visible in the the rising phase of the HCS angle.
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Figure 1: Illustrative simplified example of GCR modula-

tion due to the change of the tilt of the HCS only. A con-

stant field strength is maintained while the tilt is changed

from 70 � to 0 � and back to 70 � (shown by the dotted black

line). GCR fluxes are insensitive to the tilt when the tilt is

large and increase sharply while peak as the HCS flattens.

Blue refers to Earth orbit, orange to 2 AU high latitude,

green to 5 AU near the equator.

The right panel of Figure 2 shows a model simulation,

where the diffusion coefficients, � � and � � is simply taken

to be inversely proportional to the field strength, � , and

both � and the tilt angle are changed continuously at the

Sun. Then these changes are assumed to be passively car-

ried by a uniform solar wind at a speed of 345 km/s in-

side the TS, and � � �  � � � � � � � � � , beyond the TS located

at R=90 AU. The field strength is set to decrease by a factor

of � � � , while the tilt changes from 70  to 5  , as shown in

the bottom of figure 2. While the larger part of GCR in-

crease is due to the easier diffusion in the weaker field, the

flattening of the HCS causes an additional increase similar

to that observed in 2009. Figures 1 and 2 demonstrate that

the combined result of drifts with changing HCS and dif-

fusion with changing diffusion coefficients is not a simple

addition of two separate effects. The simulation is intended

to illustrate basic processes and is not aimed to fit actual ob-

servations. A more detailed realistic simulation and careful

comparison with observations may assist to isolate drift ef-

fects associated with the tilted HCS.

Figure 2: Qualitative example of GCR modulation due to

the combined change of both the tilt of the HCS and the

diffusion coefficients due to the weaker magnetic field, � .

The tilt is changed from a large value of 70 � to a small value

of 5 � according to the dotted black line, the magnitude of

the magnetic field is changed by a factor of 1.4 according to

the solid black line. Vertical lines are intended to guide the

eye. The resulting GCR variation is qualitatively similar to

that observed in last solar cycle (see text).

3 Anomalous Cosmic Rays

The source spectrum of ACRs at the TS is formed by he-

liospheric processes and may change for several reasons.

One plausible possibility is that, in addition to the shock

strength, the spectral index of ACRs is also sensitive to the

diffusion coefficient in the outer heliosphere [6]. An im-

portant quantity is � � � � $ & � , where � is the radial diffusion

coefficient, $ & is the upstream solar wind, while � stands

for heliocentric radius. Deceleration in the expanding wind

plays negligible role as long as � � � � $ & � ) � . Cooling

may, however, become important if � is large, and this is

the primary cause of the high/energy cutoff of the ACR

spectrum. Assuming a simple spherical geometry and tak-

ing � � � � $ & � + - / 0 � 2 � a simple calculation yields the spec-

tral index, 4 as

4 + 7
8 $ &9 $

: � < > � &
� $ &

$ �9 $
@

(1)

with
9 $ + $ & 7 $ � , implying that a increase of � results

in a steepening of the spectrum, hence lower fluxes are ex-

pected at the energies of interest.

It should also be kept in mind that another the loss of ACRs

due to leakage from the heliosheath is another important
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Figure 3: Simulated variation of 10 MeV/n anomalous

Oxygen in a simple 1-D model. The source spectrum at

the TS decreases toward solar minima due to the quasi-

sinusoidal variation of the diffusion coefficient between

solar maxima and minima (as shown at the bottom).

Dashed/dotted vertical lines mark solar maxima/minima.

Note that this simulation would still predict higher ACR

flux at Earth at the weak solar minimum around year 11

(see text).

effect. The change of the diffusion coefficient in the he-

liosheath, would act oppositely for GCRs and ACRs. Eas-

ier diffusion in the heliosheath will elevate GCR fluxes at

the TS. For ACRs, on the other hand, easier diffusion leads

to a loss due to the easier leakage of ACRs through the he-

liopause, which in turn results in a steepening of the spec-

trum.

3.1 Numerical simulation

We present simple numerical simulations to illustrate the

physical mechanisms involved. These preliminary results

are not intended to fit observations. We take a simple spher-

ical geometry with a shock of strength � � � � � 
 � at 90 AU

heliographic distance, with � � =400km/s. The radial diffu-

sion coefficient, � is assumed to have a power law depen-

dence with � 
 � � � � � � � � � � � � � � " � $ � & � ( � � � ( � $ * � � + ,

where " is particle speed, & is particle rigidity in GV, and

� is measured in AU. The diffusion coefficient is reduced

by a factor of 10 in the heliosheath, extending to 120 AU.

The time dependent factor � is changed at the Sun with a

sinusoidal variation between 1 at solar maximum and 3 or

4 at solar minima (figure 3 shows 1/K). This variation is

then passively advected by the solar wind.

Simulation results covering over two cycles are presented

in figure 3. The solar minimum at year 11 represent a weak

cycle. We find that the source spectrum at the TS does,

indeed, decrease with increasing � . We also note that,

though this particular simulation would predict a lower

source spectrum at the TS, the flux predicted at Earth would

be still higher than at other solar minima. Clearly there

are competing processes and careful simulation work is re-

quired to explore the full range of possibilities.

We also note that the combination of lower source spec-

trum and less modulation causes, in this particular simula-

tion, the ACR flux to be somewhat off-phase with the solar

activity and with the predicted GCR flux. These require

further studies. It is quite conceivable that a simplified 1-D

model is insufficient to reproduce the observed evolution of

GCR and ACR fluxes simultaneously.

4 Summary

The recent unusually long and weak solar minimum offers

unique insight into a the physics of the modulation process,

and a unique possibility to disentangle diffusion and drift

and drift effects and obtain important constraints for the

transport parameters in the outer heliosphere. Our prelim-

inary results show qualitative agreement with the observed

record-setting evolution of GCR fluxes. ACRs, by contrast

with GCRs, did not reach record-high levels. The steepen-

ing of the source spectrum and the easier inward diffusion

constitute competing processes. The 1-D model presented

here cannot account for drift effects which are likely impor-

tant. Further, more detailed 2-D simulations are in progress

and will be presented at the Conference.
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