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Abstract. Using a dynamic multifluid model of the global heliosphere (Bonn model) we found, that the variation of the
heliospheric interface and the corresponding cosmic ray modulation can not be made responsible for the increase of the mean
cosmic ray flux during the Maunder Minimum. This is because the diffusion coefficients of cosmic rays required to simulate
their flux increase need an “intrinsic” time variation, i.e. one that can be attributed to the solar or heliospheric magnetic field,
thus, to the solar dynamo. Our study of the diffusion coefficients constrains the decrease in the strength of the solar magnetic

field during the Maunder Minimum to about a factor of 4.
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1. Motivation

For theories of the solar dynamo it is very important to have
knowledge about the heliospheric magnetic field and its vari-
ation on various time scales in order to obtain contraints on
the solar magnetic field (Lockwood et al. 1999; Solanki et al.
2000; Wang & Sheeley 2003). It is of particular interest not
only to understand the variations on the short time scales of the
Schwabe- and the Hale cycle, i.e. ~11 and ~22 years, respec-
tively, but also for the so-called grand minima of solar activity
like the Maunder Minimum lasting from about 1645 to 1715
(Eddy 1983). Although poorly documented by observations of
physical parameters, the Maunder Minimum is most interest-
ing in this context, because of its proximity to the present and
its long duration.

The heliospheric magnetic field and its turbulence levels
are responsible for the modulation of cosmic rays. In contrast
to measurements of the heliospheric magnetic field the cosmic
ray flux can be indirectly traced back into the distant past sig-
nificantly earlier than the Maunder Minimum. This is possible
because the production rate of cosmogenic isotopes in the at-
mosphere of Earth depends on the flux of cosmic rays (e.g.
Masarik & Beer 1999; Beer 2000).
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Thus, long-term records of cosmogenic isotopes, in par-
ticular of '°Be, are a proxy for the long-term variation of the
cosmic ray flux at Earth. The observed !°Be concentration pre-
sented in Fig. 1 shows a strong increase during the Maunder
Minimum, which in the line of the arguments given above is
caused by an increasing cosmic ray flux. Excluding external
variations (see, e.g., Shaviv 2003) on the time scales of interest
here, the cosmic ray flux can most effectively be influenced by
the heliospheric magnetic field strength and turbulence levels
both of which are most likely anticorrelated to the cosmic ray
flux. Because of the direct relation between the heliospheric
magnetic field and the solar magnetic field, one can conclude
that during the Maunder Minimum also the solar magnetic field
was weak as might indeed be indicated by the almost complete
absence of sunspots during this period.

While it is clear that the cosmic ray flux is anticorrelated
to the solar activity, it is less clear whether there is a direct
or an indirect connection in the case of grand minima, like
the Maunder Minimum. The former is provided by the so-
lar/heliospheric magnetic field variation, while an example for
the latter is given by the dynamics of the heliosphere in re-
sponse to the solar activity.

Due to the variation of the solar wind ram pressure with so-
lar activity the so-called heliospheric interface, i.e. the layer of
subsonic plasma between the supersonic solar and interstellar
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Fig.1. The observed concentration of '°Be form 1500-2000. Also
shown is the observed sunspot number from 1600—-2000. The figure is
taken from McCracken & McDonald (2001) who applied an averaging
procedure to the original data published by Beer et al. (1990).

wind, is changing in time. Depending on its dynamically
changing structure the heliospheric interface might act as dif-
fusion barrier to galactic cosmic rays. Thus, it can provide a
modulation of the cosmic ray flux, which is indirectly related
to the solar activity.

Both alternatives have been discussed as causes for the
cosmic ray flux increase during the Maunder Minimum.
Wang & Sheeley (2003) considered the direct effect of a so-
lar/heliospheric magnetic field decrease, while McCracken &
McDonald (2001) proposed the indirect effect of modulation
within the heliospheric interface (see also Bonino et al. 1997
Usoskin et al. 2001; Webber & Higbie 2003).

In order to study the relative importance of both effects, we
applied the so-called Bonn Model (Fahr et al. 2000; Scherer &
Fahr 2003a,b), a dynamic multifluid model of the global he-
liosphere, to the cosmic ray modulation during the Maunder
Minimum. To the best of our knowledge, this is the first study
of cosmic ray modulation during the Maunder Minimum with
a sophisticated model of heliospheric dynamics including self-
consistently the cosmic ray modulation.

We find that the dynamics of the heliospheric interface and
the corresponding cosmic ray modulation can not explain the
cosmic ray flux increase during the Maunder Minimum.

We further show that the most plausible maximum variation
of the solar wind speed during the Maunder Minimum and the
corresponding heliospheric magnetic field changes are also not
consistent with the observed flux increases. This is because the
diffusion coefficients required to simulate the cosmic ray flux
variations need an additional “intrinsic” time variation, that can
be attributed to the solar magnetic field and, thus, to the solar
dynamo.

Therefore, studying the diffusion coeflicients of cosmic
rays provides constraints to the time variation and strength of
the magnetic field in the heliosphere and on the Sun.
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2. Modelling the cosmic ray modulation
with the Bonn model

The Bonn model describes the interaction of the solar wind
with the interstellar medium. The resulting dynamics of the he-
liosphere is treated selfconsistently on the basis of the mutual
interactions of protons, hydrogen atoms, pickup ions, anoma-
lous and galactic cosmic rays. The Bonn model is discussed
in detail in Fahr et al. (2000) and especially its dynamics in
Scherer & Fahr (2003a,b). Therefore, we restrict ourselves to
explain only the modelling of the long-term variation of the
solar wind parameters simulating a grand minimum as proxy
for the Maunder Minimum. In addition, we describe the time
variation of the cosmic ray diffusion used for the simulations.

2.1. The simulated Maunder Minimum

The explicit time dependence in the Bonn model was first stud-
ied by Scherer & Fahr (2003a,b). Here we will describe the
additional modifications which are necessary to model a long-
term variation of the solar wind speed and density keeping
the solar wind flux constant (McComas et al. 2000). We use
the form of the solar cycle variation derived from observa-
tions as described in Fahr et al. (1987), see also Scherer &
Fahr (2003b):

ey

such that 0 < fi(r) < 1. The constants ¢; can be used to avoid
a discontinuity introduced when switching on the time depen-
dence and to shift the variation patterns in time. This form is
used for both the short- and long-term variations by adjusting
the constants a;, b;, ¢;, which are not independent:

fi(®) = a; + b; cos(w; t — ¢;) exp[c; cos(w;t — ¢;)]

b; = di[exp(c;) + exp(=c)]™" ; (2)

For the 1l-year cycle we used ¢; = 1, d; = 1 and
w; = 2m/(11[years]), while for the Maunder Minimum we
chose ¢c; = 6,dy = 0.5,wy = 2m/(280[years]). The period
of 280 years is arbitrary, but guarantees a sufficiently large sep-
aration of grand minima. The amplitude of the 11-year varia-
tion of the solar wind speed during the Maunder Minimum is
controlled by the parameter d, = 0.5, which corresponds to a
50% reduction of the solar wind speed.

The motivation for using the same functional form f;(¢)
is the assumption, that grand minima simply occur with a
longer period, but that otherwise their physical characteristics
are identical.

Then the speed dependence is given by:

() = Vmax = (Vmax = Umin) f1(0) (1 = f2(1)) 3)

with vmax = 800 kms™! and v, = 300 kms™!. This is dis-
played in the upper panel of Fig. 2. The simulated Maunder
Minimum is the extended period of, on average, higher solar
wind speed.

While even during a solar minimum the wind speed near
the ecliptic never reaches an average value of 800 kms™!, it is
near this value throughout most of the heliosphere (McComas
et al. 2000). Observations show that the region of slower wind

a; = b,’ exp(—c,-).



K. Scherer and H. Fichtner: The heliosphere during the Maunder Minimum

132 176 220 264 308
1 I 1 1 1 1 1 I 1
700 +
—
n
N
]
&
B 500 - L
o
a
n
300 +
104 T T T T T A
0.8 - +
: 4
E 06 - L
g |
8 04+ +
o _ L
=
0.2 +
0.0 -
T T . T . T . . . : .
132 176 220 264 308

Maunder like cycle

Fig. 2. In the upper panel the solar wind speed variation for a Maunder
like grand minimum is shown, see Eq. (3). In the lower panel the cor-
responding variation for the diffusion coefficient is shown, see Eq. (5).
Note, that the increase during the simulated Maunder Minimum is not
a velocity effect, but has to be attributed to a change of the solar mag-
netic field. The origin of time (in years) is arbitrary.

is limited to heliographic latitudes between ~+30° (see also
Srivastava & Schwenn 2000). The remaining 60° per hemi-
sphere, i.e. about 75%, are filled with a high-speed wind. Given
that the Bonn model is 2-D, and, thus, has to be considered as
an averaging model regarding heliographic latitude, the aver-
age will be a high-speed value rather than a low-speed one.

Furthermore, the chosen value of 800 kms™! must be un-
derstood as an upper limit for the effect of a solar activity
persisting throughout the Maunder Minimum, resulting in a
larger excursion of the heliospheric interface than for simula-
tions with smaller values (see Scherer & Fahr 2003b).

2.2. The diffusion model

In the two-dimensional Bonn model the diffusion of cosmic
rays is described with a tensor of the form

(% O
=10 koo |
In the ecliptic plane, k. can be interpreted as the coefficient ;.
describing diffusion perpendicular to the heliospheric magnetic
field, while ks = kK corresponds to the parallel diffusion.

Besides using the well-established relation k, = nk (Giacalone
& Jokipii 1999) with n = 0.03 we employ the representation:

(P)  By(D) (v(t) )2

)

&)

M1 = KB IGY B0 1)

Umin

where S is the particle speed normalized to the speed of light,
(P) = 13 GV is the mean rigidity required in the fluid approach
(Fahr et al. 2000) and it corresponds to the energy range of
those cosmic rays producing most of the cosmogenic isotopes.
The time-varying solar wind speed u(#) is described above,
B(r,9,1) is the Parker field, and kg = 10> cm?s™! at Earth.
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Fig.3. The simulated cosmic ray variation during and around the
Maunder Minimum in a dynamical heliosphere. The dashed line in-
dicates the flux level for f3(z) = 0, see Eq. (6).

We incorporated a time variation of «; which is based
on fits to observations, see Ferreira (2002) and Ferreira &
Potgieter (2003), where we use a slightly different parametriza-
tion in Eq. (5) than these authors.

As is demonstrated below, the increase of the diffusion co-
efficient due to the on-average higher solar wind speed during
the Maunder Minimum is not sufficient to explain the mean flux
increase of galactic cosmic rays indicated by the '°Be data. It is
rather necessary to introduce an “intrinsic” time variation of the
heliospheric magnetic field (i.e. also the solar magnetic field)
given by

Bo(t) = Boo [1 + 3f5(0)] " ©6)

where the constants in f3(¢) are ¢z = 15,d3 = 1, w3 = wy. By,
which cancels out in Eq. (5), is giving the strength of the Parker
field at 1 AU at the beginning of the simulation where we used
standard solar wind values (see Scherer & Fahr 2003b).

As nothing is known about this time variation, there is no
preferred choice for f3. For simplicity, we have chosen a form
similar to f] and f,. Note, because we study only the long-term
trend, details of the time variation of f3 do not influence our
findings described below.

3. Discussion of the simulations

We have simulated the dynamics of the outer heliosphere with-
out using the additional variation of the diffusion coefficient
during the Maunder Mininum, i.e. f3(f) = 0. In that case, the
variation of the diffusion coefficient is entirely determined by
the velocity profile shown in the upper panel of Fig. 2. The
finding is a cosmic ray flux during the Maunder Minimum that
never exceeds the maximum of periods other than that of a
grand minimum, as indicated by the dashed line in Fig. 3. This
means that the motion of the heliospheric interface, particu-
larly that of the termination shock and the heliopause, does not
affect the cosmic ray flux at 1 AU. This is to be expected, be-
cause on a time-scale of about fifty years of quiet solar wind
the cosmic ray flux is independent of the dynamics of the outer
heliospheric, due to a characteristic diffusion time that is much
shorter than the relaxation time of the heliospheric interface. So
far, our modelling does not indicate an influence of the diffu-
sion coefficient in the interface region on this result. While only
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anegligible effect is expected for the 1 AU flux, a more detailed
investigation appears interesting in the light of recent results by
Florinski et al. (2003), because it might give insight into the
structure of the heliosheath possibly observed by the Voyager
spacecraft in the near future (Krimigis et al. 2003; McDonald
et al. 2003).

The only way to further increase the mean cosmic ray flux
during the Maunder Minimum is to increase the diffusion coef-
ficient appropriately. As argued above this cannot be a velocity
effect, and therefore the function f3(f) in Eq. (6) should not be
zero. This corresponds to a variation of the solar/heliospheric
magnetic field as modelled by Wang & Sheeley (2003) result-
ing in the time profile of the diffusion coefficient displayed in
the lower panel of Fig. 2. The resulting galactic cosmic flux in
the inner heliosphere is depicted in Fig. 3. Obviously, an addi-
tional increase by a factor of 4 (see Eq. (6)) during the Maunder
Minimum is evidently reflected in a mean cosmic ray flux in-
crease. Note, that this factor is much smaller than that needed
for the variation during a normal Schwabe- or Hale cycle. The
latter can, depending on the cosmic ray energy, be as high as 50
(Ferreira 2002).

The cosmic ray flux increase during the Maunder Minimum
amounts to 20% of its value at the beginning of this grand min-
imum. According to Masarik & Beer (1999), who performed
extended computations of the cosmogenic nuclide production
due to cosmic rays in the Earth atmosphere, such increase re-
sults in a ~60% increase of the '’Be production rate. As can
be seen in Fig. 1 this is indeed observed during the Maunder
Minimum. Evidently, our simulations reproduce the correct in-
creases of the cosmic ray flux.

4. Conclusion

We have found, that an increase of the mean cosmic ray flux
of 20% — required to explain the observed '°Be increase dur-
ing the Maunder Minimum — can only be obtained with a de-
creasing solar and heliospheric magnetic field. Variations of
the heliospheric interface in response to solar activity are not
sufficiently strong to enhance the cosmic ray flux in the inner
heliosphere. Therefore, the on-average increased concentration
of cosmogenic isotopes during the Maunder Minimum is most
likely correlated to a changing solar dynamo. With our mod-
elling we can constrain the decrease of the solar magnetic field
to about a factor of 4.
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