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Abstract. The residual cosmic ray modulation caused by the
subsonic solar wind behind a front of the standing shock-
wave has been considered. Under the assumption that the
wind is turbulent and the energy is uniformly distributed,
we have estimated the residual modulation depth. In this
case, the Bohm’s value for a diffusion coefficient has been
taken. It is believed that the residual modulation disappeared
in the period of the Maunder minimum, and a value of the
corresponding increase of radiocarbon and10Be is found.
The comparison with observation data shows the satisfactory
agreement.

1 Introduction

Cosmic rays are closely associated with solar activity chan-
ges which, in turn, control many processes in the outer shells
of the Earth and, in particular, influence on climate changes.
Because a knowledge of the behavior of climate at the long-
term scale is of not only academic interest but it is also nec-
essary to predict future global changes, now all these inter-
related phenomena are intensively studied. The investigation
of the cosmic ray variations in the past epochs is also im-
portant in astrophysics, as in this case a range of solar wind
parameters characterizing cosmic ray modulation can be ex-
tended and one can obtain new information on the modula-
tion mechanism itself.

The knowledge about cosmic rays in the past are obtained
in the tracks of their action on the isotopic composition of
several chemical elements (Kocharov, 1996). One of them is
the radioactive carbon accumulated in the wood. The exis-
tence of wood rings allows to date selected samples well.

Here we attempt to relate information about cosmic rays in
the past to the phenomena of residual modulation. There is
reason to believe that in the periods of solar activity minima
the cosmic ray modulation does not disappear entirely espe-
cially at low energies. Therefore the periods of depressed
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solar activity for any length of time are of interest. For this
purpose the theoretical estimations for the velocity of radio-
carbon formation in the case if there were no modulation.

2 Modulated Spectrum and Radiocarbon

We believe that the velocity of radiocarbon formation is pro-
portional to the energy contributed by cosmic rays to the
Earth’s atmosphere. Apparently, it would be necessary to
take into account the spatial distribution of the released en-
ergy: in geographic latitude, in height above the ground sur-
face. As the first approximation we shall simply sum all re-
leased energy.

From theoretical considerations it is known that a distri-
bution function of cosmic rays in the Galaxy must be of the
form:

f(p) = Ap−(γ+2), (1)

where2 < γ < 3 is an index of cosmic ray spectrum. It
corresponds to a density of particles

n(p) = 4πAp−γ (2)

The flux density of particles falling on the unit of surface of
any body equalsJ0(p) = n(p)v/4. The velocity is

v = pc2/ε = cp/
√
p2 + 1, (3)

wherep is a dimensionless impulse in units ofmc.
Thus, the flux density in the Galaxy is

J0(p) = πA
p−(γ−1)√
p2 + 1

. (4)

The constantA can be expressed through the energy density
of cosmic rays in the Galaxy,w0. As

w0 = mc2
∫ ∞

0

(
√
p2 + 1− 1)n(p)dp, (5)
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then forγ = 2.5 we obtain

A =
w0

4πmc2K0
, (6)

where

K0 =
∫ ∞

0

(
√
p2 + 1− 1) · p−2.5dp = 2.4717. (7)

On the Earth’s orbit we observe the flux modulated by the so-
lar wind which differ from the galactic flux by a modulating
factor exp(−p0/p). Such a form testifies that the diffusion
coefficient is proportional top that is a close approximation.
Besides, the presence of the geomagnetic field leads to the
cutoff of low-energy part of the spectrum which depends on
geomagnetic latitudeλ. The cutoff threshold

p(λ) = p1 cos4 λ, p1 = 15 GeV/c = 16 (8)

Herep1 is a dimensionless value. According to this formula,
the Earth’s atmosphere area by irradiation with particles of
momentump is a part of total area which equals

σ(p) =

{
1−

√
1−

√
p/p1 , p < p1

1 , p > p1

(9)

The flux averages over the total atmosphere surface is

J(p) = J0(p) e−p0/p σ(p). (10)

This flux releases the energy which is expended in ionization
of atoms, modification of isotopes and other manifestations.
This energy per unit time (i.e. specific power) is

W = πAmc2 σ(p) p−(γ−1) e−p0/p (1− 1√
p2 + 1

), (11)

and the total power is found by integration over total range of
changes ofp. Integrating atγ = 2.5, we obtain total power
N released by the particles in the Earth’s atmosphere. In the
absence of the modulation (atp0 = 0) the power is

N = 0.0825 (4πR2
e)w0c. (12)

HereRe = 6.37·108 cm is a radius of the Earth. It is custom-
ary to assume thatw0 = 1 eV/cm3, from where it follows
that cosmic rays in the Earth’s atmosphere release about 2
GW.

The modulation decreases the released power. This de-
crease in per cent depending on the value of parameterp0 is
given in Table1.

Table 1. δI at different values of the parameterp0.

p0, 0.8 1.0 1.2 1.4 1.6 2.0 3.0
GeV/c
−δI,% 10.1 11.8 13.5 15.0 16.4 19.0 24.2

3 Subsonic Solar Wind

In the period of solar activity minimum the supersonic solar
wind, apparently, does not contain magnetic inhomogeneities
and the cosmic ray modulation is produced by the electric
field only. This is evident from the fact that at energies∼
10 GeV, corresponding to the ground-based neutron moni-
tors, the cosmic ray intensity obtained at solar activity min-
imum is5% greater at the negative polarity of general mag-
netic field of the Sun than in the analogous periods at the
positive polarity. Such as above difference is evident from
the theory, if the scattering frequency of particles is much
less than their gyrofrequency.

However, it is necessary to pay attention to the subsonic
solar wind produced in passing through a front of standing
shock wave. It would appear reasonable that in this wind the
large-scale turbulence develop and conditions are ensured to
arise equidistributions of energy between its different forms
including the magnetic one. Under the assumption that the
magnetic pressure is1/3 of total pressure in the subsonic
wind we obtain

H2

8π
=

1
4
ρu2

0 , (13)

whereu0 is a supersonic solar wind speed,ρ = ρ0(R0/R)2

is a solar wind density just ahead of a front of spherical shock
wave ofR radius,ρ is a wind density on the Earth’s orbit, the
radius of which isR0. The shock wave is assumed to be
strong and an index of gas adiabat to be5/3.

The field intensity according to the above assumptions is

H = u0
R0

R

√
2πρ0. (14)

Assuming in addition that the main turbulence scale is
larger than the particle gyroradius and that its spectral index
is close to 1, we consider the Bohm’s approximation, i.e. the
diffusion path length is equal to the gyroradius:

λ =
pc

eH
. (15)

The diffusion coefficient, therefore, will be

κ =
pc2

3eu0

√
2πρ0

R

R0
. (16)

4 Residual Modulation

Because the calculated diffusion coefficient does not depend
on the presence magnetic inhomogeneities in the supersonic
solar wind and its value is defined by the density and speed
of wind then the cosmic ray modulation produced by the sub-
sonic wind must also exist at solar activity minimum. Thus
we are dealing with the residual modulation.

The solar wind speed outside of the shock wave is

u(r) =
1
4
u0(

r

R
)−2. (17)
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This is evident from the fact that the pressure and corre-
spondingly density of wind do not almost depend on the ra-
diusr. The diffusion coefficient should not be also depended
on r. As the wind divergence equals zero, then the transfer
equation is of simple form:

κ

r2

∂

∂r
(r2 ∂n

∂r
)− u ∂n

∂r
= 0. (18)

The boundary condition at infinity isn = n0 and a solution
is

n = n0 exp(−
u0R

2

4κr
). (19)

As we are inside the shock wave, we are of interest the
cosmic ray density at the shock front, atr = R. We see that
the modulating factor isexp(−u0R/4κ). When substituting
κ, the exponent index does not depend onR and equalsp0/p,
where

p0 =
3u2

0

4c2
eR0

√
2πρ0. (20)

Substituting in (19) the typical valuesu0 = 4 · 1017cm/s,
ρ0 = 8× 1.7 · 10−24g/cm2, we findp0 = 2.4GeV/c.

Comparing this value with the Table, we see that the resid-
ual modulation in radiocarbon data must be approximately
20%. An accuracy of this value naturally depends on the va-
lidity of the above assumptions, which can be verified, ifρ0

is determined in an independent way.

5 The Maunder Minimum

According to measurements of the radiocarbon content in
the rings of trees and the isotope10Be in kernels of ice,
the solar activity in he last 800 years was 4 times in the
deep depression condition over several decades (Kocharov,
1996; Beer et.al., 1991; 1994), i.e. at minima of Wolf (1280-
1350), Sperer (1420-1540), Maunder (1645-1715) and Dal-
ton (1790-1830). The Maunder minimum is considered to be
the deepest.

On the basis of the detailed analysis of historical data ab-
out the sunspot numbers for 1645-1715, Eddy (1976) drew
the conclusion that the solar activity late in the17th - early
in 18th century was very low and the 11-year cycle was even
absent. In the later half of the17th century aurorae were also
observed sufficiently rarely.

Bonino (1996), by using radiocarbon and10Be measure-
ments of high accuracy, established the existence of the ga-
lactic cosmic ray modulation oven in the absence of the sun-
spots. From the work (Kocharov, 1996) it follows that the
magnetic dynamo solar mechanism did not stop its action at
the Maunder minimum; and the disappearance of sunspots
was caused by the superposition of minima of several long-
term solar activity variations.

As established by Kocharov (1996), there is an in exceed-
ing cosmic ray intensity observed in the period of that mini-
mum relative to its maximum level during minima of the19th

and20th cycles. The value of this ”excess”, apparently, is not

more than30%. On the assumption that the heliosphere at the
Maunder minimum was transparent for galactic cosmic rays,
Vasilyeva and Dergachev (1980) have estimated the velocity
of radiocarbon production which is greater by20−30% than
the average one. Such a value is apparently obtained from
10Be measurements (Beer et.al., 1991).

6 Parameter of Residual Modulation

According to the Table, the20% residual modulation in the
present epoch corresponds to the parameterp0 ≈ (2 ÷
3) GeV/c. It is consistent with the value expected from the
theory. Hence it follows that in the periods of solar activity
minimum we must see a maximum at certainp = p∗ in the
momentum spectrum of cosmic rays. It is not difficult de-
termined: differentiating the spectrumJ(p) with respect to
p and equating the derivative to zero, we obtain the equation
(atγ = 2.5)

p0

p∗
=

3
2

+
p2
∗

p2
∗ + 1

. (21)

The solution of this equation linearized nearp0 = 2 is

p∗ =
1
5

+
2
5
p0. (22)

Therefore, we obtainp∗ = 1.0 ÷ 1.4 at p0 = (2 ÷ 3). The
location of maximum in the spectrum observed at minimum
solar activity does not apparently contradict to this value.

7 Conclusion

Thus, the theoretical estimation of the residual modulation
in the solar system has found the confirmation in cosmic ray
data. It means that suppositions, on which this estimation is
based (about the equidistribution of energy in the subsonic
solar wind and about the Bome’s form of diffusion coeffi-
cient), are close to the reality.
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