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On the time scale of up to millennia the flux of cosmic rays outside the Heliosphere can be
assumed roughly constant, and the cosmic-ray variability observed near Earth is driven by so-
lar magnetic activity. Thus, using data on cosmogenic isotopes measured in natural terrestrial
archives, past solar activity can be reconstructed. The most important cosmogenic isotopes are
radiocarbon 14C and beryllium 10Be. However, because of the diversity of the proxy archives, it
is difficult to build a homogeneous reconstruction, and previous studies showed inconsistencies
with each other. Here we report a new consistent multi-proxy reconstruction of the cosmic-ray
variability over the Holocene (last 9000 years), using all available long-span datasets of 10Be and
14C in terrestrial archives (six 10Be series of different ice cores from Greenland and Antarctica,
as well as the global 14C production series). We have applied a new method, based on a Bayesian
approach, which yields the most probable values of the solar modulation as well as straightfor-
ward estimates of the related uncertainties. The final reconstruction indicates the presence of a
slow 6 – 7 millennia ‘wave’ in the long-term evolution of solar activity, with lows at ca. 5500 BC
and 1000 AD. Two distinct components of solar activity were confirmed: the main component,
corresponding to the “normal” moderate level, and a component corresponding to grand minima.
A possible existence of a component representing grand maxima cannot be separated from the
main component in a statistically significant manner.
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1. Introduction

The flux of cosmic rays may be considered as roughly constant and isotropic outside of the
heliosphere on the time scales of up to tens of millennia, owing to the diffusive transport of cosmic
rays in the Galaxy. However, the flux of low-energy (<50 GeV) cosmic rays is highly variable in
the vicinity of Earth, that is know as cosmic-ray modulation. Thus, cosmic-ray variability provides
a potential tool to investigate solar/heliospheric physics in the past long before any direct measure-
ments became available [19]. Two processes define the cosmic-ray modulation near Earth: solar
magnetic activity, and the geomagnetic-field shielding.

The heliospheric modulation changes the flux of incoming cosmic rays in the heliosphere via
aggregate of four main processes affecting cosmic-ray particles: scattering on magnetic-field inho-
mogeneties, convection and adiabatic cooling in the radially expanding solar wind and drifts [14].
Geomagnetic filed, which shields Earth from incoming charged particles depending on their en-
ergy/rigidity, changes slowly, and normally its variability is neglected on short time scales, but for
the longer time scales it may become dominant and must be considered. Correction for the chang-
ing geomagnetic field is straightforward once it is known independently, e.g., from paleo/archeo-
magnetic data [21].

Variability of the flux of cosmic rays is recorded in natural, independently dateable archives,
such as tree trunks, ice cores or sediments, where cosmogenic isotopes are preserved. Cosmogenic
isotopes are called so because their only (or the main) source at Earth is related to cosmic-ray in-
duced nuclear reactions in the Earth’s atmosphere [4]. Upon production, they follow a transport
and deposition/storage in the terrestrial system before being recorded in the archive. A very use-
ful isotopes is radiocarbon (14C) produced as a product np-reaction (called ‘neutron capture’) on
atmospheric nitrogen, oxidized to 14CO2 and stored, after taking part in the global carbon cycle, in
tree rings, corals etc. Another useful isotope is beryllium-10 10Be which is produced as a result of
spallation of atmospheric oxygen and nitrogen by primary and secondary particles of the acosmic-
ray induced atmospheric cascade. After production it is believed to be attached to be attached to
aerosols and quickly (within 1 – 2 years) precipitate. It is typically measured in polar (Greenland
or Antarctic) ice cores.

Accordingly, by measuring the content of cosmogenic isotopes in such natural archives, one
can assess the cosmic-ray variability and hence the heliospheric modulation, ultimately defined by
solar magnetic activity, in the past on the time scale of up to twelve millennia, the Holocene. To do
it quantitatively, one needs several components:

• Precise and independently dated measurements of cosmogenic isotopes;

• Independently know geomagnetic field intensity;

• Quantitative model of the isotope production in the atmosphere;

• Model of transport and deposition of the isotopes in the terrestrial system.

Significant progress have been made recently in all these components leading to different recon-
structions of cosmic-ray variability on the secular scale (e.g., [1, 2, 12, 17, 18, 21]). However,
most of the previous reconstructions were based on individual isotope records. Even in case of
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Table 1: Data series used in this work to reconstruct solar activity.
Isotope Series Period (-BC/AD) Resolution Reference
14C IntCal (Global) -8000 – 1950 10-yr [16]
10Be GRIP (Greenland) -7375 – 1645 10-yr [11, 25, 27]
10Be EDML (Antarctica) -7440 – 730 10-yr [18]
10Be NGRIP (Greenland) 1389 – 1994 1-yr [5]
10Be Dye3 (Greenland) 1424 – 1985 1-yr [3, 10]
10Be Dome Fuji (Antarctica) 690 – 1880 ∼5-yr [7]
10Be South Pole (Antarctica) 850 – 1960 10-yr [2, 15]

multi-proxy studies, reconstructions were based on individual records and then simply compared
or averaged [2, 9, 12, 18, 24, 25]. A new method has been developed recently [26], based on the
Bayesian approach to find the most probably evolution of solar activity and its uncertainties. Here
we apply this method to available datasets and reconstruct solar modulation of cosmic rays on the
multi-millennial time scale.

2. Data sets

We used seven data series as listed in Table 1: one global 14C dataset and six regional 10Be se-
ries, covering different time intervals between 8000 BC and 1950 AD. For consistency, all datasets
were resampled to the decadal time resolution, before the analysis. Since only 14C has the ‘ab-
solute’ dating based on dendrochronology, while ice-cores may have a ’floated’, by up to a few
decades, chronology [1]. Accordingly, a wiggle-matching was applied to 10Be series to ‘tie’ them
to the tree-ring scale, using the method of [26].

As the geomagnetic data, we used a range of ensemble paleomagnetic reconstruction, using
the model GMAG.9k of the virtual axial dipole moment (VADM) covering all known uncertainties,
as described in [21], that covers the period since 6700 BC.

3. Solar modulation by Bayesian approach

Solar modulation of cosmic rays is usually quantified via the modulation potential ϕ (in units
of rigidity, MV), which does not have a clear physical meaning but provides a very handy single-
parameter description of the cosmic-ray spectrum near Earth [6, 20]. A typical way to reconstruct
the modulation potential is via inverting the problem: from the measured/estimated production rate
of an isotope, Q(t), the value of ϕ(t) is assessed for any time moment t by applying a isotope
production model and the independently known geomagnetic field model M(t). This however
leads to a discrepancy between the results obtained from individual series [8, 25]. These individual
series can be averaged, linearly or non-linearly (cf. [18]), but this does not take into account the
uncertainties of the data and models.

Here we use another approach, based on Bayesian methodology, as developed recently [26].
The method is based on the finding the most probable value of ϕ and its uncertainties which matches
all the data for given time t, as follows.
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Figure 1: Multi-proxy reconstruction, based on Bayesian approach, of the decadally averaged cosmic-ray
modulation potential for the mean (black curve) and 1σ confidence interval (grey shading) for the period
6700 BC – 1900 AD. The red curve depicts the decadally averaged modulation potential for the instrumental
era, since 1951 ([22], http://cosmicrays.oulu.fi/phi/phi.html).

1. A value of ϕ(t) was taken by scanning the range from 0 – 2000 MV.

2. An ensemble of 106 values of the production rate of an i-th isotope, Qi
′ were computed us-

ing the production model [13], with Monte-Carlo propagation of error (model uncertainties,
geomagnetic field uncertainties, and measurement uncertainties). From this ensemble, the
mean ⟨Qi

′(t)⟩ and the standard deviation σQ,i(t) were calculated.

3. The value of χ2(ϕ) = ∑i

(
Qi(t)−⟨Qi

′(t)⟩
σQ,i(t)

)2
was calculated as a sum over all the analyzed data

series.

4. Steps 1 – 3 were repeated with the new value of ϕ . The value of ϕ corresponding to the
minimum χ2

min was considered as the most probable value ϕ ∗, and its 68% confidence level
was defined as that corresponding the χ2(ϕ) = χ2

min +1.

This procedure was repeated for each moment t and led to the reconstructed series of the modulation
potential shown in Figure 1.

4. Results and discussion

The heliospheric modulation depicts a great deal of variability on different time scales as one
can see in Figure 1. Several features can be observed. First are the typical Grand minima of
solar activity, when sunspots are nearly completely vanished and the modulation drops to a very
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Figure 2: Kernel density estimate of the probability density function (PDF) for the occurrence probability
of the modulation potential ϕ from Figure 1. Dotted blue curves show the best-fit Gaussians corresponding
to local bumps in the distribution (maxima are at 251, 385 and 491 MV)).

low level. This can be observed as fast and deep drops with the duration of about 100 years.
Interestingly, the level of modulation during the Grand minima, is 100 – 200 MV throughtout the
entire interval except the period between ca. 3500 BC and 1000 BC, when the modulation drops
are to the level of 300 – 400 MV. The latter may indicate either the absence of Grand minima over
that period or some overestimate of the modulation during that period. One can also observe a long
‘wave’ with the lows ca. 5500 BC and 1000 – 0 AD, and the high around 3000 – 2000 BC. The
origin of this wave is unclear: it can be a real slow change of solar activity, an unknown trend in the
geomagnetic data or a climate effect on the cosmogenic isotope transport in the terrestrial system
[21]. The fact that the Grand minima are not deep during the maximum of this wave, suggests that
the wave likely has a terrestrial origin.

A (Gaussian) kernel density estimate of the probability density function (PDF) of the occur-
rence probability of the reconstructed decadal values of the modulation potential ϕ from Figure 1
is shown in Figure 2. The distribution can be decomposed into three Gaussians: one with the mean
of 491 MV and width 216 MV corresponds to the normal mode of solar activity [26]; another one,
with the mean 251 MV and width 127 MV, corresponds to the special mode of Grand minima of
solar activity [23]. The third mode (mean 375 MV, width 56 MV) is not statistically distinguish-
able and most likely represents Grand minima during the maximum of the wave discussed above.
A separate mode, corresponding to Grand maxima of solar activity, cannot be distinguished (cf.
[23, 26]).
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