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Abstract During the solar journey through galactic space, variations in the physical
properties of the surrounding interstellar material (ISM) modify the heliosphere and
modulate the flux of galactic cosmic rays (GCR) at the surface of the Earth, with
consequences for the cosmogenic radionuclides at Earth. The diverse ram pressures
and ionization levels of ISM possible in the low density solar environment generate
dramatically different possible heliosphere configurations, with a wide range of particle
fluxes of interstellar neutrals and their secondary products, as well as GCR arriving at
Earth. However, simple models of the distribution and densities of ISM in the down-
wind direction give cloud transition timescales that can be directly compared with
cosmogenic radionuclide geologic records. Both the interstellar data and cosmogenic
radionuclide data are consistent with cloud transitions within the past 10,000 years
and 20,000-30,000 years ago, although the many assumptions about the ISM that are
made in arriving at these numbers indicate that the uncertainties are quite large.
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1 Introduction

The Sun has traversed multiple interstellar clouds during our 220 Myr journey around
the galactic center, including dense clouds, low density partially ionized interstellar
matter (ISM) such as now surrounds the heliosphere, and hot very tenuous plasma.
Variations in the galactic cosmic fluxes at the surface of the Earth are strongly de-
pendent on the solar activity cycle, the geomagnetic field, and the physical properties
of the circumheliospheric interstellar material. The modulation of the 1 AU galactic
cosmic ray flux by solar flare mass ejections has long been known (Gosling [1964). The
sensitivity of the heliosphere configuration to the total interstellar pressure, including
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the dynamic ram pressure and magnetic pressure (Holzey|1989) indicate that the global
heliosphere is a weather vane for the circumheliospheric ISM (CISM). Sufficient data
on interstellar absorption lines are now available that the general characteristics of
the circumheliosphere ISM can be reconstructed for the past ~ 100,000 years (Sec-
tion 2]), providing a basis for evaluating the ISM-modified heliosphere (Section [3)), and
comparing these historical variations with the geologic radio-isotope record (Section
[). Any scenario connecting features in the geomagnetic record with interstellar cloud
encounters will necessarily include assumptions about the ISM, as well as an incom-
plete understanding of galactic cosmic ray (GCR) modulation for variable heliosphere
configurations. Our conclusions below linking cloud transitions to discontinuities in the
geologic radioisotope record are subject to these uncertainties.

2 Contemporary and Paleointerstellar CISM
2.1 Dynamics, Structure, and Interstellar Magnetic Field in contemporary ISM

The local solar environment has been sculpted by stellar winds and supernovae origi-
nating in stellar associations bordering the Local Bubble (Frisch et al/l2009, F09). Fig.
1 shows the Local Bubble cavity, the S1 and S2 shells, and the local standard of rest
(LSR El) motions of the Sun and CLIC through the cavity. The global ISM has local
consequences, since stars in the Local Bubble cavity create local ionization gradients.
The cluster of local interstellar clouds (CLIC) flows through the Local Bubble cavity,
and provides the contemporary CISM and paleoCISM. The Sun has recently emerged
from very low density interstellar gas, < 0.005 em ™3 (based on density limits set by
the soft X-ray background, F09), and entered the CLIC. This follows from the solar
velocity through the local inertial frame (LSR), Vsun= 18.0 £ 0.9 km s_l7 towards £,
b= 47.9°£3.0°, 23.8°£2.0°, the configuration of the CLIC, and from the CLIC LSR ve-
locity of -16.8 km s71 arriving from the direction £~ 335°, b~ —7° (Frisch_and Slavin
2006). The CLIC LSR upwind direction coincides with the center of the Loop I (North

° in the Sco-Cen Association

Polar Spur) supernova remnant centered near £,b=320°,5
(Heiles [1998).

The CLIC is a decelerating flow of ISM. ISM kinematics towards nearby stars
show the galactic environment of the Sun changes rapidly. From upwind to downwind,
interstellar velocities in the solar inertial system (”heliocentric”, HC) are -28.4 km s~ *
towards 36 Oph, 26.3 km s™! in the inner heliosphere, and 23.4 km s™1 towards Xl
Ori. If all other cloud parameters are the same, there is a 50% difference in the ram
pressures of these clouds, which alone leads to a significant distortion of the heliosphere.
Using Vi for nearby clouds in Table 1, variations in the interstellar ram pressure on
the heliosphere may be a factor of 4.2 over the past 10° years. If all local clouds have the
same density as the CISM, n(H®)=0.2 cm ™3, then ~ 35% of sightlines to stars within
10 pc are filled with warm low density ISM. The clouds have a mean length 0.9 + 0.3
pc, and the Sun would cross these clouds with a mean crossing time of ~ 47,000 years.
In the upwind direction, 60% of space towards o Aql contains ISM, while 29% of the
space downwind towards o CMa is filled. The heliospheric boundary conditions are set
by the CISM, which flows through the heliosphere at ~ 26 km s~! and is replenished
every ~ 25 years.

1 The local standard motion, LSR, is derived from the UVW components in (Schonrich et all
2010, SBD10). LSR velocities here are quoted based on this value for the solar apex motion.
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Fig. 1 The distribution of ISM, marked by color excess E(B-V) towards nearby stars. A pro-
jected slice along the galactic plane is shown, centered on the Sun, radius 200 pc, perpendicular
extent Z= 0150 pc. The visual extinction towards a star is ~ 3X E(B — V), so that E(B — V)
represents the cumulative amount of ISM. The features dominating the past and future solar
galactic environment include the distribution of ISM, the LSR vector motions of the CLIC
(red arrow) and the Sun (black arrow), and the distribution of hot nearby stars. The local in-
terstellar magnetic field (ISMF) direction is directed towards ¢,b= 38°,23°, with uncertainties
of £35°, and overlaps the solar motion in this projection. The Sun is most likely embedded in
the S1 magnetic subshell of Loop I that has expanded to the solar location, while the S1 shell
tangent line at the Sun (according to the spherical symmetry modeled by Wollebed (2007)) is
nearly perpendicular to the CLIC LSR vector flow. E(B — V') contour levels of 0.08, 0.11, 0.14,
0.16 mag correspond to N( H°+H>) column densities of 4.46e20, 6.56e20, 7.87¢20, and 9.18¢20
cm~2, for N( H°4+Hz)/E(B — V)= 5.8 x 10?! atoms cm~2 mag (Bohlin et all (1978)). The
large blue circles show the three subgroups of the Sco-Cen Association, and the arc centered
near ¢~ 260° shows the approximate nearside of the Gum Nebula. The intersection of the S1
and S2 magnetic shells with the galactic plane are shown as the small cyan-blue and gray dots,
respectively.

The heliosphere boundary conditions are determined from self-consistent model-
ing of the ionization gradients in the CISM, using as constraints data on interstel-
lar He® and pickup ions in the heliosphere, and very local ISM towards ¢ CMa
(Slavin and Frischl 2008, S08). The interstellar radiation field is the sum of diffuse
ultraviolet radiation dominated by ¢ CMa, the soft X-ray background, extreme ultra-
violet emission from a conductive boundary on the local interstellar cloud that ionizes
He®, and the radiation flux for A > 912 A that regulates the equilibrium of ISM di-
agnostics such as Mg® / Mg™ ratio and Ca™. A good fit to the LIC data towards e
CMa is found for n(H®)=0.19 cm ™2, ne=0.065 cm ™3, np=0.055 cm 2, and T=6,300 K
(Model 26 in SF08). The fractional ionizations of H and He are respectively, 22% and
39%. Even in the absence of hot plasma filling the Local Bubble interior, as suggested
by modeling of foreground X-rays from charge exchange between the solar wind and
interstellar neutrals (Imummmz.llzmﬂ), the SFO8 models predict a low density,

warm partially ionized CISM (Model 42 in SF08). The gas-phase abundances in the




CISM, which include unobserved HT, provided the first evidence that the Sun is in
shocked ISM. The abundance pattern in the gas is characteristic of the destruction of
refractory grains in 50-100 km s~! shock fronts, such as associated with expanding
superbubble shells (Frisch et all[1999). Abundances of the refractory elements Mg, Si,
and Fe are below solar by factors of 3—15, and C is overabundant. However these abun-
dances are larger by factors of 4-8 than cold cloud gas-phase abundances, where grains
are quiescent.

The direction of the interstellar magnetic field near the Sun is approximately per-
pendicular to the CLIC LSR velocity. The best-fitting ISMF direction has been esti-
mated from fits to polarized starlight, caused by attenuation of magnetically aligned
interstellar dust grains towards stars within 40 pc. The local ISMF direction is towards
£, b = 38°, 23°, with uncertainties of ~ +35° (Frisch_et all[2010). Forming an angle
of ~ 70° with the LSR bulk flow CLIC vector, this direction suggests an ISMF com-
pressed in an expanding superbubble shell. The S1 subshell of the Loop I superbubble
has a local configuration that is perpendicular to the bulk flow of the CLIC through
the LSR, and that is approximately parallel to the ISMF direction (Fig. 1). The ISMF
direction indicated by the Interstellar Boundary Explorer (IBEX) Ribbon arc center,
£,b= 33°,55° (Frisch.and McComasd 12010, this volume) agrees with the polarization
direction to within uncertainties. Fits to the Faraday rotation and dispersion measures
for four pulsars, 150-300 pc away in the third galactic quadrant, give an ISMF direc-
tion that is consistent with the polarization data and a field strength ~ 3.3 uG (Salvati
2010).

Some notion of the local ISM configuration is needed to estimate temporal changes
in the heliosphere boundary conditions. Data on neutral and electron volume densities
of nearby clouds are sparse, so simplifications are unavoidable. For a cloud density of
n(H®)~ 0.2 cm ™3, the LIC towards Sirius has a thickness of 0.65 pc (Table 1). The
angular extent of the LIC is ~ 150° (Redfield and Linsky [2008). If the LIC is 1.0 pc
away, it has a length of 7.5 pc, and aspect ratio of 12:1, which is a filamentary structure.
For the G-cloud, the angular extent is about 170°, and the cloud thickness towards
36 Oph is 1.15 pc. This gives a cloud length of 22.9 pc, for a distance of 1.0 pc and
density 0.2 em ™3, for an aspect ratio of 20:1. The nearest parts of the CLIC therefore
seem to be filamentary. A filamentary structure for local clouds is consistent with the
polarization evidence linking the flow of ISM past the Sun to an evolved magnetic
superbubble shell.

Not all nearby clouds are warm and diffuse. Tiny scale atomic structures (TSAS)
are observed throughout the ISM, with typical sizes 30 AU, volume densities ~ 103
em ™3, column densities 10'® —10'? cm_27 and thermal pressures P/k = nT = 10*—106
em 3K if clouds are spherical (Stanimirovid 2009). Towards the constellation of Leo
and within 12 pc, a tiny dense cold filamentary interstellar cloud, thickness < 0.4 pc,
has been identified in Na°® absorption (Meyer et all[2006). TSAS are associated with
warm tenuous ISM, and may form in converging interstellar flows. The Leo cloud occurs
where the S1 and S2 shells may collide (Frisch 2010). Alternate types of nearby ISM
include conductive boundaries between warm diffuse gas and hot plasma between the
clouds. Unsaturated outflows of ISM from the clouds lead to sharp gradients in the
ISM density, velocity, and temperature over small spatial scales. The outflow velocity
can be up to 20 km sfl, with temperature variations of an order of magnitude, over
distances < 0.5 pc (SF08).



2.2 Historical changes in the Circumheliospheric ISM over ~ 100, 000 years

Inferring historical variations in the heliosphere due to the Sun’s trajectory through a
dynamic inhomogeneous medium requires some basic assumptions about cloud shape
and homogeneity. Useful data include H® or D° column densities and velocities.
When several sightlines probe a single cloud, the 3D cloud velocity vector is recovered
through fits to the velocity components sampling the cloud. The local clouds identified
by [Redfield and Linsky (2008, RL0O8) present the most complete velocity structure for
the CLIC, but yield a result that the CISM as identified by interstellar He® inside of
the heliosphere is not seen towards any other star.

Data on several interstellar clouds identified within 5 pc of the Sun are assembled in
Table 1, which also gives simple estimates of cloud crossing times and cloud thicknesses
for the assumption that all clouds have the same density as the CISM, or n(H®)~ 0.2
em ™3, Cloud thickness is & ~N(H®)/n(H®), and the crossing time T is T' = §/Vyc.
There is a 5% uncertainty in 7" because of differences in measurements of the cloud
velocity. Uncertainties from the assumption of constant H® density are not known, but
could be factors of two. We now estimate the timeline for past solar traversals of clouds
using the data in Table 1 and assuming (1) the cloud surface is flat and perpendicular
to the sightline so that 7' = §/Vjc is valid (see above), or alternatively (2) the cloud
is a filamentary structure and roughly aligned with the local ISMF.

The direction towards x' Ori, 9 pc, looks through the heliosphere tail (pHer= 13°)
so for a smooth cloud shape the simple estimate should approximate the entry time of
the Sun into CISM gas, giving ~ 60,500 years ago. For the more distant star in the
downwind direction o Aur, which is also close to the tail direction (¢ge= 28°) but
with higher H° column densities, the Sun entered the ISM 126,000 years ago. Both

Table 1 Crossing times for Clouds Close to Sun ()

Star £, b, Dist Viic, Vusr  log N(H®) §, Cloud Ocric, duer T, Crossing
Thickness LSR, HC Time
(deg,deg, pc) km s~1! cm™? (pe) (deg) (years)
a Cen 316, -1, 1.3 -18.0, -18.6 17.61 0.66 20°, 130° (35,900)
a CMa 227, -9, 2.7 19.6, 2.2 17.60 0.65 106°, 42° 32,200
a CMa 227, -9, 2.7 13.7, -3.7 17.40 0.41 106°, 42° 29,000
o CMi 214, 13, 3.5 24.0, 10.4 17.81 1.86 122°, 41° 42,600
a CMi 214, 13, 3.5 20.5, 6.5 18.08 1.38 122°, 41° 92,900
x! Ori 188, -3, 9 22.3, 27.4 17.93 1.38 146°, 13° 60,500
a Aur 163, 4, 13 21.8, 15.3 18.24 2.82 171°, 28° 126,000
36 Oph 358, 7, 6 -28.2, -16.7 17.85 1.15 26°, 170° (39,800)
e CMa 240.,-11.,133. 17, -0.2 17.60 0.65 86°, 54.° 37,000
e CMa  240.-11.,133. 10, -7.2 17.48 0.49 86°, 54.° 47,900

(1) Columns 1 and 2 are, respectively, the star name, galactic coordinates, and distance.
Column 3 gives the velocities of the interstellar absorption components in the solar (e.g.,
Redfield and Linsky (2008)) and LSR inertial systems. Column 4 is the cloud column
density, from [Wood et all (2005) or [Hebrard et al! (1999). Column 5 is the cloud thickness,
N(H®)/n(H°) calculated for volume density n(H°)= 0.2 cm™3. The angles 6cpic and
¢Her are, respectively, the angles between the star and the LSR upwind CLIC direction
¢, b = 335° —7°), and the heliocentric (HC) downwind He® vector (¢, b = 184°,—15°),
respectively. Column 7 gives a nominal crossing time for the cloud, calculated from the cloud
thickness and Vic.



clouds are at the LIC velocity. For a continuous ISM distribution, the LIC extends
beyond Xl Ori and the Sun entered the complex ~ 126,000 years ago. However, since
the average spatial densities in the two sightlines differ by a factor of 1.5, the option
that the LIC velocity component represents two clouds with different properties but
the same velocity seems likely, so these two sightlines suggest two cloud transitions.
The most recent transition was within the past ~ 60,500 years for x* Ori. The earlier
transition was before ~ 400, 000 years ago for the ISM beyond Xl Ori, and in front of
a Aur, since the cloud moves ~ 22 parsecs per Myrs with respect to the Sun according
to the velocity. The sightline towards v CMi, 3.5 pc, is oblique to the He® downwind
vector (¢ye1=41°), but appears to have absorption at the two velocities of the LIC and
Blue Cloud (BC) seen towards aw CMa. This sightline gives an entry time into the LIC
less than 92,900 years ago. The absence of a distinct second component towards Xl
Ori, which is closer to the downwind He® vector, suggests the angular scale of the BC
does not have significant column densities in the downwind He® direction. If instead
the local cloud is filamentary, with the bulk LSR CLIC flow perpendicular to an ISMF
in an expanding filamentary shell, then both Xl Ori and o Aur are still relatively close
to the LSR CLIC downwind direction (6cric= 146°, 171°), so these timescales may
still be roughly valid.

The alternative of filamentary structures seem appropriate, given the widespread
appearance of filamentary clouds when magnetic fields are present, and given the con-
figuration favored by the perpendicular ISMF direction and CLIC bulk LSR motion
of an expanding superbubble shell containing magnetically aligned filaments. For a
filamentary structure, &« CMa and ¢ CMa are nearly aligned with the filament since
0cL1c=86°-106°, and the a CMa sightline is 16° from the ISMF direction. The case
where o CMa is sighted along the cloud surface was considered by [Frisch (1994), who
concluded that the Sun could have entered the CISM gas anytime within the past
2,000-8,000 years, or sooner given the uncertainties. If the surface is corrugated, or
curved, then the sightlines to one of the stars might traverse conductive interface re-
gions on the cloud. The CTTT detected towards e CMa suggests the presence of an
interface.

For the sake of comparisons with the geologic radio isotope record, and because
the downwind gas must be either clumpy or filamentary, we adopt several time in-
tervals as possible candidates for a solar transition between interstellar clouds. These
transitions are: (1) Sometime within the past 8,000 years, as indicated by the a« CMa
sightline together with an assumed filamentary cloud structure; (2) Sometime within
10,000 — 32,000 years ago. Two clouds are seen towards a« CMa and o« CMi, 3.5 pc,
and the second cloud should be more ionized than the CISM since it is unshielded from
e CMa, the primary source of local H-ionization. This suggests that there was more
ionized and clumpy ISM around the Sun before we entered the CISM gas, or perhaps
a cloud interface. We estimate 30% of the o CMi sightline is filled with neutral ISM
for n(H®)=0.2 cm 3. Strictly speaking, going by velocities only, the Sun could have
encountered this ISM anytime within the past ~ 175,000 years. However the clumpi-
ness of the local ISM, and the apparent deceleration evident in the CLIC velocities,
suggest that the clumps of gas that form the CLIC have a cohesive origin and are
close to each other. The obvious uncertainties in these time scales include the cloud
shape and unknown volume densities. If cloud densities are lower than the CISM value
of n(H®)=0.2 cm3assumed here, they are more extended than listed in Table 1; if
densities are larger, clouds will be less extended.



3 The Heliosphere for Different Interstellar Environments

The heliosphere results from a balance between solar wind and interstellar pressure.
This balance sets the size of the heliosphere and determines the particle distributions
and magnetic field configurations throughout, which in turn determine how galactic
cosmic rays are being modulated during their passage through the heliosphere on their
way to Earth.

The inner boundary conditions of the heliosphere consist of the solar wind, im-
printed with the 22 year magnetic activity cycle of the Sun, as a “point source” inflow.
The time variability of the solar wind affects the large-scale heliosphere, including the
heliosheath regions. The distance of the termination shock in the nose direction varies
by about 10 AU with the solar cycle phase, and is closer during solar wind minima
when ram pressures are lower (Zank and Miiller 2003). The reversals of the solar mag-
netic polarity every ~ 11 years between successive solar minima propagate to the inner
heliosheath regions, and create bands of magnetic polarity that are swept around the
flanks of the heliosphere with the subsonic solar wind (e.g., [Pogorelov_et al.l2009). The
outer boundary conditions of the heliosphere are dominated by the total pressure of the
surrounding cloud, including magnetic pressure, the ram pressure of excluded ions, and
a large fraction of the ram pressure of the neutrals which participate through charge-
exchange with ions outside the heliopause (the pressure interior of the heliopause is
modified by charge exchange as well).

Configurations of the global heliosphere have been modeled for a range of surround-
ing interstellar cloud properties. In one study (Miiller_et all2008), the parameter space
around the current interstellar cloud is sampled to establish empirical relations for lo-
cations of heliopause, termination shock, and bow shock as a function of interstellar
boundary values. This study confirms the overall connection of the size of the helio-
sphere with the pressure balance argument. The interstellar ionization ratio weakly
influences the downstream termination shock distance as well as the typical termina-
tion shock strength. In relative terms, the termination shock shape does not change in
this particular region of parameter space. [Miiller et al! (2006) explore a wider range of
possible interstellar environments, including cold dense clouds, hot tenuous, completely
ionized clouds like what was assumed for the Local Bubble, and systems on galactic
paths that result in fast relative Sun-ISM velocities. In particular the relative velocity
has a decisive influence on how much interstellar neutral material reaches the inner
heliosphere (filtration); the larger the relative velocity, the less filtration is occurring.
If the Sun encounters a completely ionized ISM (Local Bubble), GCR particle fluxes
at Earth are lower than currently. With neutrals absent, none of the pressure balance
modifications take place, and secondary particles like anomalous cosmic rays (ACR)
do not exist. Lastly, if the heliosphere is embedded in a dense cloud, the heliosphere
is small in size, and particle fluxes at Earth rise substantially. Depending on the in-
terstellar ram pressure, the heliosphere can easily get small enough for the Earth orbit
being partly in the inner heliosheath region.

Yeghikyan and Fahi (2006) consider the passage of very dense molecular clouds
over the heliosphere. The resulting heliospheres are very small, so that the orbit of
Earth takes it through regions of interstellar gas outside the heliopause. The expected
neutral fluxes at Earth are so high that changes for the ozone layer and other climate-
related effects are to be expected. Similarly, when a supernova shock front washes over
the heliosphere (Miiller et all(2009), the heliosphere can be equally small (Figure 2h),
with direct access of supernova material to the Earth atmosphere. In both cases of
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Fig. 2 Left. Snapshot of the heliospheric density during a supernova shock arrival, for pre-
viously CISM-like ambient conditions (the SNR velocity is 12,000 km s~1). Earth’s orbit is
indicated as a circle (neglecting inclination effects). Earth is directly exposed to SNR material
for part of the year. Right. Spectra of galactic cosmic rays at 1 AU for three different inter-
stellar clouds surrounding the heliosphere: LIC stands for the contemporary CISM; LB is the
Local Bubble interior modeled as a 1.2 x 108 K fully ionized plasma with density 0.005 cm™—3;

and DC is a dense cloud with density 10 cm—3, temperature 200 K, and relative velocity of 25
km s~!. The figures are from [Miiller_ef all (2009) and Miiller_ef all (2008), respectively.

extremely small heliospheres, the access of GCR to Earth is greatly enhanced. In a
calculation by [Florinski et _al. (|20£ﬁ), where a cold dense cloud results in a moderate
size heliosphere of 23 AU, a two-fold flux of GCR, and a ten-fold flux of ACR is
reported. Figure Bb illustrates this with calculated spectra for the Local Bubble case
and for a dense cloud case, comparing them to the GCR fluxes of the contemporary
heliosphere.

4 Comparing past cloud transitions with the terrestrial radioisotope
record

The radioisotopes 1OBe7 36C1, and MC are created by GCR spallation in the terres-
trial atmosphere, and precipitate to Earth and form geological records that serve as a
tracer of cosmic ray fluxes interacting with the Earth’s magnetic field (e.g. see articles
by McCracken and Beer in this volume). The well known anticorrelation between GCR
fluxes arriving at Earth and the solar activity cycle (see articles by Leske and Mewaldt
in this volume) suggests that interstellar-driven variations in the heliosphere configura-
tion also may have an effect on the GCR flux impinging on the Earth’s surface. Section
3 discusses the response of the heliosphere, and examples of substantial variations in
GCR modulation for some ISM-heliosphere interactions. In this section, we search for
evidence of such an effect.

Methods for reconstructing the paleomagnetic field of the Earth rely on compar-
ing GCR-~generated radio isotopes 10Be, 36017 and '*C with remanence magnetic field
measurements dhdusghc]smum, MO05). Several anomalies are found in these com-

parisons, where the different methods for reconstructing the terrestrial magnetic dipole




components do not agree. These puzzling differences provide the opportunity for ex-
planations that rely on interstellar perturbations of the heliosphere, and the resulting
modulation of the 1 AU cosmic ray flux. Previous efforts to explain 10Be anomalies
include a modulation by a diminished heliosphere due to a passing supernova shock
(Sonett et all 1987, and see Fig. 2), unconfirmed results that link peaks in the °Be
ice core records with the passage of the Sun through magnetic flux tubes in the ISM
(Frisch [1997), and the careful study of the effect of the Maunder Minimum on 10Be in
ice cores (McCracken 2004). Although high GCR fluxes are linked to climate cooling
(e.g., Kirkby and Carslaw [2006), such processes are not discussed here.

The unexplained discrepancies in the paleomagnetic record result from discrepant
reconstructions of the paleomagnetic field from remanence measurements, and from
tracking the radio isotope fluxes in ice core (1°Be, 36Cl) and tree ring (**C) records.
The ones we discuss here include: (1) The discrepancy in the timing of the maximum
magnetic field dipole strengths (the “virtual axis dipole moment”, VADM) during the
Holocene traced by the Be versus 14C records (Fig. 6 in M05). (2) The 18,000
34,000 years ago record where both 1°Be and 36Cl VADM reconstructions differ from
the remanence records, and the 4@ data are less understood.

(1) The VADM paleomagnetic field reconstructed from 10Be records peaks at 2,000
years BP, which is one millennium later than the peak determined from 4C at 3,000
years BP (Fig. 6 in M05). The *Be and archeomagnetic field determinations agree
generally, so that the discrepancy is postulated to be due to the carbon cycle (MO05).
Since increases in VADM strengths indicate reduced radio isotope fluxes, the reduction
in the '*C fluxes occurred about a millennium before the reduction in the '°Be fluxes
in the holocene. This time interval is within the uncertainties of the solar entry into the
LIC, as determined from the « CMa sightline and assumed filamentary structure. We
postulate that prior to entering the CISM, the Sun traversed an ionized cloud interface
region that did not contain any interstellar neutrals, and which generated higher ram
pressures because of larger velocities from outflows (Fig. 2 in SF08). This would have
reduced the GCR modulation region, but also removed entirely the anomalous cosmic
rays (ACRs) that form from accelerated interstellar neutrals. We speculate that the
14 concentrations, but not 1°Be or 26Cl, are enriched by lower energy ACRs, because
the long dwell times of 14Q in the troposphere allows the 4@ concentration to be
enriched with ACRs trapped in the radiation belts of the Earth (Mewaldt et all[1998).
As a consequence, the ¢ fux would immediately see two effects upon entering an
ionized interface, one due to ionization and the disappearance of ACRs, which leads to a
decrease in 14C according to our hypothesis, and the other which works in concert with
10Be modulation and shows an increased flux because of the smaller heliosphere. As
the Sun enters the main part of the cloud, which is ~ 23% ionized (SF08), the balance
between the synchronization of the 10Beg, 36C17 and 'C formation was restored along
with neutrals and the ACRs. The general implication is that when 10Be7 361, and
14C fluxes are synchronized in the paleomagnetic record, this would sample an interval
when the ISM surrounding the heliosphere contains neutrals. However because *C
would be further enriched by ACRs trapped in the radiation belts, the absence of
interstellar neutrals would decrease '*C concentrations relative to °Be and 6CL.

(2) During the period 18,000-34,000 years ago, both the 10Be and 36Cl1 VADM
reconstructions deviate from the remanence archeomagnetic records. The increased
VADM reconstructed from '°Be and 26Cl suggests reduced fluxes below that explained
by the archeomagnetic record, or extra heliosphere modulation of GCRs. M05 suggested
that possible changes in levels of solar magnetic activity may be responsible for this
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difference. We speculate that this interval instead corresponds to an encounter between
the Sun and slower clumpy ISM beyond the CISM in the downwind direction that
forms the second clouds observed towards a CMa and o« CMi, both within 3.5 pc. Cloud
velocities alone affect the GCR modulation because the heliosphere dimensions increase
as the ram pressure of the ISM decreases. The decreased '°Be and 36Cl fluxes in this
interval would then suggest a larger heliosphere modulation region, that still contains
a solar wind mass-loaded with interstellar particles. Cloud-Sun relative velocities of 26
km s™! today, versus 21-22 km s~ ! for Xl Ori and o Aur, and 14 km s ! for the BC
towards a CMa (Table 1), suggest that cloud ram pressure could have been a factor
of ~ 2 — 3 lower in the past than today, giving a larger heliosphere and larger GCR
modulation region that are consistent with the decreased fluxes found by MO05.

Additional discrepancies, about 48,000 and 58,000 years ago, are seen between the
radio isotope paleomagnetic and remanence paleomagnetic records. These timescales
are well within uncertainties on the entry times of the Sun into nearby interstellar
clouds (Table 1), however there is little detailed interstellar information on which to
base a comparison.

5 Future: Improving Comparisons between Local ISM Structure and
Paleomagnetic Records

The comparisons between the structure and kinematics of interstellar clouds near the
Sun, and the paleomagnetic records deduced from radio isotopes such as 10Be, 36Cl,
and 14C7 are based on scanty knowledge of details of the three-dimensional spatial dis-
tribution and configuration of nearby interstellar clouds. In addition, the flux of galactic
and anomalous cosmic rays at the Earth has only been calculated for a limited number
of heliosphere configurations (e.g. Florinski this volume, [Florinski and Zank 2006)).
Given the uncertainties, the attenuation of GCRs and ACRs by an ISM-modulated
heliosphere appears to be capable of accounting for several unexplained excursions
in the geomagnetic record. More study of the roles of anomalous cosmic rays versus
higher GCRs as source populations of the radio isotopes will be of interest, since dif-
ferences between the 14C7 10Be7 3601 records are mandated if ACRs are a factor in
e production rates. Only more data will reveal whether these interpretations are
accurate.
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