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Cosmogenic element production in meteorites — the influence of
long-term variation in heliospheric structure
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Abstract. The heliosphere is identified as an important shieldflows almost unhindered into the heliosphere and, in case of
against interstellar hazards caused by cosmic rays and newgufficiently high fluxes, can change the chemistry of plane-
tral atoms. It is demonstrated by quantitative modelling thattary atmospheres. On the other hand, significant fractions of
a change of the interstellar medium surrounding the helio-GCRs from the LISM and the ACRs produced in the outer
sphere, as a result of the Sun’s quasi-Keplerian motion arounkeliosphere reach the environments and surfaces of the ter-
the galactic center, can trigger significant changes of plantestrial planets, moons, asteroids and meteoroids. Besides an
etary environments due to enhanced fluxes of both neutraihfluence on planetary magnetospheres (e.g., via current sys-
atoms and cosmic rays. Such enhanced cosmic ray fluxeems) and atmospheres (e.g., via cloud formation), there is
should also have an influence on the production of cosmoa production of radioactive elements due to the direct im-
genic elements in meteorites. Here we investigate the inprints in the surfaces of celestial bodies. These so-called
fluence of increased cosmic ray fluxes on the build-up ofcosmogenic elements serve as clocks providing information
cosmogenic isotope anomalies in meteorites during their mi-about the past of the solar system. Thus, the surfaces of such
gration from the outer heliosphere to the Earth. ProbableEarth-like celestial bodies (terrestrial bodies) can be consid-
candidates for influencing isotopic anomalies are anomalougred as ‘cosmochronic’ archives, see, e.g. Schweingruber
cosmic ray particles in the energy range between 1 to 10@&nd Bochsler (2000). The legibility and reliability of these
MeV/nucleon which attain their highest flux levels in the re- cosmochronic archives depends on the knowledge of the pro-
gion close to the solar wind termination shock. We presentduction rates of cosmogenic elements, i.e. on the corpuscular
first results. irradiation history of the surfaces and, thus, depends on the
intensity of the CR flux in the past. This intensity is deter-
mined by the structure of the heliosphere because both the
) interstellar spectra of GCRs and the source spectra of ACRs
1 Introduction are modulated by heliospheric transport processes.

. . In the following we discuss the changes in the heliospheric
The heliosphere, i.e. th? plasma bubble formed .by the So.lagtructure due to changes in the LISM, the consquences for
wind around the Sun, shields the planets from a direct irradia

. . o . i “the CR intensities and, in turn, for the radiation history of
tion with both energetic interstellar particles (galactic coSMIC - teoroids.

rays, GCRs) and patrticles energized in the boundary region

of the heliosphere (anomalous cosmic rays, ACRs). Also the

flux of interstellar neutral atoms at the orbits of the terres-
trial planets is significantly reduced due to a filtration in the
heliospheric interface and the (photo- and charge exchange
ionisation upon approaching the inner heliosphere.

Due to the orbit of the Sun around the galactic center th

2 The LISM and the structure of the heliosphere

X change in the basic structure of the heliosphere induced
eby a changing interstellar environment has already been dis-

interstellar environment at the boundary of the heliospherecUSsed in the 1970's (Begelman and Rees, 1975). According

is changing, implying changes in the structure and extensiori® these studies, the entry of thg: Sungand_tge heliosphere into
of the heliosphere as well as in the intensity of the cosmic® dense interstellar cloud ¢~ 10° —10° cm™”) could cause
rays (CRs) and neutral gas fluxes. On the one hand, the nedhe heliospheric shock to be pushed in the region inside the

tral gas component of the local interstellar medium (LISM) Earth _or_bit, so that the Ea_rth would be located in the helio-
spheric interface. The orbits of the outer planets could even

Correspondence td4. Fichtner lie beyond the heliopause. The consequences for planetary
(hf@tp4.ruhr-uni-bochum.de) environments would be (i) a major change in atmospheric




4032

chemistry due to the direct contact with the LISM, (ii) a
significantly increased CR intensity, and (iiij) a separation - . - — 00 togn/ o)
of the planetary magnetospheres from the heliospheric mag- o
netic field (for potential implications see Scherer (2000)). 600
For a long period, the investigation of a varying helio- 500
spheric structure was carried out on a qualitative level only, _ .
and the first quantitative studies were exclusively concerned = .,
with variations of the heliospheric structure due to the solar
activity cycle. Only recently, multidimensional models have
made possible quantitative analyses of the time-dependent

200

100

influence of the LISM. Zank and Frisch (1999) have stud- 000 400 2000 0% 200 o w
ied the effect of a denser LISM in detail. Nonetheless, their _

discussion of the implications of higher neutral gas fluxes re- 000 tog(n/ar?) 1
mains qualitative, and the effect of an altered CR intensity = 2oop ‘ ‘ ;
was not taken into account. An extension to more consistent E
multifluid models specifically including the presence and in- :
fluence of ACRs was achieved by Fahr, Kausch and Scherer 5 ¢ ™

150 — —

(2000) and a qualitative investigation of the effect of CRscan >
be found in Scherer (2000) and Scherer et al. (2001).

A typical result of such modelling for the large—scale struc- 7 f 7
ture of the heliosphere is shown in the upper panel of Fig. 1 ofs - - - J
showing the proton number density in the rest frame of the x/AU

Sun, in which its motion relative to the LISM appears as anFig. 1. The structure of the heliosphere resulting from an ax-
interstellar wind (blowing from right to left). Both the so- isymmetric model (Fahr, Kausch and Scherer, 2000): the proton
lar and interstellar wind undergo shock transitions: the he-number density seen in the rest frame of the Sun for a proton
liospheric shock (inner closed solid line) and the bow shockand neutral gas number density of the local interstellar medium of
(outer open solid line), respectively. The two plasmas arg?» = nu = 0.1 cm™* (upper panel) and,, = ny = 1.0 cm™*
separated by a contact discontinuity, the heliopause (Solig:ower panfel). The |nnermqst sollld line |nd|c§tes the position of th.e
line between the two shocks). Typical heliocentric distances'SHoSPheric shock, the middle line the heliopause, a contact dis-
in the direction upwind with respect to the interstellar flow continuity sepa_lratlng the stellar from the mterstellar plasma, and
! . ; the outermost line a bow shock at which the interstellar plasma flow
for the present Sltuathn, as r_esultlng from the models, arYecelerates to subsonic speed. The dashed lines in the lower panel
80-100 AU for the heliospheric shock, 150-200 AU for the ingicate the streamlines of the plasma flow. Note, that the two plots
heliopause and 300—400 AU for the bow shock. CUrrently,have different scalings and grey-scale codings.
the local interstellar cloud is believed to be characterized by
a proton density of,,, 2 0.1 cm~3, a hydrogen atom density
of ny ~ 0.1 cm~3, a temperature df’ ~ 8000 K, a speed
of v =~ 25 km s™!, a magnetic field strength ef1.4uG and  glecting the effect of CRs on heliospheric structure but dis-
a CR energy density 0£0.5-1 eVent?. cussed the principal effect of an enhanced CR flux on the pro-
As mentioned above, the LISM properties change due taduction rate of cosmogenic element8Be). Then, Scherer
the motion of the Sun within the Galaxy. For the structure (2000) and Scherer et al. (2001) employed the model by Fahr,
and especially the extent of the heliosphere the total presKausch and Scherer (2000) that self-consistently includes the
sure of the LISM is the most important parameter. The totaldynamical influence of CRs in order to improve the study of
pressure comprises the pressures of the thermal plasma, thiee shielding efficiency of the heliosphere w.r.t. to CRs. Ad-
CRs, and the magnetic field. While all of those can differ in ditionally, they discussed the consequences of an increased
distinct galactic regions along the solar path, the change IrCR flux on the environment of Earth. To avoid extremes they
thermal plasma pressure is, supposedly, the strongest. At theonsidered a situation in which the heliosphere is immersed
time when the Sun was traversing the Local Bubble, the therin an interstellar cloud ten times denser than presently. As-
mal plasma pressurg,;, = 2nkT outside the heliosphere suming that the only change in outer boundary conditions
wasP,;, ~ 0.015 eVent?, compared tdP;, ~ 0.3 eVenr? is indeed that of the number density (thereby, for simplic-
presently in the local interstellar cloud. The number densityity, excluding a change in the ionisation degree), the model
of the LISM can easily exceed the present value by one orields the heliospheric configuration depicted in the lower
two orders of magnitude without implying a compensating panel of Fig. 1. Obviously, the heliospheric extent is much
decrease in temperature, so that the external pressure coutdduced: the heliospheric shock in upwind direction is lo-
be higher by a factor of 10 or 100. cated at~35 AU, the heliopause at60 AU and the bow
The principal effect of a higher LISM pressure on the struc-shock at~80 AU. So, a humber density increase by a fac-
ture and extension of the heliosphere has been explored bior of ten results in a shrinkage of the heliosphere by about a
Zank and Frisch (1999). These authors used a model nefactor of three.
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LISM GCR spectra including ACR's
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Fig. 2. Cosmic ray modulation in the heliosphere: present-day re-
sults for the differential intensities of CRs for a heliospheric ter- Fig. 3. The integrated GCR spectra in the (present) LISM (upper-
mination shock at 100 AU (solid lines) and for a fictitious helio- most line), during a solar activity minimum (1977) and maximum
sphere with a shock at 35 AU (dashed lines). The solar wind speeq1969), during the Maunder minimum, and for the long-term aver-
is 400 km s in both cases. From top to bottom, the solid lines de- age. The ACR contribution is shown separately. The modulation
note the CR proton spectrum at 100 AU (present boundary), 50 angharameter (see text) is given on the left vertical axis.

1 AU and the dashed lines those at 35 AU (boundary of shrinked GCR+ACR Spectra at 1 AU for different LISM environments
heliosphere), 18 and 1 AU. The boundary spectrum is, at energies
below ~100 MeV, determined by ACRs accelerated at the helio-
spheric shock. At higher energies it is dominated by GCRs (see
Scherer, 2000). M [MeV]
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3 Consequences for the cosmic ray flux

Maunder Minimum

In general, the interstellar fluxes of CRs are reduced within 100
the heliosphere, mainly inside the heliospheric shock which, Vor 200 Jome o
according to current understanding, is representing the main

modulation boundary for CRs. However, modulation models
based on this equation are just at the beginning to include re-
alistic heliospheric configurations, see, e.g. Fichtner (2001). —0lem®,
Itis, therefore, difficult to predict on the basis of such models 10° !
the CR flux when the heliospheric shock is closer to the Sun

and, thus, the main modulation region is reduced. Becausé&ig. 4. Same as Fig. 3, but with the integrated CR spectra for the
the solar wind flow and the heliospheric magnetic field struc-case of a modifeid heliosphere. The present-day case is set equal to
ture inside the shock surface might be significantly changed!® long-term average of Fig. 3.

the heliospheric structure as a whole is modified and the CR

modulation might be very different from what is observed
nowadays.

Vou= 400 kms s~!
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200 km s™! at the heliospheric shock. Then the convection of
. . CRsin anti—solar direction is reduced, and the flux levels are
In o_rder to ge_t a basic idea of the CR flux a_t 1AUa S€M= £ rther increased by factor of two above 0.1 GeV and up to
analytical solution of the CR transport equation can be €M 000 below 0.1 GeV. Therefore combining both effects one
ployed, for details see Stawicki et al. (2000). While the 85" optains for the energy range 0.1’—1 GeV a CR flux increase at
sumed spherical symmetry of the solution limits its applica- Earth by a factor of about six. This energy interval is most
bility to regions close to a given direction, here the upwind interesting, because these CRs penetrate the Earth’s magne-
direction, it allows one, to estimate the basic change in thetosphere a'nd reach the atmosphere or even ground level. A

CR flux levels. A first e_ffect of a reQuced heliocentric dis- ossible relation between the CR flux and cloud formation
tance of the heliospheric shock (with all other parameters.gas been discussed by Svensmark (1998)
unchanged) is illustrated in Fig. 2 giving the modulated spec- '

tra of CRs approximately expected for the two heliospheric

structures shown in Fig. 1. Obviously, the CR flux at Earthis4  Consequences for the irradiation history of meteoroids
significantly increased for a smaller modulation region: it is

~ 10 - 100 times higher for kinetic energies below 100 MeV The evolutionary history of meteoroids/meteorites, their res-
and 2 — 3 times in the interval 0.1-1 GeV. A second effectidence time in interplanetary space and on Earth can be ex-
(not shown in the figure) is a lower solar wind speed, sayplored by a determination of the abundances of different iso-
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topes. A common basic assumption for this dating method i<

an anti-correlation of the CR flux (here only GCRs) withonly = 5.t Sip Y%Al ' ' 3
the quasi-periodical changes in the solar activity (Micheland & | SipIgAl

Neumann, 1998; Leya et al., 2000). Usually, a modulation 'z 10ty  J  “Fowafy, 4
parameter is derived from the spectrum of the GCRs. This g ol -

parameter can either be interpreted as a characteristic el 8 3 3
ergy determining the shape of the modulated spectra, or, fo  © 1p1[ o@XoBe f O(p,X)1Be ]
sufficiently energetic particles, as the energy loss on theil & ; f/

way from the modulation boundary (the heliopause or the p04 102 * 3
heliospheric shock) to a given heliocentric distance (Michel ~ “ 103 Lo , o .
and Neumann, 1998). It varies with the solar cycle betweer 101 102 103 104
300 MeV (solar minimum) and 900 MeV (solar maximum), ENERGY [MeV]

with a minimum value of 100 MeV during the so-called Maun-Fig. 5. Proton and neutron cross sections for the production of the
der Minimum (which lasted from ca. 1645 to 1715). Typical c0Smogenic element®Be and?6Al from O and SI, respectively.
(integrated) CR spectra as used by, e.g., Michel and Neulaken from Leya etal. (2000).

mann (1998) are displayed in Fig. 3.

W!th the knowledge of th|_s modulatloq parametelr the pro- averaged) value. Therefore, emphasis should be put on this
duction rates of cosmogenic elements in meteoroids/meteo,

. . - ) . -aspect regarding interpretations of the abundances of these
r_|tes_can be determined. The golar activity causing a vanag e ments in the context of cosmochronic archives.

tion in the CR flux and hence in the modulation parameter

results in a change in the production rate of, €4Tj by a

factor 1.8 (Michel and Neumann, 1998). Also the produc- References
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