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Abstract

Hundreds millions of cosmic-ray trajectories, from Helium to Iron, have been simulated
in the galactic disk in order to calculate the mean distance of cosmic-ray sources from the
Earth. The dominant parameters affecting this distance is the galactic magnetic field which
makes cosmic-ray trajectories much longer, about 3 orders of magnitudes, than the physical
distance from the source to the Earth.

The calculations indicate that cosmic-ray sources powering the local flux around the
Earth are mainly disseminated along the regular magnetic field lines of the Galaxy. The spatial
distribution of the sources form characteristic figures in the disk volume, the collecting regions
of cosmic rays. Assuming cosmic-ray sources to be uniformly distributed in the disk of the
Milky Way, at the arbitrary energy of 1 TeV/u, the typical length and width of these regions
are 29.9 and 0.53 kpc for Helium and 20.0 and 0.27 kpc for Iron. The mean physical distance
of cosmic-ray sources from the Earth turns out to be 3.5 kpc for Helium and 1.6 kpc for Iron.
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1 Introduction

Some observational facts would indicate that most cosmic rays reaching the Earth are
generated in the Galaxy, most likely in the disk. Only at very high energy, above
GeV/u, a tiny fraction of the cosmic-ray flux is currently believed to come from the
exterior of the Milky Way [1]. In this study, limited in the energy interval 0.5te 10*
GeV/u, the bulk of cosmic-ray sources is assumed to be located in the interior of the
Galaxy. With this hypothesis two simple questions may be formulated regarding cosmic
ion propagation, from region to region, in the Galaxy:

()  What distance cosmic rays travel before reaching the solar cavity, the Earth ?

(I)  How this distance does it depend on the nuclear species ?

The present calculation intends to answer these two questions by a full representa-
tion of the cosmic-ray trajectories in the Galaxy by computer simulation. The necessary
algorithms to perform this study has been already employed in previous papers regarding
proton and beryllium ions [2,3] and extragalactic antinuclei [4]. This particular study has
been possible only by the use of a new computational procedure, described in Section 4,
which reduces the computer time of the simulation.

Silently implied in the first question, is that cosmic-ray sources are well defined
zones in space, inside the Milky Way. Traditionally, by the term source is meant the
location, the site, in the Galaxy, where cosmic rays are accelerated. A number of galactic
sites have been suggested as source candidates, primarily the circumstellar space around
supernovae. In this calculation, as in many others, the extension of the sources is neglected
and only pointlike sources are considered. The spatial distribution of the sources feeding
cosmic rays to the local zone defines a galactic volume called in this paper collecting
region or basin. The last term is vaguely reminiscent of the zone of a country drained by
a river. The concept of collecting zone or basin has been recently introduced [5] in order
to better investigate some measurable quantities of the galactic cosmic rays.

This calculation regards cosmic ions from Helium to Iron in the energy range 0.2
GeV/u up to 50 Tev/u. The determination of proton collecting zones is more involved than
those of heavy ions, because, as demonstrated elsewhere ( see figure 5 of reference [2] ),
cosmic protons generate numerous secondary protons which immensely complicate the
analysis of the results. The high and low energy intervals are discriminatedmnis, by
the role of ionization energy losses in dumping cosmic rays in the diskijandundis,
by the relative high value of nuclear cross sections below 0.7 GeV/u. The basins at very
high energy, beyond0'® eV and up tal0' eV , are determined in a forthcoming paper
[6], which estimates the residence times of heavy ions in the Galaxy at these extreme
energies. A short account of this study at very high energy has been recently anticipated



[7].

The set of assumptions adopted in this calculation are given in Section 2. Section
3 introduces the definition and concept of collecting zone, giving some specific examples
illustrating forms and extensions of some cosmic-ray basins. Some general important
results on the sizes of the basins are also given in this Section. The particular compu-
tational technique, which enables us to practically accomplish this study, is discussed in
Section 4. Then, the basin extensions at high energy are reported in Section 5 and those
at low energy in Section 6. Though the main focus of this paper regards the simulation of
cosmic-ray trajectories in the Galaxy, as a new powerful computational technique, yet, in
Section 7, the last one, some physical implications are highlighted.

To our knowledge, the results reported in this paper give, for the first time, both a
systematic and detailed account of the collecting zones of cosmic rays which is hardly
achievable by using the analytical models of the cosmic rays.

2 Basic assumptions of the calculation

Let us here briefly summarize the basic parameters governing the mean length of cosmic-
ray trajectories in the Galaxy. The galactic magnetic field is the dominant parameter
governing the length of cosmic-ray trajectories. Traditionally, the galactic magnetic field
is thought of as a superposition of a regular and a chaotic component. It is characterized
by its shape ( spiral), intensity (3G) and the characteristic time variation, called chaotic
component. In figure 1 is shown the line pattern of the spiral magnetic field referred also
as regular field. The solid line which intercepts the local zone is called the principal field
line. The field strength varies in the disk volume as previously reported [8] ( see figure 2
of this reference). Cosmic ions propagate along the spiral magnetic field shown in figure
1, describing deformed helixes. They bounce forth and back along the regular magnetic
field line with a modest diffusion in a direction perpendicular to the regular field. Thus,
the propagation of a cosmic ray from the acceleration site to another arbitrary location of
the Galaxy takes place by a diffusive motion and the algorithms for the propagation are
described in detail elsewhere [2,8,9].

Besides the dominant role of the galactic magnetic field, both the gas density ( 1
hydrogen atom per c¢t{10] ) and the dimensions of the Milky Way have a prominent
importance in the evaluation of the mean distance of the cosmic-ray sources from the
solar cavity. The dimension of the disk, the position of the local galactic zone and the
spiral field line intercepting the solar cavity are shown in figure 2. The Earth, the solar
cavity or any instrument collecting cosmic rays is represented in the simulation algorithms
by a sphere 100 pc in diameter, denoted local zone, placed at cylindrical coordigrettes



20

local zone

-20

-20 -10

x(kopc)

Figure 1: Shape of the regular magnetic field in the Galaxy. The field lines are spirals
extending from the bulge radius to the disk border. The solid line indicates a particular
curve: that intercepting the local zone, concentric to the Earth. This curve is called
principal magnetic field line.

500 pc, zs=0 and¢s=90 degrees, as shown in the figures 1 and 2. This sphere is a
computational device to perform appropriate averages of useful physical quantities.

A fourth fundamental parameter dominating the basic properties of cosmic rays
in the disk, besides the magnetic field, the matter density and galaxy extension, is the
inelastic nuclear cross section of a nuclide with the ambient matter of the interstellar
medium,o, characteristic of a given nuclear species. A physical quantity closely related
to oy but more suitable than in this investigation, is the inelastic nuclear collision
length, simply given byAy = A/( N4 p on ). In figure 3 is shown, as an example, the
quantity A y versus energy, for Carbon, between 0.2 GeV an@'&80/ u.

The source distribution in the disk, referred as uniform, is sampled from the for-
mula:

Q(r,z,1) = CO(r — R)N(o, 2) (1)

where C is an appropriate normalization constéxit, — R) is the radial distribution with

a maximum radius? = 15 kpc andN (o, =) is the normal distribution in the direction
with a standard deviatiosm of 80 pc. This spatial distribution has been used in a previous
companion paper [2] along with the thin and supernovae distributions [11].
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Figure 2: Dimensions of the Galaxy incorporated in the simulation code. Side and top
view of the Galaxy. The bulge is a symmetric ellipsoid, and the disk is a cylinder with a
half-height 250 pc and a radius 15 kpc.

3 Parametersdefining the galactic basins of the cosmic rays

Let us define what is intended by collecting zone or basin. The coordinates of the source
point of a cosmic ray are denotegd ¢, andz, wheres stands for source or initial point

of the trajectory. An instrument placed at the arbitrary location of the galactic disk with
coordinates;, ¢; andz; receives a cosmic-ray flux which has to originate at some points
in the disk, belonging to the source distribution-Q(¢) or another distribution. The col-
lection of all points-;, ¢, andz, forms a spatial distribution called the source distribution
related to the position of the detector, denoted by,B(whereB stands for basin. This
distribution differs from the overall source distributionQf¢) in the disk, because only

a minority of the cosmic ions do actually reach the detector. Generally, a change in the
position of the detector entails a change i3,B(

Though a full quantitative characterization of the basins is stored in the 3 dimen-
sional function B§,7), it is more useful, for a quick and crude evaluation of a basin exten-
sion, to take advantage of some global parameters relatedst.B{he mean distance
between the source and the instrument ( or equivalently, detector, Earth, Sun, solar cavity
and local zone ) denoted ly,;, is determined and explicitly calculated using the concept
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Figure 3:Inelastic nuclear collision length of carbon versus energy from 0.2 dp 0
GeV/u. The inelastic cross sections of other ions suchfas Al and F'e have similar
behavior.

of collecting zone or basin. The projection ofs] onto a suitable plane, for example
the galactic midplane, may be visualized in a variety of ways.

In figure 4 are displayed, as an example, the bidimensional distribution of the iron
sources feeding the local galactic zone. It turns out from figure 4, and similar calculations
for other nuclides, that most cosmic rays arriving to the local galactic zone have sources
disseminated along the principal field line of the spiral magnetic field. This important
result has been previously obtained, in a variety of circumstances related to the physical
and geometrical parameters of the Galaxy, for cosmic-ray protons and Beryllium. If the
regular magnetic field, instead of being spiral, is ring or elliptical, the accumulation of the
sources in a narrow strip along the principal field line persists as well [2,8].

An image of the source distribution of those iron nuclides intercepting the local zone
is a useful tool, for an instant comprehension of the basin extension. Basins can be also
represented by contour plots encompassing a predefined, arbitrary, appropriate amount of
sources.



local zone

Figure 4:Iron source distribution in the galactic disk with constant energy of 1 GeV/u
powering the local galactic zone. Sources are predominantly located around the principal
magnetic field line.
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Figure 5-b

Figure 5:Contour levels foiHH e, C', Al and Fe illustrating the distribution of cosmic-ray
sources feeding the local galactic zone. 5-a : The sources, which accumulate along the
principal field line, are more concentrated for Iron than Helium. 5-b : The same data
displayed in figuré — a in a logarithmic scale which highlights the exponential nature of

the distribution.
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Figure 6:lllustration of a basin of carbon ions for an observer located in the local galactic
zone. The small circle at the center of the figure represents the Earth. The two dashed
curves are the boundary of the carbon basins of kinetic energy of .2 and .6 GeV/u. In this
energy interval the boundaries of the basins are mainly forged by the ionization energy
losses.

Event distribution, expressed by contour levels for Helium, Carbon, Aluminium
and Iron, at 1 TeV/u, are displayed in figure 5-a. They are extracted from the general
distributions Bé§,:) projected onto the galactic midplane. These results give a simple and
useful vista of a basin. In figure 5-b the same data are plotted in a logarithmic scale and
the regularity of the distributions reflect the exponential nature ( nuclear cross section
and coherence length of the regular magnetic field ) of the ion propagation at 1 TeV/u.
The contour plots are drawn using the principal field line as reference axis. This choice
facilitates a variety of cross-checks and a useful comparison with other magnetic field
configurations.

In figure 6 the contour plots of the distributiond) for carbon ions of 200 and 600
MeV/u are displayed. In this case the contour plots include a fraction .90 of the sources
and they are projections of B() onto the plane z=0, the galactic midplane. The principal
magnetic field line is represented by a vertical solid thin line, while the local zone by an
dot at the center of the figure 6. Note also that the scale of the horizontal axis differs from
that of the vertical axis by a factor of 62.5.

10
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Figure 7:Length-to-width ratio of galactic basins versus the atomic mass of the cosmic
ions. The smoothness of the curves suggests that cosmic-ray basins have the same shapes.

As far as the shapes of the basins are similar, or not very dissimilar, from those
shown in figure 6, the dimensions of a basin may be characterized by its ldngth,
along the principal field line and its widtl}/'z, normal to the principal field line. For
instance,L z of the carbon basin at 600 MeV/u shown in figure 5, is 27.7 kpclahd
is 0.46 kpc in a contour level ¢f0 per cent of the events. The dimension of the basin
depends, patently, on the energy of the nuclides, besides other parameters. Note that the
length of the principal field line ( shown in figure 1) passing through the sun going from
the bulge radius to the disk border is 40.73 kpc.

The ratios of the basin lengths to the widtlis; /175, have been also calculated
at the arbitrary energy of 1 Tev/u and the results reported in figure 7. The basin lengths
Lg, extracted from contour plots analogous to those shown in figure 6, range from 20.0
kpc for Iron up to 29.9 kpc for Helium, as reported in figure 8. Thus, knowing the ratio
L /Wpg versus atomic mass, the basin widths may be roughly but safely evaluated without
performing any detailed calculation , provided ttas is known. Note also that s is
approximately proportional td;, the mean distance of the sources from the solar cavity,
which is simply defined by the arithmetic meal;; = X% d*, / N, where N is the total
number of cosmic rays included in the mean afid the mean distance of the generic
source k from the instrument. In figure 8 is also shalp versus atomic mass of the
cosmic ion. The quantityD,; is an overall, important characteristic of a basin but it
ignores both the its form and profile; nevertheless its value offers another aspect of the
general basin extension regardless of the form framef pgndV 5.
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In short, the basin consists of a spatial region populated by a subset of galactic
sources B{,i) which is a part of the general source distribution Qff)zgiven above.
Notice that only the relative position between the instrument and the source distribution
defines a basin once the magnetic field structure, interstellar matter density and geomet-
rical boundaries of a galaxy are given.

4 Representation and inversion of cosmic-ray trajectoriesin a magnetic field.

The Earth or any instrument collecting cosmic rays are so small compared to the dimen-
sions of the Galaxy that the calculation of any physical quantity pertaining cosmic rays
intercepting the Earth is highly inefficient. For example, out of half million cosmic-ray
trajectories propagated and reconstructed in the Galaxy4odly of them intercept the

local galactic zone. In many cases, this small number of cosmic ions may not be suffi-
cient to evaluate the desired physical quantities. This harsh aspect of trajectory simulation
probably explains the persistence of the analytical models in the study of cosmic rays.
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Figure 8:Basin length versus atomic mass of cosmic ions at the enetg¥df /u. Mean
distanceD,; between source and instrument versus atomic mass, at the same energy.
Although the basin length s is longer thanD,; approximately by a factor of 5, it retains

the same shape @¥,; versus atomic mass of the ion.

In the previous companion paper [2] the large size of the local galactic zone, a
sphere of 100 pc in diameter shown in figure 2, was primarily chosen to intercept the
maximum number of trajectories thereby reducing the simulation time.
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In order to enhance the number of events intercepting the local zone while preserv-
ing an adequate, small size, a new procedure of calculation has been devised and actually
utilized in the present study. The dimensions of the basins evaluated in this paper takes
advantage of the approximate reversibility of the trajectories in the propagation through
the magnetic field of the Galaxy as explained below. Instead of using any plausible distri-
bution of cosmic-ray sources and counting the particles reaching the local galactic zone,
which is the natural, real mechanism of propagation, the reverse process is called into
play. Particles are injected from the local galactic zone, a mere point in the Galaxy, and
the end points of the trajectories memorized. The end points of the trajectories are re-
garded as the cosmic-ray sources. Thus, the initial points of the trajectories (sources)
have been interchanged with the end points.

In order to quantitatively appreciate and cross-check the equivalence between the
initial and final ends of a trajectory for the purposes of this study, the following procedures
is proposed. Cosmic rays are injected along the principal field line, at varying distances
from the local zone, as sketched in figure 9. They propagate in the disk volume through
the magnetic field structure. A plane perpendicular to the principal field line, placed
at a given distance from the source as indicated in the same figure, is used to count those
cosmic rays reaching it. Cosmic rays intercepting this plane are counted and the impact
positions registered. In figure 9 the planAes arbitrarily positioned in the local zone.

By this procedure the number of cosmic-ray trajectories to be simulated to accom-
plish this study is greatly reduced, and accordingly the computer time. Moreover, the
local zone is reduced to a mere geometrical point, which is an advantage. The number of
iron and helium ions intercepting the pladeas a function of the distance from the injec-
tion zone, referred to as a source, at the energy of 1 TeV/u for both nuclides, is reported
in figure 10. They are called transmission curves since they provide us with the particle
losses, or equivalently particle transmission, along the principal field line ( the solid line
in figure 9). The reverse process is then simulated. Helium and iron nuclides are injected
from a set of sources positioned along the principal field line and those ions reaching the
plane B counted. Let beVz the number of cosmic rays reaching the plaheand N 4
those reaching the plangé The quantity Vg — N4)/ N  gives us a quantitative indi-
cation of how different are the transmission curves in the 2 senses of propagation. It turns
out that/Vp is approximately equal t&/ 4. The quantity Vg — N4)/ Ny is 0.01 at 3 kpc
and does not exceed .03 at 9 kpc. This small figures are, by far, more precise than those
required in the present study. The average trajectory lengths in the two situations are also
equal within 3 per cent.

13
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Figure 9: Illustration of the calculation technique utilized in this study which inter-
changes the extreme ends of a cosmic-ray trajectory. Black dots along the principal
field line represent cosmic-ray sources while the planes A and B are computational
devices to count cosmic rays in two different circumstances as described in the text.
There is an approximate equality in the fluzes of the cosmic rays reaching the two
planes for an appropriate symmetric configuration of the sources.

Generally, the number of particles reaching any plane 7 normal to the principal
field line, similar to planes A and B in figure 9, is controlled by the inelastic nuclear
cross sections oy (He) and oy (Fe). At a given distance from any source, Helium is
more abundant than Iron because oy (Fe) is 750 mb at 1 TeV/u while oy (He) is
102 mb at the same energy. If the inelastic cross sections of these 2 nuclides with
the ambient matter are artificially equalized i.e. ox(He)=oy(Fe), the resulting
curves, analogous to those in figure 10, would become almost equal. However, the
ratio of the cross sections cannot solely explain the particle transmission through
the disk displayed in figure 10. In fact, a small fraction of cosmic rays overflows from
the disk boundaries mainly along the z axis. Such fractions slightly differ between
Helium and Iron. The transmission curves of the other nuclides with 2 < Z < 26,
are comprised between those of Helium and Iron.

The reversibility of the trajectories is only approximate because the chaotic
component of the galactic magnetic field operates a continuous and unpredictable
perturbation of the particle trajectories. Of course, single trajectories connecting
the source and instrument, and the reverse ones, connecting the instrument and
source, are never equal but the mean values of some physical quantities may be

14
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Figure 10: Number of helium and iron nuclides crossing a plane perpendicular to
the principal field line versus distance from the source, along the principal field line.

equal. Typical physical quantities evaluated by this procedure are Nyp and Npgy,
the impact point distributions of cosmic rays, the mean length between source and
instrument D,;; namely, those quantities defining a cosmic-ray basin.

5 Basins at high energy

At high energy the effect of the ionization energy losses on the propagation of cosmic
rays is negligible. As a consequence, only the inelastic nuclear collision lengths and
the transverse propagation of cosmic rays determine the dimensions of collecting
zones of cosmic rays. Otherwise stated, at high energy the determination of the
basin extension is simpler than at low energy.

A quantitative characterization of the transverse propagation of cosmic rays
with respect to the spiral field lines ( see fig. 1) can be obtained by the same pro-
cedure adopted to determine the transmission curves of figure 10. In this particular
calculation helium and iron sources are positioned along the principal field line as
sketched in figure 9. This choice facilitates the analysis of the results.

The x and z distribution of the impact positions of iron and helium trajectories
onto the plane 7 is shown in figure 11. In this particular run sources are arbitrarily
placed at 3.0 kpc from the local zone. A quantitative analysis of the two distributions
indicates that the x-distribution is broader, being x the axis of the galactic midplane
( see figure 2). An estimate of the widths of the distribution shown in figure 11 are

15
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Figure 11: Impact point distribution of cosmic ions crossing a plane normal to the
principal field line. The z-distribution is a projection onto the galactic midplane
while the z-distribution is a projection onto a plane normal to the galactic midplane.
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the standard deviations, o, and o,, of the projected distributions. In figure 12
the quantities o, and o, are plotted as a function of the distance from the source,
arbitrarily placed along the principal field line, at the energy of 1 TeV/u. These
quantities indicate the amount of the lateral spread of cosmic rays propagating along
the regular magnetic field. For example, when the source distance from the Earth
varies from 1 kpc to 5 kpc, the standard deviation changes from 25 up to 50 pc for
Iron. The results in figure 12 are also indicative of how far cosmic rays propagate
in a direction perpendicular to the principal field line.
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Figure 12-a

At high energy, once the gas density in the disk and the magnetic field config-
uration are assigned, the dimensions of the collecting regions are completely shaped
by the inelastic nuclear collision length Ay and disk thickness. This last quantity
competes with the computed lateral spread o, for cosmic ray containment. In order
to appreciate the relative importance of these two parameters on the basin dimen-
sions, let us envisage two extreme, ideal, possibilities. If the Ay of any nuclear
species would have been much longer than the disk extension, so that nuclear colli-
sions would be rare in the disk volume, then the lengths and widths of the basins,
L and Wpg, would be controlled by the disk thickness, set at 250 pc for the Milky
Way. In fact, in this case, most cosmic rays will migrate along the spiral field lines
until their lateral spread o, exceeds the disk height. If the disk half thickness would
have been much greater than 250 pc, so that cosmic rays, instead of traversing the
disk boundaries, would undergo destructive nuclear collisions in the disk, the basin

17



100

lon energy 1 TeV/u
20

80

70
He

50 |-
40 Fe
30 -

20 —

a, (pc)

o —

o b b
4 5 6

3
distance (kpc)

Figure 12-b

Figure 12: Lateral spread of cosmic ions versus distance from the source along the
principal field line in the  direction (12-a) and in the z direction (12-b).

lengths would be totally controlled by the parameter A\y. This is the second ideal
possibility. In the Milky Way none of these two conditions are met for all the nuclear
species, while for example, the Small Magellanic Cloud, due to its small diameter of
2.9 kpc, might conform to the first possibility.

In figure 13 the shapes and extensions of the basins at 1 TeV /u for Helium,
Carbon, Aluminium and Iron are given. Samples of 2x 10° ion trajectories are
simulated for each nuclear species. The contour plots, which are projections of
B(s,i) onto the galactic midplane, include 90 percent of the particles emanated from
the sources. The mean collision lengths of He, C, Al and Fe at the energy of 1 TeV /u
are, respectively, 16.9, 7.8, 4.21 and 2.52 g/cm?, while the basin lengths Lp in figure
13 are, respectively, 29.9, 27.8, 24.1 and 20.0 kpc. For comparison, the length of
the spiral magnetic field line joining the solar cavity to the disk radius, as shown in
figure 2, is 24.07 kpc, while that connecting the solar cavity to the bulge boundary
is 16.66 kpc. Since Ay varies with different cosmic ions, it is not a surprice that
cosmic ions have different basin lengths. Thus the length of the helium basin at
high energy referred to the Earth, is 73.4 per cent of the total length of the principal
magnetic field line, which extends from the bulge radius to the disk border passing
through the Earth, amounting to 40.73 kpc.

The hierarchy of the basin lengths against the atomic mass A of the four
nuclides are reminescent of \y versus atomic mass but a simple relationship between
An and A is not evident.

18



Basins widths Wpg are 0.53, 0.42, 0.28 and 0.27 kpc for He, C, Al and Fe,
respectively. These widths are controlled by the intrinsic lateral spread of cosmic
ion propagation shown in figure 12. The ratio Lg / Wg versus atomic mass, at the
energy of 1 TeV /u, is given in figure 7. This ratio coupled with Lp versus atomic
mass, given in the subsequent figure 8, would enable, if necessary, to determine the
basin dimensions of other cosmic ions between Helium and Iron .

6 Basins at low energy

The total amount of matter traversed by cosmic rays before undergoing a complete
stop, called range in experimental Nuclear Physics, is 53.6 g/cm? for Helium, 17.9
g/cm? for Carbon, 8.64 g/cm? for Aluminium and 4.48 g/cm? for Iron. These
values refer to the initial kinetic energy of 0.5 GeV /u. Since the matter thickness of
a typical basin in the Galaxy is in the range 5-20 g/cm? the importance of ionization
energy losses at low energy is patent a priori. Also the particular shape of Ay versus
energy, reported in figure 3 for carbon ions, intervenes to govern the basin extensions
at low energy. There is an abrupt decrease of Ay between 0.2 and 0.7 GeV/u, a
subsequent moderate decrease between 0.7 and 1.5 GeV/u followed by a rise up to
about 50 GeV/u. These excursions of Ay with energy have a remarkable effect on
the basin extensions.

The trajectories of cosmic rays wandering in galactic volume have been sub-
divided into three classes depending on the manner cosmic ions disappear from the
galactic disk. Nuclear collisions and ionization energy losses operate the destruction
of cosmic rays in the disk volume. The corresponding trajectories terminated by
these processes are referred as nuclear and ionization trajectories; they form the
first two classes. Trajectories overflowing from the disk boundary form the escape
trajectories, the third class. At low energy the influence of ionization energy losses
on the trajectory length is dominant, and consequently, the extensions of the basins
are greatly affected by the particular energy of the cosmic ions. The total average
length of a trajectory sample in the disk , Lp, can be expressed by the sum of three
parts as

Lp = fnLn + fiLi + feLg

where the coefficients fy, fr and fg are, respectively, the fractions of nuclear, ioniza-
tion and escape trajectories and Ly, L; and Lg the corresponding trajectory mean
lengths. Of course, it must be:

Int it fe=1

The fractions of cosmic-ray trajectories extinguished by ionization energy losses
fr is strongly decreasing with increasing energy as reported in figure 14 for Helium,
Carbon, Aluminium and Iron. These trajectories are generated with a uniform
distribution of sources in the disk volume and they are not related to an observer
placed in the local zone. At energies below 200 MeV /u the fractions f; tend toward
unity implying that nuclear interactions and escape from disk boundary rarely occur.

19



L He L C
—
20 |- 20
0 - " 10 c.
o+ : [ -
-0 | - 10 e
L L
%0 LT %0 I —
04 -02 0 02 04 04 -0.2 0 02 04
30 30
L Al L Fe
—
20 |- 20
0 | - 0 -
g0 - : o -
X -
—10 N -10 |-
| |
L L
%0 LT o L T
04 —02 0 02 04 —04 —02 0 02 04

Figure 13: Galactic basins for He, C, Al and Fe at the energy of 1 TeV/u. The
vertical solid line is the principal field line, the top horizontal solid line is the disk
boundary at 15 kpc and the bottom solid line is the bulge side at 4 kpc from the
galactic center.

In figure 15 is shown L; versus energy for the four nuclides where L; is the full
physical length of trajectories extinguished in the disk by ionization energy losses.

In figure 16 are shown the basin extensions for carbon ions at four different
energies. The basins lengths at the energies of 0.2, 0.4, 0.6 and 1.0 GeV/u are,
respectively, 22.8, 26.1, 27.7 and 26.0 kpc to be compared with 27.8 kpc at 1 TeV /u.
Below 0.5 GeV /u the dominant mechanism of extinguishing cosmic rays in the disk
changes, from nuclear collisions to ionization energy losses. Nevertheless, in this
energy interval the lateral spread of cosmic rays, quantified by the standard devia-
tions o, and o, introduced in Section 4, results basically unchanged. Thus the basin
widths reported in figure 16 do not greatly differ from those at high energy, at 1
TeV /u, shown in figure 13. The shapes of He, Al and Fe basins at low energy are
similar to that of Carbon.

As suggested in Section 3, the physical distance Dg; between the source and
instrument, instead of Lp and Wp, may be also utilized to determine the basin
extension. To this end, in figure 17, is plotted Ds; versus energy for He, C, Al
and Fe in the energy interval 0.2 - 2.5 GeV/u. The resulting curves exhibit a
rapid increase, more pronounced for Helium than Iron, then the curves reach a
broad maximum, and finally, they smoothly decrease toward a constant value. For
example, Dg; for Aluminium has a maximum of 3.9 kpc at 0.5 GeV /u, decreasing to

20



Fraction of trajectories extinguished by
ionization energy losses

27A|

12C

" \,\
0.1 -
o v v 1y ‘

0 0.2 0.4 0.6 0.8

Kinetic energy (GeV/u)

Trajectory fraction f,

N

Figure 14: Fractions of all trajectories extinguished in the galactic disk for Helium,
Carbon, Aluminium and Iron as a function of the kinetic energy per atomic mass
unit ( MeV/u).

the value of 3.5 kpc at 1.5 GeV/u and remaining constant up to 2.5 GeV/u. As far
as the energy increases in the range 0.2 - 0.7 GeV/u more and more distant sources
will feed any collecting instrument positioned in the local zone, and consequently,
Dy; increases with energy. Equivalently stated, the basin extension increases with
energy as indicated in figure 5, in the case of carbon ions. After the maximum of Dy;
the slight decrease of the curves is due to the decrease of Ay in the limited energy
interval, 0.8-1.5 GeV/u as shown in figure 3 for Carbon. Notice that Ay versus
energy for He, Al and Fe behaves like that of C', namely, the minimum, maximum
and changes of slope take place approximately at the same energies. However the
decrease of D,; is modest, because particles coming from distant sources are a small
fraction of the total number, as inferred from the transmission curves in figure 10.

7 Conclusions and remarks

The mean distances of cosmic-ray sources from the local galactic zone D,; for a
variety of nuclides have been calculated and are reported in figure 8 at the energy of
1 TeV/u. In the energy interval 2 GeV/u up to 50 TeV /u, where the total inelastic
cross sections versus energy are approximately constant ( the maximum excursions
are minor than 8 per cent), it turns out that helium sources are placed at a mean
distance of 3.5 kpc while those of iron at 1.5 kpc for a uniform distribution of the
sources. Comparable distances are expected for supernova remnant distributions
[11,12] because the difference in the radial dependence with the distribution (1) is
modest. The quantities Dy; for other ions with 2 < Z < 26 lie between those of He
and Fe shown in figure 8. The two dominant parameters controlling D,; are the
total inelastic nuclear cross sections and the finite dimensions of the galactic disk,
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Figure 15: Mean trajectory length of He, C, Al and Fe versus kinetic energy in
the interval 0.2-1 GeV/u. The large differences in the four curves indicate the
remarkable role of the ionization energy losses in dumping cosmic ions in the disk
at very low energy.

being 250 pc the half height, and 15 000 pc its radius.

At lower energies, below 1 GeV/u where ionization energy losses become the
dominant mechanism to extinguish cosmic rays and where the inelastic cross sections
have large and abrupt excursions with energy ( see figure 3 ), the extensions of the
collecting regions become smaller and smaller. This trend is illustrated in figure 4 for
carbon ions where the basin lengths reduce from 16.5 to 13.6 kpc when the kinetic
energy goes from 600 to 200 MeV /u, respectively. These results of the mean distance
refer to the standard matter density in the disk of 1 atom per em?. The dimensions
of the basins at very low energy indicate that, cosmic-ray sources feeding the local
flux at Earth, are mainly located at distances of hundreds of parsec. Only along the
principal magnetic field line, even at very low energy, there a is a dissemination of
sources extending for several kiloparsec.

The dependence of Dg; versus A confirms previous calculations regarding pro-
ton and beryllium trajectories in the Galactic disk [2, 3] which unambiguously indi-
cated that proton sources are placed, on average, at greater distance from the solar
cavity than beryllium sources.

The concept of the collecting regions not only facilitate the comprehension of
some cosmic-rays properties but it has also simple, remarkable consequences. We
cannot fail to mention some of them.

(I) The relative abundances of cosmic rays observed at Earth are heavily biased
with respect to those existing in the Galaxy. This is easily inferred from the sizes of
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Figure 16: Galactic basins of carbon ions at the energy of 0.2, 0.4, 0.6 and 1 GeV/u.
The vertical line is the principal field line, the top horizontal line is the disk boundary
at 15 kpc from the galactic center and the bottom line represents the bulge radius.

the collecting zones, which are different for different ions. For example, for an equal
number of iron and helium sources distributed according to equation (1), at the
arbitrary energy of 10 GeV/u, the number of helium ions intercepting the local zone
is a factor 2.7 higher than that of Iron. According to this result the helium-to-iron
ratio measured at Earth, which is about 300 at 1 GeV//u, should be reduced by this
factor of 2.7 at the sources. Thus, according to this calculation, there is much more
cosmic-ray Iron stored in the Galaxy than local flux measurements at Earth would
suggest.

(IT) A notable aspect of the results reported in figure 8 is that different cosmic
ions have very different collecting regions. The existence of the galactic magnetic
field and the rates of nuclear collision for different ions causes trajectory lengths Lp
to vary with A, the atomic mass of the ion. Because Lp is directly proportional to
the grammage, it follows that different grammages are sensed by different nuclear
species. This conclusion is opposite to that inferred by a variety of propagation
models, called leaky box models, where all nuclear species with the same rigidity
encounter the same grammage [13,14].
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Figure 17: Mean source distance versus energy from 0.2 to 2.5 GeV/u for Helium,
Carbon, Aluminium and Iron. The distance Dy; is evaluated in basins with contour
plots including 90 per cent of the particles.

(ITT) The basin extension can be determined once the source distribution in
space and the position of the instrument are specified in a given magnetic field
configuration. Suppose that extragalactic cosmic rays penetrate the disk arriving at
Earth. What kind of basin will they form ? In figure 18 is summarized how this basin
would look like according to the technique of calculation developed here. In order to
reach the Earth any extragalactic cosmic ray must cross the disk boundaries. As a
consequence, the lateral surface or the top or bottom surface of the disk, is crossed, at
some point, by the extragalactic ion. In some respect the distribution of these points
may be regarded as extragalactic sources even if the physical sources lie at larger
distances, beyond the galactic halo boundary. Note also that, cosmic-ray sources of
this example occupy a surface and not a volume, like all galactic sources involved in
the previous figures. In figure 18-a is an overall view of such a basin projected onto
the galactic midplane, which, not surprisingly, clusters along the principal magnetic
field line. Figures 4, 18-a and 18-b vividly show that the main routes travelled by
cosmic rays to depart from the Galaxy are the same routes to enter it. The x and z
widths of this basin are much larger, about a factor of 8, than those reported in figure
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4 regarding Iron at 1 GeV/u. In addition, the transmission curve along the principal
field line, from the disk periphery to the Bulge, is rather flat, as shown in figure 18-
b. A very interesting aspect of this basin is its grammage: the matter thickness
sensed by the extragalactic cosmic rays while travelling through the disk volume.
This grammage is totally different from that associated with galactic basins. In
fact, on average, for Helium it amounts to 17.9 g /em? while that sensed in the disk,
distributed according to equation 1, is only 7.5 g /em?, at 1 Tev/u. A strong caveat
is inferred from these and similar figures when investigating extragalactic cosmic
rays, being antinuclei or extremely energetic cosmic ions. Almost all investigations
on these topics ignore that the matter thickness traversed by extragalactic cosmic
rays is much more conspicuous than that inferred using standard elaborations [15] of
experimental data on boron-to-carbon flux ratio [16,17] or other similar secondary-
to-primary flux ratios [18].
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Figure 18: FExample of an extragalactic basin determined by injecting cosmic ions
from the local galactic zone. As explained in Section /4, the reversibility of the initial
and final points of the trajectories allows to determine the spatial concentrations of
the sources ot the boundary of the Galaxy. 18-a Impact point distribution of cosmic
ions flowing into the Halo by traversing the top and bottom surface of the disk. 18-b
Profile of the same distribution reported in figure 18-a expressing the concentration
of cosmic rays in a strip situated on the top and bottom surface of the disk. It is
amazing that this strip follows, in a parallel manner, the principal magnetic field
line. 18-c Impact point distribution of cosmic ions traversing the lateral surface of
the disk and flowing into the Halo. 18-d Impact point distribution of cosmic ions
entering the bulge side at 4 kpc from the galactic center.



