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Abstract

The differential energy spectrum of cosmic rays exhibits a change of slope, called knee
of the spectrum, around the nominal energy 3 x 1015 eV of , and individual knees for single
ions, at different energies. The present work reports a detailed account of the characteristics
and the origin of the knees for Helium and Iron. Current observational data regarding the
magnetic field, the insterstellar matter density, the size of the Galaxy and the galactic wind,
are incorporated in appropriate algorithms which allow to simulate millions of cosmic-ion
trajectories in the disk. Bundles of ion trajectories define galactic regions called basins
utilized in the present analysis of the knees. The fundamental role of the nuclear cross
sections in the origin of the helium and iron knees is demonstrated and highlighted.

The results of the calculation are compared with the experimental data in the energy
interval 1012 eV — 5 x 1017 eV. There is a fair agreement between the computed and
measured energy spectra of Helium and Iron; rather surprisingly their relative intensities are
also in accord with those computed here. The results suggest that acceleration mechanisms in
the disk are extraneous to the origin of the knees.
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1 Introduction

In a recent companion paper [1] the notion of galactic basin was adopted in order to
investigate some properties of galactic cosmic rays. Thisconcept, introduced in aprevious
work [2], is extensively utilized in this study. The concept of galactic basin is similar to
that of aterrestrial basin, peculiar of ariver, with all the caveats inherent to any analogy.
When the position of an instrument recording the passage of cosmic ions and the source
distribution in the disk are assigned, the galactic basin is ssmply that particular region
populated by the majority of the sources feeding the instrument. Changing the position
of the instrument, the characteristics of the basin (volume, extension, shape, contour, etc)
are adtered. In our opinion, the concept of galactic basin is simple and straightforward,
and particularly useful when an efficient tool is required to compare, investigate or even
discover some properties of cosmic ions.

The purpose of thisstudy isto identify those physical phenomenaat the origin of the
knee and to give aquantitative account of the major characteristics of the helium and iron
knees. Their explanation is a part of aresearch effort to account for the knees and ankles
of individual ions. Theoriginof the knees presented here are conclusively corroborated in
aforthcoming, collateral paper [3] demonstrating the interconnection between the knees
and ankles of individual ions of the cosmic-ray spectrum.

The results and the prerequisites of this investigation are organized as follows. In
the second Section the hypotheses and the parameters involved in the cal cul ation are enu-
merated. Since they have been presented in previous studies [4,5,6], their description is
concise. Only for two upgrades of the ssimulation code (C'orsa), the description isampler;
these upgrades are introduced here for the first time. They regard the galactic wind and
the propagation of the particles at energies greater than 5 x 10'! eV /u, the previous limit
in the maximum energy of C'orsa. In Section 3 the properties of galactic basinsof Helium
and Iron, intheinterval 10'? and 5 x 10'7 eV /u, are summarized and discussed. Through
many examples, it isinvestigated how the shape of basins change with increasing energy.
In Section 4 are clarified and consolidated some results given in Section 2. In Section 5t
isinvestigated in detail how nuclear cross sections affect the change of the spectral index
of individual ions. The interaction cross sections of Helium and Iron with the insterstellar
matter are set artificially constant. Then the differential energy spectrum of Helium and
Ironisstudied by counting the number of cosmic raysintercepting the local galactic zone.
In Section 6 the influence of the magnetic field and the galactic wind on the results previ-
ously obtained is cal culated and discussed. In Section 7 acomparison of the predicted and
measured energy spectra of Helium and Iron is presented. Unfortunately, even a concise
comparison (to preserve a tolerable length of the paper) with the experimental data ne-



cessitates logical and theoretical prerequisites, partialy presented in Section 7, partialy
described elsewhere [7,8].

Protons are not included in this analysis, in spite of their importance, because, at
very high energy, computational procedures become quite complex and very time con-
suming. Primary protons interacting with the interstellar hydrogen yield many secon-
daries, indistinguishable from primaries, which make the anaysis of the results quite
involved as reported in a previous study limited to the energy of 10! eV [4]. The present
calculation deals only with Helium and Iron because the behavior of all other ions lighter
than Iron, except protons, fall between these two nuclei, as previously demonstrated [1].
The energy interval considered extendsfrom 102 to 5 x 1017 eV//u, which is adequate for
the knee problem.

2 Observational data incorporated in the simulation algorithms

In the following the set of parameters utilized in the calculation are concisely presented.
The form and dimensions of the Galaxy are displayed in fig. 1. A cylindrical frame of
reference is used with coordinates r, z and ¢. The Bulge is an elipsoid with amajor axis
of 8 kpe, lying onto the galactic midplane, and a transverse minor axis of 6 kpc. The
disk hasaradius of 15 kpc and a half thickness of 250 pc. The interstellar matter consists
of pure hydrogen with constant density of 1 atom per em? [9] enhanced to 1.24 to take
into account heavier nuclel. The galactic magnetic field is a superposition of regular and
chaotic fields. In fig. 3 are shown the line pattern of the spiral field and the principal field
line (thick line) which intercepts the Earth at coordinates »=8.5 kpc, z=0 kpc and $p=90
degrees. The field strength of the regular component is shown in fig. 2. The coherence
length of the regular field is 125 pc [12]. The chaotic field is materialized by magnetic
cloudlets [ see, for example, references 10,11] of spherical form with a mean radius of
2.5 kpe fluctuated by a uniform distribution with a width of 0.5 pc. The ion propagation
normal to the regular spiral field is generated by the chaotic field leading to atransverse-
to-longitudinal displacement ratio of 0.031, in a range compatible with the quasi-linear
theory of ion propagation in an astrophysical environment [13].
The source distribution, Q(r, z, ¢), regarded as uniform, is the following :

Q(r,z,¢) = ClH(r — R)N (o, 2) (1)

where C' isanormalization constant, ¢ isthe radial distribution with adisk radius R = 15
kpc and N(o,z) isthe vertical distribution with agaussian shape with standard deviation o
=80 pc. Thefunction N(c,z) makes smooth the source distribution along z with respect to
asteep, unphysical, z-rectangular distribution. The function Q(r, z, ¢) isnot dissimilar to
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Figure 1: Lateral and top view of the galactic disk indicating the local zone and the Bulge.
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Figure 2. Pattern of field lines of the spiral magnetic field projected onto the galactic
midplane. The spiral field line (thick line) departing from the bulge, intercepting the local

galactic zone and terminating on the disk frontier (r = 15 kpc) iscalled the principal field
line.
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Figure 3: Magnetic field strength in the disk. Note that the axis of the disk height has a
different scale from that representing the disk radius.

the positions of the galactic sources distributed as supernovae remnants [14,15] with the
advantage of avoiding a specific, constraining hypothesis on source positions. Replacing
N(o,z) by 6(z — zo) in equation (1), astrictly uniform distribution is obtained where z, is
the disk half thickness. The mean distance of the source positions from the local zoneis
denoted by D.;.

The flattening of the electron spectrum in external galaxies, detected by radiotele-
scopes at frequencies about 1 GHz, is commonly regarded as observational evidence for
the existence of the galactic winds [16]. This evidence is less convincing in the Milky
Way because, the synchrotron radiation detection and analysis of the results are quite
complex, being the Earth embedded in the Galaxy. A three dimensional formula, based
on observationa data, for the galactic wind in the disk and halo volume, is not known.
Usually, aone dimensional wind along z with alinear velocity is considered in many in-
vestigastions of cosmic rays, though aradial wind component is not excluded [17]. From
these inputs it seems appropriate for this calculation alinear formula of the type:

v(z) =az (2)

where a isasuitable constant constrained by the maximum wind velocity, v .., a the disk
boundaries. Simulation algorithms shift along z the trajectory segments by the amount ¢,



according to the equation (2), namely, ¢, = v(z)T where 7 isthe timeinterval taken by the
cosmic ion to travel the length [, of the trgjectory segment along z. The maximum wind
velocities adopted in avariety of cosmic-ray investigationsin the disk, spantherange5 to
40 kmls. The account of the Boron-to-Carbon flux ratio at very low energy [18] probably
represents an incisive example of the role of the galactic wind on cosmic rays. Instead of
adopting a particular value of v,,,,, which is unnecessary in thiswork as it will be clear
in Sections 6 and 7, the parameter « and the related maximum wind velocity, is left as a
free parameter.

New agorithms have been added for the propagation of cosmic rays around the
knee energy. The maximum energy of the previous version of Corsa wasat 5 x 10!
eV /u. Fig. 4 reports, as an example, three helical trajectories winding round the magnetic
field, whose direction coincides with the segment AB, 150 pc long. The radii of the three
helices are 0.01, 4 and 50 pc in a uniform field with 3 ;G strength. The smallest helix
is indistinguishable with the line segment AB, indicative of the fundamental, standard
condition of cosmicionsinthe Galaxy at energiesbelow 10'* eV /u; whiletravellinginthe
Galaxy they are mainly bound to the lines of the regular field. Details of the propagation
procedure at very high energy are given in the Appendix B.

Particles which enter the Halo are regarded as lost, since the albedo is less than 2
per cent at the energy of 10*! eV[1] and decreases with the energy. Either acircular or a
spiral field can be used in the Halo with appropriate strength (see equation (3) of ref.[1]).
Matter density in the Halo is a factor 102-10° less than that in the disk. In the present
investigation, however, the influence of the Halo and its size, is quite marginal.

3 Galactic basinsaround the knee energies

In this Section the major characteristics of the galactic basins are summarized. Note that
the total length of the principal magnetic field line from the Bulge (r = 4 kpc ) to the disk
radius (r = 15 kpc) is43.5 kpc.

Infig. 5 are shown the positions of the Helium sources having trajectories intercept-
ing the local galactic zone at sixteen different energies (from 102 to 4 x 107 eV/u). The
source positions are projected onto the galactic midplane. The sequence of the plots high-
lights the changes of the source distributions with increasing energy. The corresponding
gpatia distributions of the iron sources (not shown) have similar structure, though the val-
ues of the parameters characterizing the basins are, of course, different. Source positions
populate a narrow strip, along the principal magnetic field line, except at the maximum
energy of 4x 10'7 eV /u wherethebasin form isradically different from the previous ones.
This fundamental feature was identified at low energy below 10! eV/u, long time ago



Helix sizes in the galactic magnetic field

Figure 4: Qualitative illustration of the sizes of three helices in the galactic magnetic
field. Thefield isaligned along the straight line AB and it can be a chaotic or a regular
field segment. A particle of low energy, initially at the point A with velocity «, will closely
follow the magnetic field, with a small helix radius, reaching the point B with a velocity
B. In this case the velocity vectors . and 5 are randomly oriented (fully uncorrelated).
A particle of sufficient high energy at A with velocity o, describing the ample helix from
A to C, leaves the point C' with the velocity vector . In this case, unlike the previous
one, the vectors v and « are fully correlated. The vast majority of cosmic rays, having
very low energy compared to the knee energy, simply follows the regular field lines with
a small tranverse displacement and their helix radii are so small to be indistinguishable
fromthe segment AB ( thick line).
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Figure 5: Different forms of the galactic basins projected onto the galactic midplane
illustrating how they modify as the energy increases from 102 to 4 x 10'7 eV/u. Each
figure derives from an initial sample of 2 x 10° ions. The frame of reference and the
position of the local zone are those shown in figure 2.



by ourselves, for proton and beryllium ions, and recently for al other ions from Helium
to Iron [1]. These characteristics of the ion basins derive, ultimately, from observational
data of the Milky Way, and particularly, from the spiral shape of the magnetic field shown
infig. 2. Asagenera rule, spiral galaxies possess a regular magnetic field with a spiral
shape, Andromeda being a notable exception with an annular field. Thisfeature, together
with the small ratio of transverse-to-longitudinal ion propagation, yieldslong and narrow
basins.

Fig. 6 displays a tridimensional view onto the galactic midplane of the positions of
helium and iron sources emanating trajectories which intercept the local galactic zone in
a reference frame where the horizontal axis is the principal field line. This coordinate
system and its advantages are described in Appendix A. Each plot contains samples of
2 x 10° ion trgjectories. To illustrate the basin profiles two arbitrary energies of 102 and
6.3 x 10'® eV /u are chosen. At the energy of 10'? eV/u both basins are well contained
in the Disk, the iron basin being more concentrated around the local zone because its
trajectory lengths are shorter than those of Helium. At the energy of 10%¢ eV/u both
basins increasingly populate a zone toward the bulge frontier. Note that in fig. 6 the bulge
lies at coordinate —16.7 kpc along the principal field line, (i.e. the axis of the figure)
while the disk edge at 24.1 kpc.

The gpatial distribution of the sources in fig. 6 can be visualized by contour plots
containing 90% of the sources. The arbitrary value of this percentage was previously
adopted (seefigure 5 of reference[1] ). Fig. 7 showsthe contours of two Iron basins at the
energies of 10'2 and 6.3 x 10'% eV /u. The lower and upper solid linesin fig. 7 delimit,
respectively, the Bulge and the disk internal frontiers. In order to better emphasize the
transversal structure of the basin, the horizontal axisin fig. 7 is magnified by afactor 50.

It is evident that the basin shape changes from an ovoidal form, typical at low en-
ergy, to a ram head, typical at high energy. These alterations of the basin shape sug-
gest that cosmic-ray populations suffer difforming filtering and processing as the energy
varies. It isapparent, for example, the basin enlargement with increasing energy. The sup-
posed continuity between the two contour plotsin fig. 7, passing from a narrow, ovoidal
shapeto alarge ram-head shape, manifeststhe transverse enlargement with theincreasing
energy. Note also that the basin at 10! eV /u iswell contained in the Disk, with longitudi-
nal ends approximately equidistant from the bulge and disk frontiers. On the contrary, at
the energy of 6.3 x 10'® eV/u the longitudinal ends of the basin are not equidistant from
the bulge and disk frontiers. The relative high clustering of cosmic-ion sources closer to
the Bulge frontier (r = 4 kpc) is due to the magnetic field strength, quite largein thiszone
(4 — 6uG) compared to the strength (0.5 — 14G) around the disk edge (r = 15 kpc) as
indicatesfig. 3.
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Figure 6: Spatial distribution of helium and iron sources in the Disk at the energies of
10* and 6.3 x 10 ¢V /u. The results are obtained with an initial sample of 200 000
trajectoriesfor both ions. The source arrays of the highest energy are typical of the knee

energy region.
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Figure 7: Contour plots containing 90% of iron sources at the energy of 102 and 6.3 x 10'¢
eV. The contours refer to same iron samples shown in fig. 6. The energy of the lower
contour liesin the knee energy region.
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Figure 8: Basin length as a function of energy for Heliumand Iron. The helium minimum
of 18 kpc occurring at the energy of 4 x 10 ¢V isrelated to the knee position along the
energy axis. Smilarly it takes place for Iron, with a minimum of 10.5 kpc at the energy of
6 x 107 eV

The basin extension is characterized by the length L 5, along the principal field line,
and the transverse width W. The changes in the form of a basin are quantified in terms
of Ly and Wpg. Fig.8 reports L versus energy for Helium and Iron. Note that the
extensive air shower experiments measure the total kinetic energy of the ions, therefore
itisuseful, here and in all subsequent plots, to adopt this unit of measurement. For both
ions Lz gradually decreases up to a minimum occurring, approximately, at the energy of
4 % 10'6 eV for Heliumand at 5 x 10'" eV for Iron. After the minimum, L z increases
to amaximum value, 26 kpc for Helium and 25 kpc for Iron, then it decreases again. The
knees of thetwo ions are related to the minimaof L z asit will be shown later. While the
decrease of Lp for Ironisperfectly linear intheinterval 10'3-10'7 ¢V /u, that of Heliumis
dlightly arc shaped; this feature is accounted for by the larger extension of helium basins
compared to those of Iron, which lose helium ions from the large basin periphery. The
general decrease of Ly with energy isdueto therising cross sections. The analysis of the
structure of the maximaof L g infig. 8 isbeyond the perimeter of this paper and it will be
discussed in aforthcoming paper.

For the sake of completeness let us mention that the ratio L 3/ W has been also
calculated as a function of the atomic weight and shows a regularity, useful in some cir-
cumstances (see figure 5 of ref. [1]).
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4 Illuminating the galactic Disk by an ion beam

[lluminating the Galaxy with an imaginary isotropic beam emitted in the local zone and
counting the number of nuclear collisions occurring in the Disk, the characterization of
the galactic basins around the knee energiesis greatly facilitated. In fact, the number of
trajectories ssimulated by this procedure is about two orders of magnitude higher than the
direct method used in Sections 5, 6 and 7. The direct method utilizes the source positions
Q(r, z, ¢), and counts the number of particles reaching the local zone, n,.

The simulation agorithms reconstruct cosmic-ion trajectories originating in the
Disk. They are classified according to the physical process causing the ion to disap-
pear from the disk: nuclear collisons, ionization energy losses, and escape trajectories.
By escape is meant trajectories rooted in the disk but terminating into the Halo. A generic
sample of cosmic rays will contain the fractions of cosmic trgjectories denoted respec-
tively f,,, f; and f, with the obvious condition: f,, + f; + f. = 1. This partitions were
adopted in all previous works made using the code Corsa. Above 10! ¢V, the ioniza-
tion energy loss is thoroughly negligible, hence f;= 0 and a simplified, useful situation
appears, where f,, + f, = 1, and therefore the knowledge of f,, entailsthat of f..

Typical samples of 2 x 10° trajectories for each energy have been simulated and
therefore the quantity f,, issimply the number of nuclear collisionsin the disk divided by
2 x 10°. Fig.9 gives f, asafunction of the energy for Helium and Iron. At the energy
of 10'2 eV the fraction of nuclear collisionsin the disk for Helium is set arbitrarily to 1.
Iron collisions are normalized accordingly. Typically, for 2 x 10° ion sources in the disk
with an energy of 104 eV there are 1.828 x 10° collisionsfor Helium and 1.992 x 10° for
Iron; therefore in this case, f,,= 1.055 for Helium and f,,= 1.150 for Iron, if the number
of helium collisionsat 10'2 eV is1.63221 x 105.

The helium fraction f,, has a tiny rise in a large energy interval, 10'°-10'6 eV,
reaching a maximum of 1.058 at 1.6 x 10'® eV (hardly visiblein the figure), then it falls
steeply in the energy decade 10'7-10'8 eV/. Thefall is correlated with the helium knee as
it will be apparent later. The helium fraction f,, increases by 5.8% in the range 10'2-10'¢
eV. Since o(He) and o(Fe) increase with energy so does the number of collisionsin the
disk. Thisisobviousfrom the expression of the inelastic collision length, \:

A

A= 3
odN, (3)

where A isasuitable atomic weight of the interstellar medium, d itsdensity and N, isthe
Avogadro number. In fact, for a constant disk thickness, a uniform matter density and a
constant number of sources, alower \ entails a higher number of collisions.
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Figure 9: Fraction of helium trajectories terminated in the disk by nuclear collisions as
a function of energy froma sample of 2 x 10° trajectories at each energy (for a set of 25
energy values). A distinctive feature of the curve isa high plateau, a fall and a minimum
with a subsequent tiny rise (low plateau). The gap between the high and the low plateau
is due to the effect of nuclear cross sections.
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Figure 10: Fraction of cosmic-ray trajectories terminated in the disk by nuclear inter-
actions. For these results constant cross sections o are used. The striking effect of the
magnetic field on f,, is evident in the three curves a, b and c. Unlike the results shown in
figure 9, here f,, is strictly constant, before the fall due to constant o.

The decrease of f,, by 50% with respect to its maximum value in the interval 101°-
10'¢ eV identifies (rather arbitrarily but conveniently ) the particular energies where ion
losses from the disk become dominant, since f. =1 - f,,. Thesevauesare 2.2 x 10'7 eV
for Heliumand 5.5 x 108 eV for Iron.

The influence of nuclear cross sections and of the magnetic field strength on f,, can
be separated by setting, artificidly, o(He) and o(Fe), at constant values. The results are
shown in fig. 10 which gives f,, versus energy, using constant cross sections, namely,
o(He)= 115 mb and o(Fe)= 775 mb, in the full energy range (see also Section 5). In this
case, unliketheresults giveninfig. 9, f,, isrigorously constant in the range 101-10% eV,
as expected.

The abrupt decrease of f,, with the energy manifests the inefficiency of the galac-
tic magnetic field to retain cosmic helium, with a uniform efficiency, beyond 10'7 eV/.
Adopting afictitious magnetic field with afield strength 10 times higher than that shown
in fig. 2, the thin curve a transforms into the curve b. The curve c refers to a magnetic
field strength attenuated by a factor 10. The beautiful separation between the curves a,
b and ¢, and the ensuing shifts in the positions of the bends, along the energy axis, mark

16



the role of the magnetic field in the origin of the knees. Note that f,, attainsa minimum
value, rather constant beyond 10'® eV, with a characteristic gap between the high and the
low plateau, amounting to 4.5 x 103 for Helium and 2.2 x 102 for Iron, as shown in
fig. 10. The height of the gap is a peculiarity of the Galaxy, theion and the nuclear cross
sections. The two minimasignal the onset of the rectilinear propagation.

Note also the interesting phenomenon that at low energy, below 2 x 10 eV and at
very high energy, above 10'® ¢V, the three curves a, b and ¢ coincide. At very high energy
the rectilinear propagation of cosmic ions sets on and the bending power of the magnetic
field cease to be efficient, thoroughly vanishing above 10! ¢V. At low energy below
2 x 10 eV, ions experience multiple bendings and multiple inversions of the motion,
regardless of the particular energies of theions, and the three curves coincide again.

The corresponding curves for Iron show a similar behaviour, and particularly, the
triple splitting of f,, with the three values of magnetic field strength is observed.

For the sake of completeness and subsequent convenience in fig. 11 are given the
source distributions for Helium along the principal field line intercepting the Earth (see
fig. 2), at sixteen different energies. The transverse structure of the source positions is
more evident in thisframe of reference than in that used in fig. 5, which better emphasizes
the role of the regular field to channel cosmic ions. It is particularly evident the change
of the source positions around the knee energy band, where basins become larger and
larger (see fig. 8) and devoid of sources (the falsin fig. 9 and fig. 10). The minimum of
the basin length, apparent in fig. 8, occurs at the energies between 10¢ and 2 x 10'¢ eV/.
It isimpressive the alterations in the source distributions around the energy of 106 eV/u
which signal the presence of the helium knee. The source positionsinfig. 11 complements
those giveninfig. 5.

The results obtained in fig. 11, interpreted as source positions and not per se, take
advantage of the tragjectory reversibility in a magnetic field. An approximate method of
calculation discussed and checked previoudly [1] which allows to simulate a large num-
ber of trgjectories. Typical samples of 2 x 10 cosmic rays are injected from the local
galactic zone and the corresponding trajectories reconstructed through the disk volume.
The coordinates of the nuclear collisions have been recorded. In this specific calculation
the initial point of the trgjectory is the local zone, while the final point coincides with
the position of the inelastic nuclear collision. By inverting the initial and final point of
the trajectory the source distribution feeding the local zone is calculated. This calculation
procedure implicitly preassumes a source distribution strictly uniform in the disk and not
that described by equation (1).

17
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Figure 11: Spatial distributions of helium sources at sixteen different energiesin a frame
of reference (described in the Appendix A) where the vertical axis coincides with the
principal magnetic field line. Note the characteristic defor mations asthe energy increases
and the radical changes in the basin forms around the knee energies 106 eV /u and those
marking the onset of the rectilinear propagation above 10'7 eV /u, .
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Figure 12: Inelastic cross sections Helium-proton and Iron-proton versus energy used in
the calculation. The proton-proton cross sections is also shown with a data point at the
maximum energy obtained in accelerator experiments. The cross section of 38.8 mb at
about 40 GeV isan average value of many experiments.

5 Theinfluence of the nuclear cross sections

The magnetic field and the nuclear cross sections, o, determine the positions of the fall
of n, along the energy axisi.e. the positions of the individual knees. In order to single
out the effects of these two parameters, the nuclear cross sections have been artificialy
set at a constant value (115 mb for Helium and 775 mb for Iron), above the energy of
5 x 10! eV. With this artifice, the influence of o on the knee becomes more patent. As
it is well known proton-proton and nucleus-proton cross sections increase with energy
beyond 4 x 10!t eV, where avague minimum occurs, up to the maximum energy reached
in accelerator experiments, 8 x 10'® ¢V [19]. Fig. 12 shows the rise of nuclear cross
sections with energy for Helium o(He), Iron o(Fe) and proton o(p). As an example, at
40GeV Iu o(He) is 103 mb and o(Fe) = 720 mb, while at 10! eV o(He) is 306 mb and
o(Fe) = 2054 mb.

Using the spatial distribution of the sources Q(r, z, ¢) and reconstructing the trajec-
tories of cosmic ions, the number of particles intercepting the local galactic zone, n, is
counted. The quantity n, isdirectly proportional to the differential energy spectrum of the
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Figure 13: Number of cosmic ions intercepting the local galactic zone, n,, versus energy
for Helium and Iron using constant cross sectionsin the entire energy range.

cosmic rays, dn/dE. Fig. 13 gives n, for Helium and Iron as a function of energy. Since
equal samples ( tens of millions) of Helium and Iron trajectories have been simulated for
the results given in fig. 13, the powers of the sources for the two ionsin the galactic disk
are equal. In Section 7, in the comparison with the experimental data, thisirrealistic hy-
pothesis, though convenient here, isremoved. The resultsin fig. 13 indicate that the iron
intensity is a factor 2.93 lower than that of Helium in the energy band where n, for both
ionsis approximately constant. It turnsout that n, for Helium is constant up to the energy
of 2 x 10'® eV, then arapid fall initiates. In the energy band 8 x 10'°-5 x 10'7 eV thefall
of n, exhibits a constant slope with an index of 3.27. The same trend of n, is displayed
for Iron with a spectral index of 3.08, thus the curve is unevenly shifted in energy with
respect to the helium curve.

The approximate constancy of n,, for Heliumin theinterval 10'? - 10'> eV suggests
that the particle transport across the local zone attains somehow a stationary regime. Note
that the disk boundaries are sufficiently remote from the local zone so that n, remains
amost unaffected. Neither play arole effects related to the simulation algorithms such
as the diameter of the local zone or the representation of the helices (see Appendix B).
The particular energy of the bend in fig. 13 directly manifests the effect of the magnetic
field on cosmic ions reaching the local zone, depurated from the influence of rising cross
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sections.

The energies where the bends occur, 6 x 10'° eV for Helium and 2 x 107 eV for
Iron, remind of the results reported in fig. 8 regarding the lengths of the longitudinal axes
of the basins, Lg. A notable circumstance is that the energies characterizing the bendsin
fig. 13, are the same where the minimaof L infig. 8 occur. Thisisnot surprising because
the volume of the galactic basins, and in turn L 3, is certainly interrelated to the particle
intensities n,. Taken this circumstance into account, the same considerations devel oped
in Sections 4 and 5 apply on the interplay of the cosmic-ion populations around the knee.

For an assigned energy of the ion and o, the positions of the bends are intimately
related in primis to the form and mean strength of the magnetic field and in secundis
to the thickness of the disk. By atering one of these two parameters the bend positions
critically change. Thus, as an example, setting afictitious magnetic field, 10 times higher
than the real field, changes similar to those shown in fig. 10 — are calculated. Using a
completely different simulation code a comparable effect is observed [8].

It is also interesting to evaluate the number of nuclear collisions occurring in the
disk, f,, with the source distribution Q(r, z, ¢), instead of a pointlike source (the local
zone) as performed in Section 4. Fig. 14 reports f,, versus energy, in this condition, for
rising cross sections.

The helium curve reaches a maximum of 1.24 at 4 x 10 eV (the iron maximum
is1.80 at 5.6 x 10'% eV ) which differs from the corresponding maximum of 1.058 at
1.6 x 10'® infigure 9. The different amounts of interstellar matter encountered by cosmic
ionsfor the two source positions, pointlike and Q(r, z, ¢), account for the difference and,
in some respects, quantify the influence of the matter thickness on the energy spectra.

From thisanalysis comes out that thefall of n,, with the energy, beyond 6 x 106 eV’
for Helium and above 1017 eV for Iron, is due to a decreasing efficiency of the Galaxy to
retain particles as the energy increases.

Two competing mechanisms govern the trend of n, versus energy. Let us analyze,
for example, how they operate in the knee region. As displayed in Fig. 8, helium basins
enlarge above the energy of 4.0 x 10! eV where the minimum of Lz occurs. Consider
two energies F;, and E, with F; > F; and the corresponding basins denoted by B; and
B, respectively (the corresponding volumes denoted also B; and B,). Assume further
that I, isin an energy rangelocated in thefall of n,. Sincethe basin volumesenlarge with
energy B, > B;. Let usfurther denote by Dy the disk volume obtained by removing the
volume of the basin B; from that of B, (D in Dg isfor difference in the basin volumes).
Let n; bethe number of sourcesin B; at energy E; and n, that in B, at energy F,. Then,
subdivide n, into two contributions such that n, = §; + d,, where ¢, is the number of
sources of the basin B; at the energy F5 and 4, is the number of sources in the volume
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Figure 14: Fraction f,, of heliumtrajectoriesterminated in the disk by nuclear collisions
as a function of energy assuming the spatial distribution of sources Q(r, z, ¢) and rising
cross sections. The normalization of f,, isthe same adopted in figure 9.

Dp @ the energy FEs.

Of critical importance for the origin of the knees is the quantity (n; - ;) in com-
parison with d,. The basin enlargement from F; to E, allows new sources, located in
Dg, to increase the value of n, by the amount 6, (first mechanism). When the energy
reaches £, some sources in B; do not emanate cosmic-ray trajectories intercepting the
local zone, and consequently n, tends to decrease by the amount (n; - 4;) sincen; > 6;
(second mechanisn). This happens because, as the energy increases, trajectories are less
twisted by the magnetic field and therefore they have minor probability of reaching the
local zone. The decreasing intensity n,, in fig. 13, in the energy range 10'* - 2.0 x 107
eV, indicates that the second mechanism overwhelms the first one, i.e. (n; - 01) > 6s.
The approximate constancy of n, in the interva 10'* - 10'° eV indicates that the two
mechanisms approximately balancei.e. (n; - 6;) ~ .. Notethat in thiscase B; > B,.

The interplay of the two mechanisms becomes more intricate when real cross sec-
tions (i.e. rising cross sections) are inserted. In this case, the interplay of cosmic-ion
populations with energy persists, as described above, but the mean length of ion trajecto-
ries decreases with energy, due to the rising cross sections as it is obvious from equation

3).
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Figure 15: Number of cosmic ions intercepting the local galactic zone, n ,, versus energy
for Helium (solid line) and Iron (thick line) with rising cross sections. The normalization
of n, isthe same adopted in fig. 13. The effect of the galactic wind on the helium spectrum
isrepresented by the thin line. The wind effect on the iron spectrumis negligibleand it is
not shown.

6 Theeffect of therising cross sections, the galactic wind and the magnetic field

Before facing a comparison with experimental data it is useful to further explore some
characteristic features of the basins around the knee energy. Basins undergo radical
changesin the knee energy region and therefore those variables characterizing the basins,
L,g,Lg, Dy, n, and f,, should absorb somehow the upheaval.

In the following, constant cross sections are replaced by the rising cross sections,
shown in fig. 12. Fig. 15 shows n, versus energy for Helium and Iron. These results
are of great importance because they are directly comparable with the experimental data.
Comparing the corresponding curves of n,, in fig. 13 (constant cross sections), the posi-
tions of the bends in fig. 15 are placed at lower energy. In addition, n, versus energy
around the bend is smoother than the corresponding curve in fig. 13. There are energy
regions around the maximum fall of intensity where the spectral indexes are constant
amounting to 3.43 for Helium and 3.38 for Iron.

With exactly the same trajectories used in the calculation of fig. 15, the helium and
iron grammage, g, as well as the mean distance of the sources from the local zone, de-
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Figure 16: Iron and helium grammage versus energy in the same conditions of fig. 15.
The mean distance of the sources from the Earth, D;, is also given. Thislatter quantity
presents two characteristic peaks accounted for by the radical alterationsin the cosmic-
ion populations around the knee energy region. It is a fortuitous occurrence that the
vertical axis expresses the grammage in units g/em? and the source distance in kpc as
well.

noted D,;, are determined. Thesetwo quantitiesare showninfig. 16 and they complement
previousresults on the geometrical characterization of the basin. The grammageisrelated
to the trgjectory length, L, by the equation : ¢ = m n L where n is the number of atoms
per em? in the interstellar space and m the mass of the average atom in the insterstellar
medium. The helium grammage decreases almost parabolically as the energy increases,
up to the energy of 10'¢ eV, attaining an asymptotic limit above 10'® eV for both ions.
The quantity D,; versus energy shows a broad peak with a maximum at the energy
of 3 x 10'® eV for Helium and around 10'7 ¢V for Iron. It may seem both surprising
and inexplicable that D,; has a peak while ¢ none. Comparing the results of fig. 15 and
fig. 16 it is evident that the peak energies lie where the maximum stegpness of n, occurs.
These peaks are explained in the light of the results described in Sections 3 and 4 and by
direct analysis of the simulated trgjectories. In fact, the mean distance of the sourcesfrom
the local zone diminishes with the energy, as the tails of the basins gradually disappear,
as apparent from fig.5 and fig. 11. The progressive loss of the tails corresponds to a
transverse enlargement of the basin which, in turn, implies a reduced distance from the
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sources. Fig. 8 shows that the length of the basin, L 3, increases beyond the minimum
at the energy of 4 x 106 eV, then it reaches a maximum to finally decrease again. As
the basin length increases beyond the minimum, some new distant sources add to the
enlarging basin, enhancing D,;, which tranlatesin abump visiblein fig. 16.

The grammage is dominated by long trgjectories rooted close to the local zone but
dlightly aside the principal field line. Trajectories along the principal field line have much
small lengths. Long trajectories are the result of multipleinversions of motion in the mag-
netic field, and not of long distances between the sources and the local zone. Since the
energy region of the two peaksin D,; corresponds to the onset of the rectilinear propaga
tion, the expected enhancement of g or L (expected only on the basis of that of D,; ) does
not take place.

The effect of the galactic wind on the quantities g and n, has been investigated, in
aplausible interval of the wind velocity, and it turns out to be quite small but relevant to
the aim of this calculation. The smallness is due to the particular position of the local
zone e.g. z=0 pc assuming, of course, galactic sources. In spite of its smallness, the
inclusion in the agorithms significantly improves the agremeent with the experimental
data, as it will be shown in the next Section. Fig. 17 reports n, for Helium versus wind
velocity up to a maximum value of 300 K'm/s (unphysically high in the disk ) for two
arbitrary energies of 10'2 and 10 ¢V. lons reaching the local zone decrease by about
10% with awind velocity of 12 K'm/s. The decrease is almost absent for Iron. Thisis
due to the mean length of iron trajectories, smaller than that of Helium, as it is evident
from equation (3) given the difference of o(He) and o(Fe). Fig. 18 gives the grammage
versuswind velocity, for the same energies of the previousfigure. A tangible effect of the
wind on the grammage starts above awind velocity of 12 K'm/s. Accordingly comparable
effects are expected on the basin extensions; they would be hardly visiblein figures like
fig.5and fig. 11.

The parameters defining the influence of the magnetic field on relevant properties
of galactic cosmic rays were the first to be tested in 1995, namely, the residence time of
cosmic ions in the Galaxy as a functions of the diameter of the cloudlets [6]; |ater, the
age and grammage of protons against the shape of the regular field (circular, spiral, and
elliptic) were calculated [4]. The Beryllium age against the shape of the regular field was
also investigated [20]. The results of these calculations indicate that the magnetic field
structure and the other parameters of C'orsa conform, with the correct order of magni-
tude, to relevant experimental data at low energy, especially those regarding the age and
grammage of cosmic ions.

The ratio of tranverse-to-longitudinal propagation, r, in the magnetic and matter
structure of the Galaxy incorporated in C'orsa is close to the theoretical value of 0.2 - 0.4
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Figure 17: Number of helium trajectories reaching the local zone n, as a function of the
wind velocity at the energy of 102 eV//u (thinline) and 10'¢ eV /u (thick line). The curves
are based on samples of 2 x 10° trajectoriesfor each velocity value for a total of 3 millions
trajectories. At zero wind velocity n, isset at 1.
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Figure 18: Grammage of helium trajectories reaching the local zone as a function of the
wind velocity at the energy of 102 eV (thin line) and 101¢ eV’ (thick line). The curves are
based on the same trajectory samples used for the results shown in fig. 17.

dictated by the quasi-linear theory of cosmic-ion propagation [13]. In fact, the algorithms
have aratio of 0.031 obtained by dividing the diameter of the magnetic cloudlets to the
coherence length of 125 pc and finally averaging over the field directions (a factor 7/4).
The effect of this fundamental parameter on n,, e.g. the quantity directly related to the
experimental data regarding the knee, has been analyzed. Fig. 19 reports n, for different
cloudlet diameters, corresponding to alterationsof  from 0.031 t0 0.056. Notethat at very
high energy the ratio » should necessarily increase compared to the ratio at low energy,
otherwise the ion gyroradius would be inferior to the mean transverse displacement in
the regular field, which is untenable. Thus, small values of r are unphysical at very high
energy.

At small r ions suffer a mgjor effect of the regular field, being easily channeled
toward the disk periphery instead of escaping along the = direction, creating a localized
depression in the curve n, versus energy. This depression not only disappears for greater
ratios r, as apparent from fig. 19, but an opposite phenomenon emerges, consisting in a
small enhancement of n, above 6 x 10'7 eV. Thisis due to the fragile conditionsin the
particle transport at these energies, close to the rectilinear propagation, for which a major
cloudlet size trandates into a higher ion flux in the local zone. In conclusion, neither the
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bend positionsin the energy axis nor the spectral index in the fall, are significantly modi-
fied by the cloudlet radius around the reference value of 3 pc adopted in this calculation.

7 Comparison with the experimental data

Itiswell known that the differential energy spectrum of the cosmic radiation conformsto
apower law likea E~7 where a isa constant, E isthe kinetic energy of theionsand ~ the
spectral index. By the term knee is meant both the change in the spectral index from 2.7
to 3.0 and the nominal energy where this change occurs, at about 3 x 10'° eV/. A third
basic peculiarity, not analyzed in this study, isthe phase in the arrival direction of cosmic
ions at Earth, which has been unambiguously measured below and above the knee energy
(see, for example ref.[21]) displaying a characteristic modification.

The knee was discovered in 1958 [22]. This fundamental observation refers to al
particles of the spectrum hereafter denoted complete spectrum, to distinguish it from the
partial spectra of individual ions. Recently, in the last 10 years, the two mgjor charac-
teristics of the knee have lost some of their fundamental importance since measurements
of the energy spectraof singleions, in large energy bands, have been reported [23, 24, 25]
and their knees differ from that of the complete spectrum. Thus, nowadays the particular
energies at which the changes of the spectral indexes of Proton and Helium take place are
known, and the energy spectra as well. For the ion group CNO, for Silicon and for Iron
the knees have not yet been observed [ 24, 26] though they are foreseen by many theorists.
Let us notice explicitly that the measured energy spectra of Helium, CNO elements and
Iron between 10'4-10'7 eV are thoroughly different from the complete spectrum. This
spectrum has a constant slope with v = 3 intheinterval 3 x 10 -5 x 10'8 eV while the
helium spectrum exhibits a slope depending on the energy. These facts allow to state, for
example, that cosmic-ray intensity beyond the knee, for three energy decades, is not due
to the contributions of the intensities of many ions, each ion with aparallel slopey = 3.

Asalong series of measurementsindicate, but particularly those from Jacee [27, 28]
and Runjob [29], the spectral index of Proton and Helium is 2.72, fairly constant in the
range 10 - 105 eV, Taking thisdatum as avaluable reference and extrapol ating to higher
energies beyond the knee, it immediatly results a gap between the computed and measured
intensity of the cosmic radiation. Fig. 20 reports this gap, expressed as a reduction factor
versus energy. One should note that in the three energy decades 10'° - 10'8 eV this
reduction factor is quite modest, not reaching the value of 8 at 10'® eV". The smallness
of this factor should be compared with the enormous reduction factor, about 10, of the
complete spectrum in the same energy range. The comparison of these two different
reduction factors suggests interesting deductions developed in arecent study [7] and the
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Figure 20: Deviation of the cosmic-ray intensity from an ideal energy spectrum with an
index v = 3 inthe energy range 10*° - 10? eV. The deviation is expressed as a reduction
factor in the vertical axis. The initial point, with no deviation, isplaced at 3 x 10'® eV’
the nominal £nee energy of the complete spectrum.

irrefutable implication (see for example ref.[30]) that the knee is a small perturbation of
the complete spectrum.

It is customary debating the experimental data around the knee, to multiply the
complete spectrum by a factor E7 so that changes in the spectral index, and eventually,
peaks or dips are magnified. In fig. 21 the measured Helium spectrum [24] is reported
along with the computed one (solid thick line). The computed curve isthe same displayed
infig. 15 in anarrower energy interval, to better focalize on the experimental data.

The measured helium intensity is normalized to the computed one at the energy
of 10* eV. This normalization aknowledges and takes advantage of the plateau of n,
versus energy below 10 eV and of the measured spectral index of 2.7 for Helium. In the
same fig. 21 is reported the computed iron spectrum (very thick line ) and the iron data
multiplied by E7 with v = 2.5, being the value of the spectral index measured below 10'°
eV [31-34]. These data are limited to the maximum energy of 8 x 10'¢ ¢V and up to
this energy, as aready remarked, no iron knee is observed. The iron spectrum measured
by the Eas-top experiment at the Laboratori Nazionali del Gran Sasso [35], exhibits the
same trend. Other important experiments [36,37] measuring helium spectra do not have
sufficient energy band for a pertinent comparison here.

The computed iron spectrum in fig. 21 has been reduced by a factor 2 with respect
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Figure 21: Comparison of helium and iron spectra measured by the Kaskade and Eas-
top experiments with the results of this calculation. Helium (void circles) and iron (full
circles) spectra from Kaskade ([24], [25]) and iron (stars) spectrum from Eas-top [26]
experiments. Measurements of the Helium spectra from Kaskade [25] resulting in lower
intensities are not shown. Their extrapolation at 10'® ¢V would result in amajor conflict
with the experimental data of the Haverah Park and Hires experiments. Measurements
of the Iron spectra from Kaskade [24] resulting in lower intensities (from a factor 3 to
4) than those shown here, incompatible with the maximum excursions of the Eas-top
data [25], are not shown. The thin (helium) and thick (iron) curves are the computed
spectra uncorrected for the galactic wind. The thin curves below and above the thick line
(computed iron spectrum) suggest the uncertainty in the normalization adopted for the
comparison. The normalization of the calculation is explained in the text.
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Figure 22: Comparison of helium and iron spectra measured by the Kaskade and Eas-
top experiments with the results of this calculation. In order to assess the stability of the
results the energy of the experimental data has been arbitrarily shifted by afactor 2. The
agreement is slightly improved. The computed spectra are the same asinfig. 21.
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Figure 23: Comparison of helium and iron spectra measured by the Kaskade and Eas-top
experiments with the results of thiscalculation. The effect of the galactic wind isincluded
in the two computed spectra which better conform to the data.
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to that of Helium. This factor takes into account the different powers of helium and iron
sources in the Galaxy. In fact, by a simple comparison of the results of many experiments
[31-37], in three energy decades, it emerges that the Helium-to-Iron flux ratio is rather
stable, amounting to about 2. It rangesfrom 2.8 at 5 x 10! ¢V decreasing to 1.9 around
10*® V. This value has been derived with no particular screening of the experimental
data nor with a sophisticated analysis; it is however adequate for the data normalization
here. What is silently implied by thisnormalization isthat some physical processes (parti-
cleinjection at the sources, acceleration mechanisms, reaccel eration, propagation effects
others than those considered here, etc. ) regulating the intensity and energy spectra of
cosmic rays are remarkably stable with energy in the range 10!'-10'° ¢V/. Renouncing
to this normalization, a major number of difficulties would arise since different mecha
nisms, probably depending on energy, should match together in such away to generate an
approximate constant He/Fe flux ratio, which isunlikely.

The physical quantitiesin the vertical and horizontal axes of fig. 21 have been arbi-
trarily altered to test how critical is the accord; thus, the energy of the experimental data
[24, 34], is multiplied by a factor 2 and the Iron intensities shifted upward by the 15%
and 20%. Fig. 22 reports the results of this computational game and testifies the great and
amazing stability of the accord without the effect of the galactic wind. Fig. 23 reports the
computed spectrawith a galactic wind of velocity 12 km/s. Thisis the same wind veloc-
ity adopted at very low energy, which provides a better agreement between computed and
measured B/C flux ratio (see for example ref.[18]).

The results in fig. 21 indicate that the helium knee is due to the fall of intensity
caused by the particular value of the magnetic field strength in the Galaxy, limited to 1-7
1G. Changing the value of the field strength, a shift in the position of the knee aong the
energy axisiscalculated, asvividly show the curvesinfig. 10. Alsoimportant istherise of
nuclear cross sectionsasit standsout by comparing the results showninfig. 13 and fig. 15.
Of capital importance in this conclusion, isthe assumption that cosmic rays are galactic at
the energies considered. The computed helium knee agrees with the experimental data up
to the energy of 5 x 10'® eV. The helium data (three data points) above this energy seem
to fall too steeply. The relevance of this deviation has to be compared with the large error
bars and severe uncertainties in the experimental data [25] beyond the energy of 8 x 10'¢
eV. In addition, the extrapolation of these data [25] at 10'® eV leads to an irriducible
conflict with the outcomes of the Haverah Park and Hires experimentsaround 108 eV, as
discussed below.

L et us comparethisexplanation of the knee with some previous attempts; these may
be subdivided in six classes, depending on the physical mechanism invoked. (I) particle
propagation inside the disk does not allow auniform containment, asthe energy increases,
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because the magnetic field strength is finite, amounting to about 1-7 G [38-43].  (I1)
The acceleration mechanisms of the galactic sources 44 - 49] become inefficient beyond
amaximum energy, denoted here E,,,,..., related to the specific acceleration process called
into play. Beyond E,,,,, adecline of the intensity at Earth should be observed. The re-
gions where cosmic ion suffer acceleration are supernovae remnants, pulsar atmosphere
or, possibly, the entire Galaxy through reacceleration in the galactic wind [45]. (/1)
Cosmic-ion interactions with nuclei in the Earth atmosphere, in particular reactions chan-
nels, would yield exotic secondary particles that might escape an efficient detection[50,
51] generating the knee. (V') Sites and mechanismswhich produce « burstsin the galac-
tic halos [52, 53]. (V') Cosmic-ion interactions with photons present around the sources
[54], (V1) or with background neutrinos in particular sites [55, 56] would induce effects
in the intensity at Earth to account for the knee.

Most attempts become obsol ete once the measurements of individual knees are ac-
knowledged, since the positions of the bends along the energy axis differ from that of
the complete spectrum at about 3 x 10 eV, where some tentative explanations were
addressed or tuned. Moreover, the explanations (711), (V'), (VI) require unobserved
particles or astrophysical conditions whose physical redlity is, at variance, not proved
or uncertain or very uncertain; as a consequence, calling them to account for the knee
problem seems hazardous.

The solution of the knee problem discussed here belongs to the class 7. It is based
on well established observational facts incorporated in a limited set of parameters. This
solution exhibits, step by step, how these parameters forge the bend and the fall of the
Helium and Iron intensities between 105-1018.

Since the computed Helium and Iron knees fairly join the available experimental
data, as shown in fig. 23, a small margin is |eft for other physical phenomenato account
for the origin of the knees. In particular, from this investigation follows that accelera-
tion mechanisms, ion filtering at injection to the galactic sources or other phenomena,
are of littleimportance for the knee explanation. This conclusion reinforce asimilar one
[7], based on observational and theoretical arguments, indicating that accel eration mech-
anisms have a negligible effect in generating the knees, regardless of the site and specific
acceleration process invoked.

Finally, we cannot fail to mention that the results of this study demonstrate the
existence of arobust extragalactic component in the energy decade 1017 - 10'8 eV/.

If the energy spectraof Helium and Proton will continue to decrease as suggested by
the experimental data [22,24], (The Tibet-b experiment [37] reports v = 3.06 for protons
and a bend close to 10! eV'), the proton fraction will become insignificant at 108 V.
Measurements of the proton fraction around 10'® eV of Haverah Park and Hires experi-
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ments [57, 58, 59] indicate a value of about 40 per cent, much higher than the fractions
extrapolated from the data quoted above [24]. Therefore, the proton and helium inten-
sities above the knee energies are expected to increase again. The particular energies at
which the ascents would take place and their steepnesses, for each ion, are still exper-
imentally vague. According to this study it is impossible, using only galactic sources,
to generate large fractions of Protons, Helium, CNO or Iron around the energy of 10
eV because the computed intensitiesin fig. 15 invariantly fall with energy with a spectral
index greater than 3. An obvious consequence, given the existence of the compl ete spec-
trum of cosmic rays which falls with a constant spectral index of 3 in thisenergy range, is
that additional sources of Helium and Proton efficiently penetrate the local galactic zone
at energies dightly abovethe knees. These additional sources have to compensate thefall
of the knees in order to recover the index v = 3 of the complete spectrum. But, if these
additional sources are not placed in the Galaxy, they must be extragalactic.
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8 Appendix A A referenceframefor spirals

It is preferable, though unnecessary, to express some features of the galactic basins, in a
reference frame that explicitly recognizes the dominant role of the regular component of
the galactic magnetic field. Fig. 24 illustrates this frame that has been used in fig. 7 and
fig. 11.

The length of the spiral arc between the Bulge and the disk periphery ( r = 15 kpc)
isgiven by:

(Rg — Rs)
cos(0r)

where R, isthe disk radius, R, that of the Bulge, 6, the opening angle defined in fig. 24
and s the length of the logarithmic spiral between the radii R, and R,;. The total angular
opening of the spiral viewed from the galactic center is chosen to be 3/4 of a complete
turni.e. x27. With thischoise s = 40.73 kpc. The factor 3/4 isthe number of turns of the
logarithmic spiral about the galactic center which, in this case, isless than 1. The angle
6;, beween any radius drawn from the galactic center and the logarithmic spiral crossing
thelocal zone is given by:

=5 (4)

1

tg(0;) = 2 X (5)
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resulting in 6, = 74.332 degrees. Taking a typical lateral extension of the basin of 300
pe, alength-to-width basin ratio L z/Wp of about 102 is obtained. In this work the high
value of the Lg/Wp ratio has practical consequences in the description of the basin for
graphical representation and for computing time as well.

L et us define arefence frame, Ry, in the galactic midplane with origin N and axes
xy, and y;, (seefigure 24). Inthisframe any source position placed at the arbitrary point P
has coordinates Xp» and Yp. The Xp coordinate is defined as the normal drawn from the
point P to the principal field line, the segment PN of length AR, . The Yp coordinate
is zero by definition. Let uscall R; anew frame with origin Z in the local galactic zone
with x and y axes having the same orientationsasthe axes z ;, and y;, intheframe R . The
y coordinate of the point P isthelength of the spiral arc Z N counted from the local zone
and the corresponding = coordinate is aways equal to X p. In this coordinate system the
disk edge along the principal field line has a y-coordinate of +24.07 kpc while the bulge
edge -16.66 kpc. Fig.24 defines and illustrates some interesting variables in the frames
Ry and R. Thus, the z and y coordinates of any point P, inthe frame R, are:

IL':XP:ARL (6)

y =arc(ZS) + AR (7)

The quantity AR, (see fig.24 ) is the Y7, coordinate of the point S which is the
interception between the spiral and the segment G P.

The spatial distribution of the sourcesin theframe R ; have an approximate symme-
try in +-y and in +-x asdisplayed in figure 6 and 7. Small distortions of these symmetries
are expected, for example, on the fact that the magnetic field strength shown in Fig. 3 is
not completely symmetric along the principal field line.

9 Appendix B Handlingion trajectoriesin the Galaxy

lon type, its energy and nuclear cross sections are always specified at the beginning of
each trgjectory simulation. Particle propagation through the galactic volume initiates at
some point, of coordinates r, z, ¢, and terminates at a fina point specified by the events
described in Section 4. The initial point is the source position, or eventually, the nuclear
collision point, where the secondary particles are generated. Nuclear decays, presently
dormant, are also handled by the code Corsa. The trgjectory links the source to the final
point.

Trajectories are subdivided in short and long segments. The long segments are those
contained in the regular field. They are sampled according to an exponential function with
amean value of 125 pc [12]. This quantity is regarded as coherence length of the field.
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B bulge radius 4 kpc
arc ZB = -16.66 kpc

D disk radius 15 kpc
arc ZD = +24.07 kpc

6]
kpc

Figure 24: Definition of the reference frame bound to the particular spiral rooted in the
bulge frontier and terminating in the disk radius with a length s of 40.73 pc. The point
7 denotes the position of the local zone while the point P that of a generic source. The
angle 0;, between the spiral and any segment departing from G intercepting the spira is
constant. The thick line represents the principal field line which isan arc of alogarithmic
spiral. The contour plots shownin fig. 7 are given in the frame R ; defined in the text.
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The short segments are those devel oped inside the magnetic cloudlets. The full trgjectory
is a sequence of long and short segments. Several thousands of segments are involved
in atypical trgjectory in the disk volume, and hundreds of thousands in the Halo. Each
segment isregarded as a helix of constant radius.

In atrajectory segment the magnetic field strength is taken constant and equal to its
value, at the beginning of a segment, in spite of the variable field strength, as displayed
inFig.3. Since atypical trajectory is dispersed in alarge volume, this ssmplification, on
average, do not affect the quantities calculated in the present paper. The helices shownin
figure 4 are drawn under this hypothesis.

A further simplification adopted at low energy, below 10'* eV /u, in order to reduce
the computing time, is to identify the helix axes with the trajectory axes. The ion gyro-
radiusis quite small at low energy compared to the size of the disk. Hence, the resulting
helices have many turns. In this case the direction of motion of theion at the fina point
of the trajectory segment ( AB in Fig. 4 ) is uniformly distributed about the helix axis, as
shown by the conein Fig. 4 . Thus magnetic cloudlets, as they are randomly oriented, not
only scatter particlesin all directions, but they can invert the direction of the motion.

At very high energy, above 10'* eV /u, depending on the number of turns of theion
in the helix (lessthan 1, afew or many turns), different algorithms are at work for shap-
ing the physical trgjectories. Fig. 4 shows helices of three different radii to qualitatively
illustrate some categories of trgjectories. The segment AB in Fig. 4 represents either the
size of acloudlet or that of aregular field segment.

As an example, the particle escaping with a velocity vector a tangent to the helix
arcin C illustrates how the simulation algorithms handle very energetic particles leaving
afield region cell. Note that the length of the segment AC equals the size of the magnetic
field region.

At some energy, particles travel less than one turn, along the helicoidal path, in a
magnetic field region of specified strength. Using an average field strength of 1 G and
an arbitrary energy of 10'¢ eV, the helium gyroradiusis11.1 pc.

It is of importance to determine the energies where the invertion of motion operated
by magnetic field ceases completely signaling an almost rectilinear propagation of cosmic
ions. Thistakes placefor 1 uG field strength at 106 eV for Helium and 10*® eV for Iron.
Beyond these energies, helium trgjectories are fractions of helix arcs, becoming almost
straight line segments at higher and higher energies. In this case the smulation code
generates the exact forms of the trajectories, as far as the magnetic field strength and its
size, in the sequence of long and short trajectory segments, corresponds to the correct
representation of the physical reality.

Fig. 4 also shows that the axes of two contiguous trgjectory segments for large and
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differing gyroradii are significantly shifted.
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