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ABSTRACT
The inÑuence of various magnetic Ðeld structures of the Galactic disk on some fundamental properties

of cosmic-ray protons has been investigated with a simulation program, which generates cosmic-ray tra-
jectories in the disk volume. The regular component of the Galactic magnetic Ðeld has been approx-
imated by three di†erent geometrical conÐgurations (circular, elliptical, and spiral). Ages, residence times,
and grammages of cosmic protons in various conditions are calculated and discussed. These calculations
indicate that the proton age is strongly inÑuenced by the magnetic Ðeld conÐguration but weakly
a†ected by the Ðeld strength. The age of cosmic-ray protons in the spiral Ðeld turns out to be 6.7 ] 106
yr, and the corresponding matter thickness 12 g cm~2.
Subject headings : acceleration of particles È cosmic rays È ISM: magnetic Ðelds

1. INTRODUCTION

The simplicity and the low number of assumptions in the
numerous variants of the leaky-box models are probably
the major motivation for their widespread use in the inter-
pretation of experimental data of Galactic cosmic rays.
More elaborate computational schemes such as the steady
state di†usion models (Ginzburg & Ptuskin 1976) or the
convective-di†usion models (Jokipii 1976 ; Jones 1979 ;
Kota & Owens 1980), while removing some severe
restrictions in the leaky-box models, still retain an excessive
simpliÐcation of the many processes induced by cosmic rays
in the Galaxy. In spite of the fair agreement between experi-
mental and predicted results, some important properties of
Galactic cosmic rays cannot be described in these computa-
tional schemes.

The direct simulation of cosmic-ray trajectories in the
Galactic disk is a powerful method for evaluating the
properties of cosmic rays and is a complementary tool to
assess the basic results of the models mentioned above.
Numerical simulation of a cosmic-ray trajectory for solving
speciÐc problems was made at very high energies (see, e.g.,
Berezinskii & Miklailov 1987).

The simulation code CORSA (cosmic-ray simulation
algorithms) developed in the past years (Codino et al. 1995)
calculates the trajectories of cosmic rays in the Galaxy. Pre-
liminary results regarding the e†ect of the regular com-
ponent of the Galactic magnetic Ðeld on the age of
cosmic-ray protons in the disk have been described else-
where (Brunetti & Codino 1997a).

The purpose of this study is to show the inÑuence of the
regular component of the Galactic magnetic Ðeld on the
proton age. Proton ages, residence times, and grammages
are explicitly given with the complexity of the simulation
code CORSA maintained at a modest level. A higher com-
plexity of the code implying the removal of some approx-
imations in the cosmic-ray description is purposely avoided
to facilitate the comprehension of how the major results of
this study depend on a small set of critical parameters.
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The reduced complexity of the code is obtained by the
following approximations or assumptions :

1. Only protons have been considered in the present
study in the energy range 1È100 GeV.

2. Interstellar gas consists of pure hydrogen.
3. Extragalactic cosmic rays, if any, have been neglected.
4. The Galactic disk rotation is ignored.
5. The convective transport of cosmic rays in the disk is

absent.
6. Any e†ect of the Galactic wind in the disk volume is

neglected.

Some of these approximations are quite common in many
studies of Galactic cosmic rays.

The structure of the paper is as follows. The major
parameters dominating the propagation of cosmic-ray
protons in the Galactic disk are introduced in ° 2. Plausible
intervals for these parameters derived from observational
data are extensively discussed in a forthcoming paper. The
multiplicity and energy spectra of secondary protons gener-
ated by elastic and inelastic proton-proton collisions in the
interstellar space are given in ° 3.

Proton trajectories in the Galaxy have been subdivided
into three populations, depending on the mode in which
they disappear from the disk volume (nuclear death, extinc-
tion by ionization energy losses, disk escape). This classi-
Ðcation of the proton populations, though rather arbitrary,
facilitates the study of how the Galactic magnetic Ðeld and
the primary proton energy a†ect the age, the residence time
and other properties of cosmic rays.

In ° 4 the relative fractions of the proton populations as a
function of the energy have been studied in the three mag-
netic Ðeld structures. In ° 5 the residence time of cosmic-ray
protons in the whole Galactic disk is calculated.

All instruments performing cosmic-ray observations are
positioned close to the Earth ; the particular spherical
volume of the Galactic disk concentric with the Earth is
hereafter referred to as ““ local Galactic zone ÏÏ or ““ local
Galactic region ÏÏ. The space distribution of cosmic-ray
sources feeding the local zone is studied in ° 6.

In ° 7 the age and grammage of cosmic-ray protons
reaching the local Galactic region is calculated.
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Some important implications of the results of this study
are given in ° 8 and the conclusions in ° 9.

2. CHARACTERISTICS OF THE GALACTIC DISK

The geometrical boundaries of the Galaxy, the inter-
stellar gas density, and the magnetic Ðeld structure and
strength are represented in the simulation program CORSA
by a set of parameters. A brief summary on the values of
these simulation parameters is given here. The geometrical
boundaries of the Galactic disk and its form are displayed
in Figure 1. The bulge is a symmetric ellipsoid with the
major axis in the Galactic midplane 4 kpc long and a minor
axis of 3 kpc. Thus, the radius of the bulge on the Galactic
plane, o, is 2 kpc. Around the bulge there is a thin cylinder
with a radius, R, of 15 kpc and half-height, d, of 250 pc.
Cylindrical coordinates r, l, and z are used in the disk, where
r is the Galactocentric radius, l is Galactic longitude, and z
is the height from the midplane of the Galaxy.

The interstellar gas density is taken as pure hydrogen
uniformly distributed in the Galactic disk. The mean hydro-
gen density is 1 atom cm~3 (Gaisser 1990).

The Galactic magnetic Ðeld in the disk is decomposed in
a regular component and a chaotic component. The mag-
netic Ðeld strength of the regular component is 3.0 kG
(Manchester 1974 ; Thomson & Nelson 1980). The geo-
metrical shapes of the magnetic Ðeld lines have been chosen
according to observational data, which favor spiral Ðeld
structures. Three di†erent patterns of magnetic Ðeld lines
have been utilized in the calculations, denoted as spiral,
elliptical, and circular Ðelds. The spiral Ðeld (shown in Fig.
2a) is represented by the following expression :

r \ R
AR
o
Bt@3

eah , (1)

where a \ (2n/3) ln (o/R) \ [4.22 and t is an appropriate
numerical parameter. The elliptical Ðeld (shown in Fig. 2b)

FIG. 1.ÈDimensions of the Galactic disk incorporated in the simulation program CORSA. The bulge is reduced to a symmetric ellipsoid, and the disk is a
cylinder with a half-height 250 pc and a radius 15 kpc.
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FIG. 2a
FIG. 2b

FIG. 2.ÈPatterns of the Ðeld lines of the regular component of the Galactic magnetic Ðeld for the spiral (2a) and elliptical conÐguration (2b)

is represented by the following expression

(x cos h ] y sin h)2
a2 ] (y cos h [ y sin h)2

b2 \
Ah
n
B2

, (2)

where a \ 4 kpc, b \ 3.5 kpc if h \ n/2. The range of values
for h is n/2 ¹ h ¹ (15/7)n. The elliptic conÐguration is only
used as computational test Ðeld since observational evi-
dence on the large scale Ðeld of the Milky Way favors the
spiral Ðeld (Sofue & Fujimoto 1982). Note, however, that
the circular Ðeld is not conclusively excluded from the
experimental data 1983).(Valle� e

The magnetic Ðeld structure in the galactic halo is not
used in this calculation and accordingly is not described
here. The magnetic Ðeld in the halo is not a critical param-
eter of this calculation because, on average, the fraction of
cosmic protons generated in the disk, propagated into the
halo and reÑected back to the disk is less than 0.5] 10~3.

The chaotic component consists of magnetic cloudlets
with variable space dimensions and random Ðeld orienta-
tion. The probability of Ðnding a magnetic cloudlet is gov-
erned by an exponential distribution with an average length
of 125 pc (Osborne et al. 1973 ; Chi & Wolfendale 1990). The
magnetic cloudlets are spheres with a mean radius of 2.5 pc
that is sampled according to a normal distribution with a
standard deviation of 1 pc (Bell et al. 1974). The magnetic
Ðeld strength of the chaotic component has a mean value of
10 kG (Heiles 1976 ; Freier et al. 1977 ; Rand & Kulkarni
1989).

Various source distributions of cosmic-ray protons,
Q(r, l, z), have been used in this study.

A uniform distribution of sources is represented by the
expression

Q(r, z, l)\ C#(r [ R)N(p, z) , (3)

where C is an appropriate constant, #(r [ R) is the radial
distribution with a maximum radius R\ 15 kpc, and

N(p, z) is a normal distribution in the z direction with a
standard deviation, p, of 80 pc.

The supernova remnant distribution (Stecker & Jones
1977) is represented by the same expression 3 except that
the radial distribution #(r [ R) is replaced by the function

q(r) \ (r/r0)A exp [[B(r/r0)] , (4)

with A\ 1.20, B\ 3.22 and kpc.r0 \ 10
A third distribution of cosmic-ray sources is represented

by the expression

Q(r, l, z) \ C#(r [ R)#(z[ z0) , (5)

which di†ers from the distribution in equation (3) by the
term with pc. In this case the sources are#(z[ z0) z0\ 10

uniformly concentrated in a thin disk quite close to the
symmetry plane of the Galaxy The distribution in equation
(5) is referred to as a ““ thin-source distribution ÏÏ and is only
used as a test distribution.

However, the results reported in this study do not depend
on the speciÐc form of the source distributions, as will be
explained in ° 6.

The simulation of proton trajectories is based on the fol-
lowing algorithm. A proton with initial energy E and space
coordinates r, z, and l is located in the disk volume. Using
the proton-proton cross sections, an interaction path
length, s, is sampled from an exponential distribution. The
trajectory of length s is a helix along the appropriate mag-
netic Ðeld line (regular component). The helix may termin-
ate either in the disk volume or in the halo. An example of a
cosmic-ray trajectory is shown in Figure 3.

The propagation of cosmic rays in a direction normal to
the magnetic Ðeld lines takes place because of the presence
of the chaotic component of the magnetic Ðeld. Should the
chaotic component be removed from the simulation algo-
rithms, cosmic rays will never escape from the disk for the
circular Ðeld, and they are ultimately destroyed by nuclear
interactions with the interstellar hydrogen. In this ideal cir-
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FIG. 3.ÈTrajectory of a cosmic-ray proton of 10 GeV generated in the
Galactic disk and escaping toward the southern hemisphere. The source
and exit point are indicated. The helix of the cosmic proton is represented
by a series of straight-line segments coincident with the helix axis.

cumstance, the spiral Ðeld, unlike the circular Ðeld, would
allow the leakage of cosmic rays across the lateral surface of
the disk. The e†ect of the chaotic component on some
properties of Galactic cosmic rays is reported elsewhere
(Codino 1998).

The very simple parameterizations of the Galactic
volume, interstellar matter density, and magnetic Ðeld
shapes and Ðeld strength are appropriate for this calcu-
lation because the sources of cosmic rays feeding the local
Galactic zone occupy a small fraction of the Galactic
volume. They are mainly disseminated along the magnetic
Ðeld lines (regular component) leading to the local zone
(coronae). This is shown in ° 6 and in another paper
(Codino & Vocca 1999).

3. SECONDARY PROTONS GENERATED IN THE

GALACTIC DISK

Some results regarding the production of secondary
protons are anticipated in this section, since the age and
grammage of cosmic-ray protons populating the Galactic
disk are signiÐcantly a†ected by the presence of these slow
secondaries. In a simulated event, a primary proton of 1.4
GeV (kinetic energy) collides with an interstellar proton,
generating two secondary protons of 0.58 and 0.75 GeV.
These two secondaries, still being in the disk volume, are
processed by the simulation algorithms of CORSA and
produce two other secondaries of 0.15 and 0.50 GeV. The
resulting collision chain has generated four protons. This
event represents a typical example for this energy. In Figure
4 are shown the energy spectra of secondary protons pro-
duced in the Galactic disk by primary protons of kinetic
energy 1, 10, and 100 GeV. The two nearly symmetric peaks
close to 5 GeV for the dashed curve (primary proton of 10
GeV) are due to kinematical properties of two-body scat-
tering. The two same peaks for primaries of 1 GeV are
hardly visible because at these low energies, the e†ect of the

FIG. 4.ÈDistribution of secondary protons generated by collisions of
primary protons of kinetic energy 1, 10, and 100 GeV/c with the interstellar
hydrogen in a spiral magnetic Ðeld.

ionization energy losses is important and the peaks are
smeared out. Note that the vast majority of proton second-
aries populates low-energy intervals.

In Figure 5 is shown the mean number of secondary
protons produced in the Galactic disk as a function of the
energy for the three magnetic Ðeld structures. The average
number of secondaries in the spiral Ðeld is less than that in
the circular (or elliptical) Ðeld because a higher fraction of
protons escapes from the disk in this conÐguration.

FIG. 5.ÈMean number of secondary protons generated in the disk
volume as a function of the primary proton energy for the three magnetic
Ðeld conÐgurations.
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One should note that the mean elastic collision length for
proton-proton interaction is 172 g cm~2 at a momentum of
100 GeV/c and decreases to the value of 4 g cm~2 at 100
MeV/c, where the secondary spectra shown in Ðgure 4 are
mostly populated. As a consequence, a cascade of secondary
protons develops in the interstellar medium at low energy,
unless the primary proton escapes from the disk boundaries
before su†ering elastic interactions. Note also that inelastic
proton-proton collisions also produce secondary neutrons,
which decay into protons.

An instrument positioned in the local Galactic zone will
not register the presence of these slow secondaries, which
cannot propagate at large distances because they are
extincted by ionization energy losses before reaching the
instrument. For example, a proton of 100 MeV/c has a
range in hydrogen of 1.7 mg cm~2 which turns out to be 1
part per thousand of the total interstellar gas thickness tra-
versed by cosmic rays according to the simple leaky-box
model.

4. PROTON POPULATION IN THE GALACTIC DISK

The source distribution in space represented by equation
(3) is used for the results of this section. A birth point, a
trajectory, and a death point characterize the cosmic-ray
life-cycle. The Galactic sites where quiescent protons in the
interstellar medium are accelerated to high energy represent
the birth points. It is generally assumed that the acceler-
ation time is negligible compared to the cosmic-ray lifetime,
and, accordingly, the acceleration sites or sources may be
represented by space points. The trajectory is the curve in
space tracked by the cosmic ray and either may be conÐned
to the Galaxy or may eventually extend into the inter-
galactic space as shown in Figure 6. The death of a cosmic-
ray proton takes place in three modes : (1) by elastic or
inelastic nuclear collisions ; (2) by ionization energy losses ;
and (3) by overÑowing from the disk boundaries. In the
three cases, the original proton disappears from the disk as
a cosmic-ray particle. Since the elastic nuclear scattering is a

FIG. 6.ÈQualitative illustration of proton trajectories in the Galactic
disk. Trajectories have been subdivided into three categories depending on
the mode in which protons disappear from the disk. The trajectory a
represents a proton stopped in the interstellar hydrogen by ionization
energy losses. The trajectory b represents a proton (proton 1) undergoing
an elastic collision with an interstellar hydrogen and generating two
protons after the collision (protons 2 and 3). The trajectory c represents a
proton escaping from the disk. A trajectory as it results from computer
simulation is shown in Fig. 3.

quantum-mechanical process, the original proton loses its
identity and the two secondary protons emerging from the
collision are regarded as new protons. The space point
where the collision occurs is the death point of the original
proton and the birth point for the two secondary protons.
The ionization death is due to ionization energy losses
leading the cosmic-ray proton to a complete stop in the
interstellar medium. Since our study is limited to the disk
volume, the overÑow from the disk boundaries also rep-
resents a type of death.

The fractions of cosmic-ray protons that terminate their
life-cycle in the three modes described above are given in
Figure 7 as a function of the initial kinetic energy for the
circular and spiral magnetic Ðelds and in Figure 8 for the
elliptical magnetic Ðeld. Two regions in energy are distin-
guishable where two di†erent regimes for proton destruc-
tion operate. The former is below 0.8 GeV, where ionization
energy losses are important, and the latter is above 5 GeV,
where nuclear death and disk overÑow dominate.

At energy greater than 1 GeV, the probability of nuclear
death is nearly constant, amounting to 0.63 for the circular
magnetic Ðeld and to 0.50 for the spiral Ðeld. The di†erence
of 21% is due to a greater probability of escaping from the
spiral Ðeld. Escape probability from the disk boundaries is
0.36 for the circular Ðeld and 0.50 for the spiral one. The
results for the elliptical Ðeld di†er from those of the circular
Ðeld by less than 3%.

Almost all protons leaving the Galactic disk cross the top
and the bottom base of the cylinder, and only a small frac-
tion escapes from its lateral surface. In the energy interval
10È100 GeV, the populations of cosmic-ray protons that
escape from the disk or experience nuclear death are con-
stant.

The three fractions of cosmic-ray protons populating the
Galactic disk are heavily modiÐed when secondary protons
are included in the results. The probabilities of the three

FIG. 7.ÈFractions of cosmic-ray protons that experience a nuclear col-
lision, extinction by ionization energy losses, or leave the disk boundaries
as a function of the kinetic energy in the circular and spiral Ðeld. Only
primary protons are included in this calculation.



794 BRUNETTI & CODINO Vol. 528

FIG. 8.ÈFraction of cosmic-ray protons that su†er a nuclear collision,
extinction by ionization energy losses, or leave the disk boundaries as a
function of the kinetic energy in the elliptical magnetic Ðeld. Only primary
protons are included in this calculation.

populations, which take into account primary and second-
ary protons, are shown in Figure 9 for the circular and
spiral Ðelds and in Figure 10 for the elliptical Ðeld.

The fraction of protons stopped by ionization energy
losses levels o† at about 0.25 in the energy interval 5È100
GeV for the three Ðeld conÐgurations, while it is zero for
primary protons above 0.8 GeV. The bulk of the low-energy
secondary protons provides this large fraction of cosmic

FIG. 9.ÈFractions of cosmic-ray protons that experience a nuclear col-
lision or extinction by ionization energy losses, or leave the disk bound-
aries as a function of the kinetic energy in the circular and spiral Ðeld.
Primary and secondary protons are included in this calculation.

FIG. 10.ÈFractions of cosmic-ray protons that experience a nuclear
collision, extinction by ionization energy losses, or leave the disk bound-
aries as a function of the kinetic energy in the elliptical Ðeld. Primary and
secondary protons are included in this calculation.

rays extinguished by ionization energy losses. The fraction
of protons su†ering nuclear death has a nearly constant
increase ranging, on average, from 0.38 to 0.46 in the energy
interval 3È100 GeV. This trend di†ers from that of primary
protons, which is constant in the same energy interval. The
computed increase is due to the corresponding decrease in
the number of protons stopped by ionization energy losses.

5. RESIDENCE TIME OF COSMIC-RAY PROTONS IN THE

GALACTIC DISK

The residence time of cosmic-ray protons is deÐned as the
time interval elapsed between the birth and death in the
disk via nuclear collision or extinction by ionization energy
losses and between the birth and the crossing of the disk
boundaries. The mean residence time of a proton with
energy E in the Galactic disk, depends on the variousq

D
(E),

fractions of proton populations that occupy the disk. It is
calculated by the equation

q
D
(E) \ f

I
T
I
] f

N
T
N

] f
E
T
E

, (6)

where and are the fractions of cosmic-ray protonsf
I
, f

N
, f

Ethat terminate their lifecycle, respectively, by ionization,
nuclear death, and disk leakage, and and are theT

I
, T

N
, T

Ecorresponding mean residence times.
A summary of the residence times and grammages calcu-

lated at three energies is given in Table 1. The fraction of
proton populations extinguished by ionization energy
losses for primary proton energies of 10 and 100 GeV is less
than 10~3. If secondary protons are included in the calcu-
lation, the grammage and residence times su†er a system-
atic decrease of 36% (grammage) and 14% (residence time)
with respect to the values reported in Table 1, which refers
to only primary protons. This decrement is explained by
comparing the results shown in Figures 7 and 8 (regarding
only primaries) with those in Figures 9 and 10 (regarding
primaries and secondaries).
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TABLE 1

SOME COMPUTED PROPERTIES OF PRIMARY PROTONS OF 1, 10, AND 100 GeV IN THE GALACTIC DISK VOLUME FOR

CIRCULAR, ELLIPTICAL, AND SPIRAL FIELDS

FRACTIONS OF PROTON POPULATIONS

MAGNETIC FIELD RESIDENCE TIME GRAMMAGE Extinction by
STRUCTURE (106 yr) (g cm~2) Ionization Disk OverÑow Nuclear Death

Proton Kinetic Energy 1 GeV

Circular . . . . . . . . . . 15.3 26.6 0.002 0.34 0.65
Elliptical . . . . . . . . . 15.1 26.7 0.003 0.33 0.66
Spiral . . . . . . . . . . . . 12.1 21.2 0.002 0.47 0.52

Proton Kinetic Energy 10 GeV

Circular . . . . . . . . . . 14.7 30.2 0.00 0.37 0.61
Elliptical . . . . . . . . . 14.9 30.5 0.00 0.38 0.61
Spiral . . . . . . . . . . . . 11.6 23.1 0.00 0.51 0.48

Proton Kinetic Energy 100 GeV

Circular . . . . . . . . . . 14.5 29.8 0.00 0.37 0.61
Elliptical . . . . . . . . . 14.7 30.2 0.00 0.37 0.62
Spiral . . . . . . . . . . . . 11.8 24.1 0.00 0.50 0.48

It turns out that protons in the circular and elliptical
Ðelds have nearly the same residence time that is indepen-
dent of the energy in the range IÈ100 GeV. This result reÑec-
ts the similarity of the two fractions of proton populations
versus energy reported in Figures 7 and 8.

In order to study the dependence of the residence time
and grammage on the interstellar gas density, the cloudlet
density has been varied from 1 to 10 atoms cm~3, and that
of the interstellar medium from 0.6 to 1 atoms cm~3. The
grammage traversed remains unaltered for those proton
populations su†ering ionization and nuclear death. On the
contrary, for proton populations escaping from the disk, the
grammage changes from a minimum of 17.5 g cm~2 for the
minimum gas density (clouds of 2 atoms cm~3 and inter-

stellar gas 0.6 atoms cm~3) to the maximum value of 22.3 g
cm~2 for the maximum density (clouds of 10 atoms cm~3
and interstellar gas of 1 atom cm~3). In general, the
residence time decreases as the matter density increases. For
the minimum density the residence time is 13 ] 106 yr,
while that of the maximum is 16] 106 yr. The age and
grammage are also insensitive (less than ^ 1.5%) to mag-
netic Ðeld gradients.

6. COSMIC-RAY PROTONS FEEDING THE LOCAL

GALACTIC ZONE

In the previous section, the age and other properties of
cosmic protons populating the entire disk volume have
been calculated. Instruments, however, are placed in the

FIG. 11a FIG. 11b

FIG. 11.ÈSource distributions projected in the Galactic plane for primary cosmic-ray protons entering the local Galactic region for (a) the circular and (b)
the spiral Ðelds.
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solar cavity, and the related observations are necessarily
limited to those cosmic rays reaching the local Galactic
region. Thus, it is important to calculate the proton age also
in the local Galactic zone the results being more manage-
able for a comparison with a variety of observations.

Since the ratio of this volume to that of the Galactic disk
(see Fig. 1) is 0.9] 10~5, the number of proton trajectories
intercepting the local zone is expected to be exceedingly
small.

Because of the long time taken by the presently available
computers for simulating several millions of proton trajec-
tories, the necessity for an appropriate averaging volume is
apparent.

In order to calculate the age of cosmic-ray protons arriv-
ing to the local Galactic zone, a sphere with a radius of 100
pc is taken as averaging volume. For this study the sphere
has been positioned concentric with the solar cavity, with
coordinates l\ 0, r \ 10 kpc, and z\ ]14 pc.

The source distribution in space feeding the local Galac-
tic region di†ers greatly from those of the entire disk given
in ° 1 because only a small fraction of the primary protons
emanating from the sources reaches the local zone. In
Figure 11 are shown the source distributions projected onto
the Galactic plane for those cosmic-ray protons inter-
cepting the local Galactic zone. This result is obtained with
a uniform source distribution.

Most of the protons reaching the local region come from
sources located along the regular component of the Galac-
tic magnetic Ðeld. The characteristic form of the source dis-
tribution along the magnetic Ðeld lines is here referred to as
““ corona ÏÏ. The thin distribution and that of supernovae
generate coronae similar to those of Figure 11. The width of
the corona projected onto the Galactic midplane is related
both to the radius of the local zone and to the parameters of
the chaotic component of the magnetic Ðeld. A more quan-
titative description of the source distributions in space
feeding the local Galactic zone, including various param-
eterizations, is given elsewhere (Codino & Vocca 1999).

7. PROTON AGE AND GRAMMAGE IN THE LOCAL

GALACTIC ZONE

The proton age is deÐned as the time elapsed between the
birth of the proton and its arrival in the local Galactic zone.
As a general rule, the age di†ers from the residence time.
The di†erence could be quite large if all cosmic-ray sources
were located at great distances from the observing site (in
our case, the local Galactic zone). For example, in the
implausible case that all cosmic-ray sources were located in
the Galactic bulge and not in the disk, as assumed in this
study and in many others, the computed proton age in the
local Galactic zone would have been much longer.

The age of cosmic-ray protons reaching the local Galactic
region has been calculated for the two magnetic Ðeld struc-
tures as a function of the proton energy, and the results are
displayed in Figure 12. The source distribution represented
by equation (3) has been used for these results. Note the
large di†erence in the proton age between the spiral and the
circular Ðeld. In the kinetic energy range 1È100 GeV, an
increase in the age of about 15% is observed for the two
Ðelds. Thus, the age is rather insensitive to the proton
energy.

The proton age has been also calculated, in various
parameter ranges, as a function of the radius of the local
zone for the same disk thickness (see Fig. 13) and as a

FIG. 12.ÈMean age of secondary and primary protons intercepting the
local Galactic region as a function of the kinetic energy for the circular
(solid curve) and spiral (dotted curve) Ðeld. The age of the protons in the
elliptical Ðeld is close to that of the circular Ðeld.

function of the disk thickness for a constant radius of the
local zone (see Fig. 14). In spite of the crude approximations
involved in this calculation, the computed age turns out to
be independent, to within ^ 7%, of the radius of the sphere
and to within ^ 17% of the disk thickness for plausible
values (i.e., 400È600 pc).

One should notice that the ages in the local zone are
smaller than the residence times calculated for the entire
disk volume and are approximately half for the same Ðeld

FIG. 13.ÈAge of cosmic-ray protons in the circular Ðeld as a function of
the radius of the local Galactic zone represented by a sphere concentric to
the solar cavity. The disk thickness is 500 pc, and a uniform distribution of
sources is used.



No. 2, 2000 AGE OF COSMIC-RAY PROTONS 797

FIG. 14.ÈAge of cosmic-ray protons as a function of the half-thickness
of the disk in the circular magnetic Ðeld for the uniform and the thin source
distribution. The local Galactic zone is a sphere of constant radius 100 pc.

conÐguration. This is simply explained by considering the
helix length distribution of cosmic protons in the whole disk
volume in a circular magnetic Ðeld. Suppose that the
average value is j, and assume further that the disk bound-
aries are so large as to contain all proton trajectories. In this
circumstances, an unbiased observer (e.g., an observer con-
Ðned in the local Galactic region) randomly intercepting the
proton trajectories will Ðnd an average helix length of j/2.
As a consequence, if all proton velocitiesq

D
(E)\ 2q

L
(E)

were equal to c (light velocity). For a Ðnite volume of the
disk such as that contemplated in Figure 1, and for typical
proton fractions crossing the disk boundaries shown in
Figures 7, 8, 9, and 10, should result in a value lessq

D
(E)

than but approximately equal to 2q
L
(E).

The simulation code provides us, while calculating the
ages, with the matter thickness traversed by cosmic protons
(often referred to as grammage). For example, in the spiral
Ðeld, for a kinetic energy of 1 GeV, the grammage is 11.7 g
cm~2 and becomes 14.6 g cm~2 at 10 GeV; in the circular
Ðeld the grammage is 14.9 g cm~2 for 1 GeV and 19.1 g
cm~2 for 10 GeV.

The calculations have been repeated by using a di†eren-
tial energy spectrum at the source proportional to E~c,
where E is the proton kinetic energy in the range 1
GeV¹E¹100 GeV and c is the spectral index of 2.2
(Berezinskii et al. 1990). The resulting ages are 6.7] 106 yr
(spiral) and 9.5 ] 106 yr (circular) while the grammages are
12.0 g cm~2 (spiral) and 16.0 g cm~2 (circular).

8. SOME CONSEQUENCES OF THIS CALCULATION

In this section we consider some implications of this
study, regarding fundamental properties of Galactic cosmic
rays in the approximations given in ° 1. These implications
are based on the computed di†erence between age in the
local Galactic zone and the residence time in the whole disk.

1. The average matter thickness swept out by cosmic
rays (see, for example, Webber 1996) while wandering about

the disk, is given byt
D
,

t
D

\ nH mL
h

, (7)

where is the average hydrogen density, m is the hydrogennHmass, and is the average helix length of the variousL
hproton populations in the disk. Depending on the observing

site, is proportional to either the residence time orL
h

q
D
(E)

the age As a consequence, the grammage is cruciallyq
L
(E).

related to the observing site in the disk. Note that the gram-
mage resulting from a variety of observations such as the
boron-to-carbon ratio interpreted in the leaky-box models
is of the same order of magnitude (Garcia-Munoz et al.
1987) of our calculations if the local Galactic zone is taken
as averaging volume. Finally, one should note that the
grammage estimated with heavy ions may di†er from that
calculated with protons because of the di†erent role played
by ionization energy losses of protons and heavy ions in the
disk.

2. The total power transported by cosmic rays in the disk
is

P\ P
D

] P
H

] P
E

, (8)

where and are the partial powers of the cosmicP
D
, P

H
, P

Erays generated in the disk, halo, and extragalactic regions,
respectively. Neglecting the contributions from halo and
extragalactic regions, i.e., and we have theP

H
\ 0 P

E
\ 0,

result A simple expression for isP\ P
D
. P

D
P
D

\ u
D

V
D
/q

D
, (9)

where is the average cosmic-ray energy density in theu
Ddisk, is the disk volume, and is the average residenceV

D
q
Dtime in the disk. Typical values of are in the range 0.5È1u

DeV cm~2 (Berezinskii et al. 1990). Because the residence
time observed in the local zone, regardless of the magnetic
Ðeld conÐguration, is approximately the total powerq

D
/2,

observable in the local zone is nearly halved compared to
that calculated in the whole disk.

3. The residence times of the Galactic protons are nearly
independent of the energy in the interval 1È100 GeV, and
the age as computed by using the notion of the local Galac-
tic zone does not depend strongly on the energy.

On the contrary, we cannot fail to mention that residence
times and ages of beryllium isotopes evaluated with this
simulation code (Brunetti & Codino 1997b) have a peculiar
energy dependence because of the di†erent importance of
ionization energy losses in the disk between protons and
heavy ions. The study of the variation of the residence time
with energy and the comparison with experimental data is
beyond the scope of this paper.

9. CONCLUSIONS

The inÑuence of the magnetic Ðeld in the residence time of
cosmic rays in the Galactic disk has been investigated by
using three di†erent shapes of its regular component. It has
been found that the geometrical structure of the magnetic
Ðeld lines has a strong inÑuence both on the age and on the
grammage of cosmic-ray protons ; on the other hand, the
inÑuence of the magnetic Ðeld strength, regardless of its
shape (circular, spiral, elliptical), is totally negligible in the
range of plausible values resulting from measurements. For
example, if the magnetic Ðeld strength in the circular con-
Ðguration is changed from the value adopted in this study
of 3 kG to the value 6 kG (i.e., ] 100%) the resulting
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proton age remains unaltered within ^ 1.5%. This inde-
pendence holds also for the elliptical and spiral Ðelds.

A slight dependence on the age and grammage on the
proton energy has also been found as reported in Figure 12,
Table 1, and ° 7.

Important results emerging from this study indicate that
(1) the mean age of cosmic-ray protons intercepting the
local Galactic region is nearly half of the residence time
calculated in the entire disk, and (2) the grammage experi-
enced by cosmic-ray protons intercepting the local Galactic
region is a factor of about 2 that in the whole disk.

These results are explained by the source distributions in
space of cosmic-ray protons feeding the local Galactic
region that have the form of coronae of Galactocentric
radius 10 kpc (see Figs. 11a and 11b). The existence of
coronae is anchored to the observational evidence that
spiral galaxies possess large-scale magnetic Ðeld patterns
that are spiral or circular.

Although three di†erent patterns of the magnetic Ðeld
lines have been used in the present calculations to delimit
the inÑuence of the magnetic Ðeld on some cosmic-ray
properties, the actual magnetic Ðeld in the disk certainly
di†ers from any one of the three Ðeld structures used here.
In fact, the detailed maps of the Galactic magnetic Ðeld as
derived from radio observations and other measurements
clearly exhibit a complexity irreducible to the simple shapes
(circular, elliptical, and spiral) of this study. Nevertheless,
we believe that it is interesting to compare any future results
of more sophisticated calculations (presently unavailable),
utilizing detailed maps of the Galactic magnetic Ðeld with
those given here obtained with simple geometrical Ðeld
structures.

We wish to thank S. A. Stephens of the Tata Institute
Bombay (India), who encouraged us to develop this calcu-
lation.
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