Proceedings of the 30th International Cosmic Ray Conference ID 576
Rogelio Caballero, Juan Carlos D’Olivo, Gustavo Medina-Tanco,

Lukas Nellen, Federico A. Sanchez, José F. Valdés-Galicia (eds.)

Universidad Nacional Auténoma de México,

Mexico City, Mexico, 2008

Vol. 4 (HE part 1), pages 257-260

30TH INTERNATIONAL CosMIC RAY CONFERENCE

ICRCY

Mérida, México

The transition from tortuous to rectilinear cosmic ray trajectoriesin the Galaxy is
at theorigin of the knee and the ankle

A. CoDINO!, F. PLOUIN?,

LINFN and Dip. di Fisica dell’'Universi degli Studi di Perugia, Via A. Pascoli, 06123 Perugia, ytal
2 Former CNRS researcher, Ecole Polytechnique, LLR, F-9Pt28iseau, France
antonio.codino@pg.infn.it

Abstract: The shapes of cosmic ray trajectories in the Galaxy resoih fthe effect of a chaotic and
regular magnetic field, the rates of the nuclear collisidhs,gas density and other minor parameters.
For a given magnetic field configuration the forms of the ttgjges, regardless their lengths, naturally
subdivide in rectilinear and highly tortuous, dependingfmnion energy. It is shown that the ankle and
the knee energies of the individual ions correspond to tipastcular energies of the ion traversing the
Milky Way which mark, respectively, the rectilinear and tbetuous propagation. A comparison with the
computed proton, helium, CNO, iron and all-particle spattwith the experimental data is presented
and the good accord highlighted.

Introduction logical chain connecting the pertinent facts is ¢
amined at very high energy, around the ankle
Radioastronomy in the last three decades redun-ergy and not at very low energy, below the knt
dantly proved that spiral galaxies possess a regu-At very high energy, neither the magnetic field n
lar magnetic field, with a strength not exceeding nuclear cross sections have a notable influenct
10 pG, extending over the Galaxy, along with a the properties of the cosmic rays and any analy
turbulent field with superior strength. These fea- simplifies.
tures result from observations and they are likely
to stabilize with any future measurements with in-
creased precision. The size of the Galaxy and the

density of the interstellar gas are well known from ) _ )
Astronomy. Figures 1 and 2 show an iron and a helium traj:

tory at the energy ofl0'® and10'? eV, respec-
tively. A trajectory consists of an initial point (th

What isa cosmic ray trajectory

These observations, the nuclear collision lengths
gnd simple formulae glvmg.the'quantltatl\./e bend— source represented by a star) and of a final p
ing of electric charges moving in magnetic fields, (cross) connected by thousands of segments (re
suffice to demonstrate the existence and the nature

of the knee and the ankle in the cosmic ray spec- senting helix segments ‘?ﬂ h'gh energy or helix a
frum at very low energy). Trajectories are reconstruc

by numerical simulation and are temporarily stor

the knee and ankle is given with short flashes onits propriate physical quantities.

simplicity and logical coherence. This derivation
follows a very detailed explanation of the knee and
ankle [1, 2, 3], (also referred to as Paper I, Il and
1) the description of the method of calculation [4, R, T and M. (R) The magnetic field has a nex

5] and the notion of the galactic basin [5, 6] ligible effect on the trajectory so that rectiline:

The comprehension of the mechanisms originating or quasi rectilinear propagation takes place ab
the ankle and the knee is greatly facilitated if the

The visual inspection of the forms of the traject
ries in the energy interval0!! to 102° eV natu-
rally suggests three major classes of trajector
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Fe trajectory of 10'° eV (time development) He trajectory of 10" eV (time development)
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Figure 1: Example of iron trajectory df0'® eV Figure 2: Example of helium trajectory at very lo

propagating in the disc for abot®00 years (ver- energy (1 TeV).
tical axis). It is evident that this Fe trajectory is

only slightly perturbed by the chaotic magnetic

field. This trajectory strikingly differs from the

highly tortuous trajectory shown in figure 2. 104 ¢

Helium spectrum

Highi plateau

—

a particular energyz where A denotes the ion I —
type andg galactic cosmic rays. All trajectories
at energies abov& are quite similar. Detailed
calculations indicaté??, = 4 x 10'8 eV and EY,,
around6 x 10 eV. (T) Cosmic ions suffer-
ing multiple inversions of motion in the magnetic
field lead to tortuous or very tortuous trajectories I
as shown in figure 2. M) The ion bending op- o L Low-plateay
erated by the galactic magnetic field consists of a f
few turns around the helix axis of the cosmic ion
(see fig. 4 Paper Ill). Detailed analysis of many 1

ion trajectories indicates that the energy interval 11010 101101010 31010 101010107 107107
where trajectories exhibit these forms is between Kinetic energy (€V)

105 and6 x 10'° eV because of the average mag-
netic field strength in the Milky Way. The Fe tra-
jectory of 1018 eV in figure 1 illustrates this condi-
tion. Though there is an infinite number of ways
how cosmic rays become tortuous, depending on
the turbulent field incorporated in the algorithms,
the mean trajectory lengths in the Galaxy remain
finite.

descent

Intensity (arbitrary units)
=)

Figure 3: Number of cosmic rays (He) reaching t
local galactic zonex,, versus energy. This quar
tity is related to helium intensity via the spectr
index of cosmic helium at Earth. The structure
the curve exhibits a high plateau, a steep dest
and a low plateau.
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Evaluation of the cosmic ray intensities

1 018
Helium abundant blend

The parameters that determine the cosmic-ray in- < Heliu
tensity are the following: (1) the spiral magnetic " 10"
field; (2) the strength of the spiral magnetic field § %i\%
(fig. 3, Paper Il); (3) the chaotic magnetic field, % 1016
materialized with magnetic cloudlets, whichhasan g
average strength of about three times that of the % 1018 Lea =
regular field; (4) the form and the dimension of the  ~— i Ion
Galaxy (fig. 1 [4]); (5) a uniform distribution of g ot e
cosmic ray sources in the galactic disk (see eqn.(3) 3 —
in [4]); (6) the nuclear cross sections ion-hydrogen, = preton
o; (7) the interstellar matter density in the disk, 8 10" )
of 1.24 hydrogen atoms pefn?3; (8) the position - .
of the solar cavity inside the disk, at 14c above 1012 Ll vvvwad vl voviad vonad ool il il
the galactic midplane and 8¢ from the galactic 10'%10"%10"10"%10"10"10"10"910%%1 0%
center; (9) the galactic wind (Section 2, Paper Il1). Energy (eV)

The present calculations are obtained ignoring the
galactic wind since its influence on the knee and
ankle is marginal (figs. 17 and 18, Paper Il1). Figure 4: Examples of energy spectra of individt

The intensity of the cosmic raydp, in a given ions for a specified set of spectral indices and
point P of coordinates x,y,z inside the galactic disc 2Pundances (blend 2, Table 1, Paper II).
is evaluated by counting the number of trajectories,

ng, intercepting a small sphere centeredinFig-  |5cated 10Q0c above the galactic midplane at tt
ure 3 shows:, versus energy for helium taken as  gyme distance, would observe and anti-knee |
an example. The realm of the tortuous trajecto- {7 Paper Il) and an anti-ankle.

ries spans the energy domain labeled in figure 3 as

high plateau, while rectilinear trajectories occupy field in the diffusi i f

the energy band denoted as low plateau. The dif- 1eld In the diftusion equation .(sge, or examp
ferences between low and high plateaux is due to _[7])_pred|ct atype Of_ descend sm_ular to that shok
the ion grammages and nuclear cross sections ad" figure 3 but the interconnection between kn

explained elsewhere (Section 7, Paper Il) and they af?d a?rllde andttlotw the nhu_clr:aar c(:jnl)ss s?c;uons dS(
determine the slope of theomplete spectrum mine the gap between high and low plateau (

above6 x 101 V. In order to convert, into tion 9, Paper I) are eluded. Plausibly, numeri

Ip the spectral index of helium should be taken simula_ltion of cosmic-ion trajectories at extrer
into account. Figure 4 shows the ion intensitips o< 9'°> (see, for exampllf, [8]), once extende:
for a set of six spectral indices. Comparing the he- lower energies d_own 160~ eV, may verify the
lium spectrum shown in figure 4 with, versus present explanation of the knee and the ankle.

energy of figure 3 it is evident how the low plateau Nuclear collision lengths spanning from 55 (pr

is converted into the helium ankle with its intrinsic  ton) to 2 (iron) g/lem? overlap the ranges of th
characteristics. grammages of cosmic ions traversing the Mil

Way, probably alusus naturae. This circum-
stance transforms the nuclear collision rates in
mMilky Way in a major parameter for a quantit
tive account of the knee and the ankle. In dw.
galaxies, where the ion grammages are likely to
marginal fractions of those experienced by cosr
ions in the Milky Way, the knees and the ankl
should not exist at all, leaving the universal spt

Analytical methods with appropriate magne

Computed and measured spectra of proton, helium,
CNO group and iron are displayed in figure 5. Fig-
ure 6 shows the computed and measured spectru
of allions using the blend 2 (Table 2, Paper Il). The
knee and the ankle are local effects : aterrestrial in-
strument encapsulated at 8:pc from the galactic

center, close to the galactic midplane, will observe
the knee and the ankle, while another instrument

259



TRANSITION FROM TORTUOUS TO RECTILINEAR TRAJECTORIES

1018 _
E Computed and measured energy spectra
10" L
o E
e F—
2 18 T
- £~ Proton(Sibyly
8 i VW%
o 100 L ¢l ‘f
g E Helum (QGSien) x102 | """ %0e, T
3 1o L ¥
Ard E
> E +
[ C l
g 103k ‘
I E
”>'<| 12 [ CNO(sibyi) x10°% e
= 10" ¢ W
g bt
S ool L
) E \
= E
1010 ﬁla\“"‘w«&%
[ Kascade data \
109 Lol ol
10 10 10 10 10 10
Energy (eV)

Figure 5: The computed spectra (thick lines) are
compared with the Kascade data for proton, He,
CNO [9] and Fe [10]. All spectra are normalized
at the common energy point 8fx 10'° eV to the
proton, helium, CNO and iron and they are com-
puted with indices:2.72 (proton),2.72 (He) and
2.60 (CNO and Fe).

trum of the cosmic radiation in its unperturbed sta-

tus, as directly released by the engine accelerating

cosmic ions at all energies.
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