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Galactic sourcedistribution of heavy cosmic rays and the ener gy
dependent over abundance of 2?Ne.
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Abstract

The abundances of heavy cosmic ray nuclei at the solar system are calculated in a 3 dimension galactic model
with cylindrical symetry and with diffusiveconfinement. Special attentionis paid to the dependence of the cos-
mic ray sourceswith galactic radius as afunction of supernovae, gas and metallicity radial distributionsand to
the secondary productionin theinterstellar gaswith radial dependent density. Inthismodel the overabundance
of 22Ne below ~ 100 Gev/n is energy dependent. The abundance of the secondary products of 2?Neis larger
than in the exponentia (leaky box) model.

1 Introduction:

The isotopic anomalies of heavy ions at the cos-
mic ray source as compared to their abundance in local
galactic or solar matter have received various explana-
tions, none of them being widely accepted yet. Prop- 2 25
agation of cosmic rays in a galactic model shows that
theisotopic and el emental compositionsat the solar sys-
tem are affected by those at the cosmic ray sources sit-
uated in the inner galaxy. Observations show that the
metallicity in stars and gas situated at radial distance ry
increases as r; decreases. It is generally accepted that
the bulk elemental and isotopic composition in the in-
ner galaxy is not much affected by the higher star for-
mation rate ultimately producing the higher content of
heavy elements. There areinteresting exceptionsto this
uniform relative composition. *He and the secondary
isotopes (isotopes whose yields depend on metallicity) Figure 1: The density of interstellar hydrogenin the
have gradients distinct from the gradient of metallic- galactic disk as a function of radial distance to the
ity. The composition and formation rate of Wolf Rayet galactic center (full curve), the super novae distribu-
stars also depend on the metallicity at their birth sites tjon (in arbitrary units) (dashed curve), the enhance-
(Maeder and Meynet,1993). Overall the isotopic com-  ment factor from Hunter et al. 1997 averaged over 4
position in cosmic rays at the sun may bring the in-  quadrants (adapted from their figure 9) (dashed dot-
prints of deviations from solar composition in cosmic  ted curve) and the equilibrium density of carbon at

ray sources situated at typical distancesfrom the sun < 10 GeV/n (in arbitrary units)(dotted curve).
hi, , where hy, isthe halo size (see below).
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In this paper we examine the enrichment of heavy cosmic rays at the solar system from the contribution of
cosmic rays sourcesin the galaxy. We consider adiffusive confinement of cosmic raysinthegalaxy. The equi-
librium density of cosmic ray carbon calculated at kinetic energy 10 GeV is shown on figure 1 (dotted curve).
Thisdensity has abroad maximum at radial distances < 3 kpc from the galactic center.

Thesuper novae (SN) radid distributionisshownonfig. 1 (dashed dotted curve) (Case and Bhattacharya,1997).
Heavy cosmic rayscontain aminor fraction of thetotal energy in cosmic rays. Theefficiency for their injection



at the cosmic ray source may depend on gas abundance and on metallicity. In thiswork thisefficiency istaken
as afree parameter depending on the radia distance to the galactic center.

We further takeinto account the dependence of theradial distributionof theinterstellar gas. Theinterstellar
gas density is not constant throughout the galactic disk. It decreases from the galactic centra regions to the
solar system by about a factor of two. This decrease is hot entirely featureless. Well known features such as
the 5 kpc ring and the HI feature in the outer galaxy have been extensively mapped (Henderson et al.,1982).
Theradia density profile of theinterstellar gas adopted in thiscal culationisshown onfigure 1 (full curve). The
enhancement factor from Hunter et a., averaged from their figure 9 is shown for comparison (dashed dotted
curve) (Hunter et a., 1997).

It isclear that both cosmic ray intensitiesand interstellar gas density increase towards the galactic center. The
inner galaxy isthus a site of efficient production of secondary nuclei. This alows oneto scale the model pa-
rameters to replicate the observed boron to carbon ratio at kinetic energies below ~ 100 GeV/n.

2 Calculation:

In thiswork we cal culate the enrichment of heavy cosmic rays at the solar system due to the enhanced gas
density and metallicity in the inner galaxy. We consider two cosmic ray components having distinct radial
gradientsin the inner galaxy. We compare their abundances at the solar system. We show that these relative
abundances are energy dependent.

2.1 The model: The diffusive confinement of
cosmic rays takes place in the cylindrical galactic vol-
ume with radius R and semi thickness /. The galac-

tic plane is a plane of symmetry. Cylindrical symme- 22227 E
try about an axis perpendicular to the galactic plane at S 2

the galactic center is also adopted. Interstellar gas and ‘é‘ 1.75;

cosmic ray sources are distributed in a disc with semi 2 15

thickness h;,. Isotropic diffusion of cosmic raysis as- g 125

sumed with uniform values of the diffusion coefficient 3 0 723 E
Dy inthehdoandD, inthegasdisk. Cosmicraysfredy & g5 E
escape at the boundary of the volume. For simplicity 0.25- e
the gas density in the halo is taken equal to zero and 00 01 02 03 04 05 06

the value of the diffusion coefficient inthe halo istaken
equal tothat inthedisk. Thesurfacedensity of gasat the
solar system istaken equal to 7.2x10%° H atomsxcm-2.
The volume density profilein the gas disk isshown on  Figure 2: Ratio of the abundance of the trace com-
figure 1 (fU” CUI’VG). The gal acticradiusis 20 kpC The ponent to the abundance of the main component asa
halo sizeis h;, =5 kpc. The value of the diffusion co-  function of the logarithmic radial gradient (LRG) of
efficient is determined from a scaling of our calculated  the trace component for 3 values of the LRG of the
boronto carbon ratio to the observed one at energiesbe-  main component 0.0 (full curve), 0.15 (dotted curve)
low 100 GeV/n. Theabundanceat thecosmicray source  and 0.2 (dashed dotted curve).

is o the product of three terms: the SN abundance, the

gas abundance and exp(—purg) wWhere rq isthe radia distance of the cosmic ray source to the galactic center
and the logarithmic radial gradient . isafree parameter.

Logarithmic radial gradient in kpc 1



2.2 thesolution Thesolutionfor the equilibrium density of stable cosmic ray nuclei asafunction of po-
sition in the galactic volume was given in this model with no continuous (ionisation) losses by Ginzburg et
a. (Ginzburg, Khazan and Ptuskin, 1980). This solution holds for an interstellar gas density independant of
position. It can be found in (Berezenskii V.S. et a. 1990, page 48). In order to take into account the radial
dependent gas density we make use of a perturbation method . The solution is obtained in the form of a series
which has uniform convergence in the matter disk (see appendix).

3 resultsand discussion

We consider the contributionat thesolar systemfrom
two families of cosmic ray sources with distinct radial
gradients: the main component for which x =4, con-
tributes to the boron to carbon ratio and the trace com-
ponent with u = ¢ # 1., With negligible contribution
to the boron to carbon ratio. Thisdistinctionisaimed at
modelling the over abundance of 2?Ne in cosmic rays.
Production of boron from 22Ne can be neglected. The
excess of the trace component in cosmic rays with ki-
netic energy equa to 1 GeV/n at the solar system in
shown on figure 2 for p,,, = 0. 0.15 and 0.2. These val-
ues are bracketing the value of the logarithmic radial 1he
gradient of metallicity in the inner galaxy where p ~
.16-.18. On thisfigure theratio of abundance at 1 = y;
to the abundance at 1. = 1, is plotted as a function of
pe for the three values of yi,,,. It is seen that values of  Figure3: The??Neoverabudanceasafunction of ki-
e > .5 may be necessary for the trace component to be  netic energy cal cul ated for two val uesof thel ogarith-
overabundant by afactor ~ 2. AccordingtoMaeder and  mic radial gradient y;=.4 and y;=.6, with the radial
Meynet the surface density of Wolf Rayet starsmay ex-  gradient of the main component s, =.15.
ponentially increase in the inner galaxy. From their ta-
ble 1 the corresponding u is ~ .43-.49 (Maeder and Meynet,1993). Maeder and Meynet proposed that the
isotopic anomalies observed in low energy cosmic rays are due to the contribution of Wolf Rayet stars to the
compoasition of theinterstellar medium intheinner galaxy. They have model ed theisotopic abundancesin Wolf
Rayet gjectaand found comparable overabundances of 22Ne at distinct metallicities. One can seethat adopting
the above gaactic values for u.,,, and p; shows overabundances of our trace component which are compara
ble to, although lower than, that of 22Nein low energy cosmic rays. We tentatively conclude that a significant
fraction if not all of this overabundance comes from 22Ne rich interstellar medium in the inner galaxy. Note
however that a specific accel eration 2?Ne at the Wolf Rayet stellar wind is not discarded (Cassé and Paul 1982).
The other isotopic anomalies are not considered here and are left for further work. Asan effect of thesedistinct
radial gradientsin the interstellar medium the overabundance of 22Ne should be energy dependent and should
increase with energy (seefigure 3). On figure 3 we have plotted the overabundance of the trace component for
im =15 and u; =.40 and 0.60 below 100 GeV/n. As noted above the overabundant trace component does not
contribute to the scaling of the parameters in our model. As aresult the secondary isotopes which are abun-
dantly produced by 2?Ne such as 2! Ne, fluorine, are overproduced as compared to a model with exponential
distribution of the cosmic ray sources (the leaky box). It is estimated that the 2! Neincrease in low energy cos-
micraysis~ 10% - 20% for 1.;,=.40-.60. These effects should provide constraintson the contribution from the
inner galaxy to the cosmic rays at the solar system.

Ne?? overabundance
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4 Appendix 1: The perturbation method

n(r) = ng +n(r) ey

Where n, isthemain term and n, () isthe perturbation . The density of primary cosmic rays reads:

N(z,r)= Nm(z,r)—l—ZNk(z,r) 2
k

In the gaseous and source disk the equation for the main term N,,, reads

190 0 o 0
—Dg;grgl\fm(z, r)— DgaaNm(z, 1)+ ngvo Ny, (z,r) = x(r) 3
with:
R
Ny (z,1) = /0 X(ro)®(r, z; ro)rodro 4
and the resulting equation for the perturbed term Ny ; reads:
190 0 o 0
_Dg;ErENkH(Z’ r)— DgaaNkH(z, r) 4+ ngvoNgpi(z, 1) = —ny (r)ve < Ni(r) > (5)
with: R
Nig1(z,7r) = / —ny(r)ve < Ni(r) > ®(r, z;ro)rodrg (6)
0

Where ®(r, z; ro) isthe Green function (Ginzburg ,Khazan ,and Ptuskin 1980), » isthe distanceto the galactic
plane and r is the distance to the galactic center x(r) is the distribution of cosmic ray sources. y(r) istaken
independent of z in the disk and is taken equal to zero in the halo. v and ¢ are the velocity and destruction
cross section of the nuclei. D, istheisotropic diffusion coefficient for cosmic raysin the disk. The model has
cylindrical symmetry and symmetry across the gal actic plane.

Actually the sourcetermin (eq. 5) isn; (r)vo Ny (z, r) where Ny (z, r) is symmetric across the galactic plane
and has abroad maximumat » = 0. For 0 < z < h, thechange of N (z, r) at constant r isof order h,/2hy
where h, and h;, are the semithicknessesof the gas (and source) disk and the halo . In the sourceterm of (eq. 5)
Ni(z,r)isreplacedby < Ny (r) >: itsaveragebetween 0 and h, at constant r (with< N (r) >=< N, (r) >).
Thecalculation of equations6 isiterated until the desired precisionisachieved. N (z, r) isobtained asthe sum
of a uniformly convergent series (eg. 2). For carbon typical difference between two successive terms is an
order of magnitudeat ;, =5 kpc and kinetic energy 10 GeV/n ensuring quick convergence. This procedureis
repeated for a secondary element from a unique progenitor. Scaling on the boron to carbon ratio specifies the
value of the diffusion coefficient.
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