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Abstract. We study the production of cosmic rays (CRs) in supernova remnants (SNRs), including the reacceleration of back-
ground galactic cosmic rays (GCRs) — thus refining the early considerations by Blandford & Ostriker (1980) and Wandel et al.
(1987) — and thefeects of the nuclear spallation inside the sources (the SNRs). This combines for the first time nuclear spal-
lation inside CR sources and in thefdse interstellar medium, as well as reacceleration, with the injection and subsequent
acceleration of suprathermal particles from the postshock thermal pool. Selfconsistent CR spectra are calculated on the basis of
the nonlinear kinetic model. It is shown that GCR reacceleration and CR spallation produce a meafiecitde legh ener-

gies, especially in the secondary to primarp)satio, making its energy-dependence substantially flatter than predicted by the
standard model. Quantitatively, thfext depends strongly upon the density of the surrounding circumstellar matter. GCR reac-
celeration dominates secondary CR production for a low circumstellar density. It increases the expeatiu sibstantially

and flattens its spectrum to an almost energy-independent form for energies larger than 190 @e\Vsupernovae explode

on average into a hot dilute medium with hydrogen number dehity 0.003 cnt3. The contribution of CR spallation inside

SNRs to the fp ratio increases with increasing circumstellar density and becomes dominaht forl cnt?, leading at high
energies to a flat/g ratio which is only by a factor of three lower than in the case of the hot medium. Measurements of the
boron to carbon ratio at energies above 100 @adbuld be used in comparison with the values predicted here as a consistency
test for the supernova origin of the GCRs.

Key words. ISM: cosmic rays — shock waves — stars: supernovae: general

1. Introduction Galaxy, the primary relativistic nuclei interact with interstellar

gas nuclei and produce lighter secondary relativistic nuclei as a

It is a widely accepted hypothesis that supernova remnapls, i; of nuclear spallation. The secondary nuclei have approx-

(SNRs) are the main sources of cosmic rays (CRs) in tjasely the same energy per nucleon as the parent primaries.
Galaxy. Supernovae occur randomly in the Galaxy (although

with some correlation in space) and have a complicated time Boron nuclei represent an example of pure secondaries
evolution. The selfconsistent nonlinear kinetic theory ¢fudi and the Boron-to-Carbon (B) ratio is an example of the
sive shock acceleration nevertheless gives rather definite gresondary-to-primary (s) ratio in CRs. The abundance of
dictions of the shape, the amplitude and the time evolution $¢condary nuclei, measured over a wide energy range, yields
the spectra of CRs accelerated at the shock during ffereint important information on the process of CR transport in the
phases of SNR evolution (Berezhko et al. 1996; Berezhko@alaxy (e.g. Berezinskii et al. 1990). Up to approximately
Volk 1997; Berezhko & Ksenofontov 1999). 100 GeVn the measured power law spectrum of secondary nu-
Released from SNRs, CRs experience energy-dependéﬁitis steeper than the spectrum of primary nuclei. This leads
diffusion and, possibly, large scale convective transport in tifethe conclusion that primary GCRs are mainly produced in
interstellar medium (ISM). During their propagation in th&€ompact sources (SNRs for example) and that their spectrum
N(e) o« E;yg, for kinetic energiesx > 1 GeV/n, is steeper
Send gprint requests toH. J. VoK, than the spectrumN(e) o« ¢ of the particles produced
e-mail:heinrich.voelk@mpi-hd.mpg.de in the sources, the so-called source cosmic rays (SCRs): the
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GCR power law indexg = s + u is considerably larger than mean escape length from the Galaxy as small as 3 to 5¢.cm
the SCR power law indexs with a valueu ranging between These conclusions were based on a simplified plane wave ap-
u=03and0.7. proach. All the SN shocks were considered to be of the same
The difusion of relativistic particles in the Galaxy, afterstrength and the final predictions depend substantially on this
they have left the compact sources (assumed here to be SNRsygested strength.
may be accompanied by an additional distributed reaccelera- We note also that it is hard to believe that such weak shocks
tion in the turbulent ISM. This reacceleration cannot be stroage even able to accelerate relativistic particles in the same
for particles with energies 1 GéW< g < 100 GeVn as evi- manner as a plane shock. Indeed, to fiiently accelerated
dent from the observed energy-dependent decrease of the abyra spherical shock of siZe and speed/s, particles should
dance of secondaries in this energy range (Hayakawa 196@)ve a sfficiently small difusion codficient (e.g. Berezhko
Some weak reacceleration is possible and may in fact €896)
plain the observed energy dependence of iperatios with « < 0.1RV (1)
a characteristic peak at about 1 Ge\(see Jones et al. 2001, ~ ™ s
and references therein). In the “minimal” model, the stochaShocks of sizdRs ~ 30 pc and speeds ~ 300 kms* (Wandel
tic reacceleration is produced by the same randomly movihg§88) give the restrictior < 3 x 10?6 cn?s™. Such a small
inhomogeneities which are assumed to be responsible for #adue can only be produced near the shock front by selfexcited
spatial difusion of CRs in the galactic magnetic field. The veAlfv'en waves, because the CRfdsion codficient due to inter-
locity of these inhomogeneities is close to the Alfvveloc- stellar turbulence exceeds this value even at GeV energies (e.g.
ity ca ~ 30 kms™. The characteristic time of distributed reacBerezinskii et al. 1990). On the other hand the spectrum of par-
celeration is approximately equal to the escape time from ttieles accelerated by such weak shocks is so steep, p™
Galaxy for particles with magnetic rigidities of about 1 G\Wvith v = 4, that, even if extended into the relativistic energy
(the magnetic rigidity iR = pc/Ze, wherep is the particle rangep > mg it contains too small an amount of energy to
momentumZe denotes the particle charge, and the speed substantially amplify the ISM turbulence. This means ttt e
of light). Escape dominates over reacceleration at high rigidiient acceleration of relativistic particles in SNRs stops earlier,
tiesR > 1 GV, so that the fect of distributed reaccelerationat higher Mach numbendl ~ 4, when the shock compression
in the interstellar turbulence is weak at high energies. In detio drops significantly below the asymptotic nonrelativistic
tail the importance of distributed reacceleration for the formaalue oo = 4, and freshly accelerated particles become un-
tion of the GCR spectrum remains unclear. It may well be thable to provide a high level of turbulence near the shock front.
the peaks in the/p ratios are caused by a specific dependentherefore it is assumed that at this dge Tsn, SNRs release
of the CR difusion on energy or by theffect of large scale all previously accelerated CRs into the surrounding ISM.
convection on the transport of low energy CRs (Jones et al. The energy increase of relativistic CRs upon encountering
2001). It should be stressed however that the distributed retfite SNR of age > Tgy is negligible because their relatively
celeration through interstellar Alériic turbulence is negligi- large difusive lengthl = «/Vs > 0.1Rs reduces their energy
ble at energiegx = 20 GeV/n in all versions of the galactic gain at the shock front almost to the adiabatic energy loss in the
CR propagation. expanding downstream region. Therefore we neglect the accel-
The scenario described is valid for the major part of theration angbr reacceleration of CRs by these old SNRs.
GCRs which left the source regions and do no more interact Since according to the above physical arguments the max-
with SNR shocks propagating in the ISM. However, a waimum age and the corresponding number of SNRs which ef-
dering energetic particle has a finite probability to again mefetctively accelerate CRs is presumably much smaller than
a SNR shock whichféciently accelerates CRs, and thereforassumed by Wandel (1988), théfext of reacceleration of
to undergo strong reacceleration. The background primary a8@Rs is also much smaller. Nevertheless it is still important,
secondary CR nuclei experience strong reacceleration and sigpecially at high energies for the case of a low-density ISM.
nificant transformation of their energy spectra after interaction In this paper we shall in addition take thfeet of nuclear
with high velocity shocks. Strongly reaccelerated primaries aggallation inside the sources into account. The energy spectrum
secondaries at the shock have flat spectra typical of the sowtthese source secondaries is harder than that of reacceleratet
spectrum. These particles are mixed with and diluted by a larggcondaries. Therefore it plays a dominantrole at high energies
amount of background GCRs after their release from their péor a high-density ISM.
ent SNR. In principle they may become recognizable above Note that the CR source spectruMec) which is the re-
some energy as a flat component of galactic secondary nucksiltant overall spectrum of CRs accelerated during the whole
The dfect described above was studied by Wandel et alctive period of SNR evolution depends on the GCR spec-
(1987) (see also the original paper by Blandford & Ostrikerumn(ey) since not only the injection of suprathermal particles
1980) who found that a flattening of th¢gpsratio can be ex- leads to the formation dfi(g) but the reacceleration of exist-
pected at high energies due to reacceleration by strong SMB background GCRs contributes as well. These sp&iig
shocks. At the same time, applied to an actual galactic ISBhould therefore be determined through a selfconsistent so-
this model leads to the conclusion (Wandel 1988) that one Hagon of the equations which describe the GCR propaga-
to expect a reacceleratiotifect mainly due to old and weaktion in the Galactic confinement volume with all accompa-
SNR shocks of Mach numbeM < 2 which also essentially nying dfects, together with the equations which describe the
influence the CR spectra at GeV energies and make the SRR evolution and the CR acceleration. Fortunately this rather
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complicated problem can be simplified without loss of accu- For a simple estimate we consider the case when the sec-
racy. Indeed, due to the steep GCR spectrum at relativistic endary nuclei of a species “s” are the result of spallation of
ergiese > 1 GeV/n only the injection of GCRs with energiessome primary CR nuclei of species “p”, and the contribution
& < 1 GeVn plays a role for the formation ®(e). Since the of all other primary parent nuclei can be neglected. Within
GCR spectran(g) at these subrelativistic energies are knowthis approach the tferential number density of some primary
from experiment, we use them as an physical input quantiti€R speciesi,(e) is determined by the balance equation

like other ISM parameters, in our selfconsistent nonlinear kj;

netic model for CR acceleration in SNR, so tih\) can be Lo Py - opNgvnp, (2)
considered as consistently determined together with the GCR ¢ . _ _
spectran(ex). whereV, is the residence volume occupied by the GCRSs

We also want to emphasize that the shape of the overdff mean residence time in this volurig o7 is the spalla-
CR spectrunN(«, t) differs at each stage of SNR evolution siglion Cross sectioriy(e) is the total diferential number of CRs
nificantly from the spectrum of freshly accelerated GRs, t), created during the_ entire evoIL_mon of a smgle SNR (overall
especially during the late Sedov phase. In this late phase, widh SPeCtrum)ysy is the galactic SN explosion rate|is the
the shock is relatively weak and thus CR backreaction not sR"iCle speedNg = po/m, is the ISM number densityy is
nificant, the freshly produced CR spectrum has a pure poviaf ISM density, andy, denotes the proton mass.
law form n « p~, bounded by an exponential céitat some W!thln the same apprpach the number density of secondary
maximum momenturpm(t). At the same time, the overall "Ucl€ins obeys the equation
CR spectrum is influenced by the nonlinear shock modifics _ Ns

. . . . . . = —VsN + 0psNgvNp — sNguns, 3
tion during the previous active period of the SNR evolutiorg, _ Ve o~ 7 Psietlp = Tslgtlls 3)

by the adiabatic cooling of CRs in the downstream region, aherec is the partial cross section for creation of secondary
by the so-called escapéect (see Berezhko et al. 1996 for denyclej in hadronic collisions of primaries with the ISM gas nu-

tails) and therefore has a much more complicated form. Ol N is the total number of secondary CRs created during the
atvery low energieg s 1 GeV it has a form similar ta(p,t),  evolution of a single SNR. Compared with the standard leaky
whereas at higher energies it becomes progressively flatter 8gd model the above equation contains an additional source
is bounded by the cufbmomentumpmax = Pm(to) > Pm(t).  term which describes the production of secondaries in SNRs.

a value which is determined by the very early Sedov phagethe above equations all variables are functions of the same

ence between our model, based on the kinetic nonlinear time- one can easily find the/js ratio from the above two

dependent approach, and Wandel's (1988) estimates, based Qitions:

a plane-wave approximation, which does not include these im-

portant physical fects. Ns _ TpslgtTe | Ns
In Sect. 2 we present the relevant relations within the stafle 1+ sNgv7e  Np (1+0sNgue)

dard leaky box model. In Sect. 3 the GCR injection probleince the residence timg in the GCR confinement volume is

within the nonlinear kinetic model for CR production in SNR& decreasing function of CR energy ter> 1 GeV/n, we have

is described and the relevance of secondary nuclei productjoq

in SNRs for the resultant source spedii(ay) and for the o ra-

tio are estimated. Numerical results for the boron and carb@fd the expression for the ratio can be drastically simplified:

spectra produced in SNR and the expect¢d Bitio are pre- ng  opsX N

sented and discussed in Sect. 4. The final section containsﬁgez W + N_p (6)

main conclusions.

O-DSNQUTC NS (1 + O-p NgUTc)

(4)

guTe < 1, (5)

where we have introduced the escape length
X= %NgvTc, (7)
in the form of the mean matter thickness traversed by GCRs in

the course of their random walk in the Galaxy. Expression (6)

We shall use the simple leaky box model to describe the traf5OWs that apart from the usual term proportional to the es-

port and nuclear fragmentation of comic rays in the Galaxy.§fP€ !engthx, the gp ratio contains an additional term which
is well known that the more adequatefdsion model of cos- des_cnbe; the sourcg contribution in the production of secon-
mic ray propagation with an extended flat halo gives essentidfgi€S: Since the primary specti¥y(e), and the secondary
the same results as the leaky box model for the abundang@gctraNs(e), presumably produced in SNRs, have a similar
of the stable primary and secondary nuclei. The approxim&RBerdy dependence, we expect the téifiN, to dominate at
equivalence of these two models holds provided that cosnidficiently high energies in thgsratio.

ray nuclear fragmentation and reacceleration occur in regions ON€ can also get an expression for the escape lerfgiim
much thinner than the cosmic ray halo size. This last conditifl- (4) in terms of the observegpsratiorg = ns/n, and the

is fulfilled in the Galaxy where the disk thickness of the ord&ioU"ce /0 ratiors = Ns/Np:

0.5 kpc is much smaller than the halo thickness (which is at My(rg —rs)

least an order of magnitude larger) (Berezinskii et al. 1990). X = m' (8)

2. Source contribution to the secondary to primary
ratio
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In the simplest case when the source produces only primarijereVsy is the volume of the SNR at the latest evolutionary
CRs ¢s = 0), we have the usual expression stage wherefeicient CR acceleration can occur. For the sake
_ of simplicity we assume that the overall spectrum of CRs pro-
X =M/ (ps/Tg = ), ©) ducedpduring the active period of SNR svolution has a Sure
which makes it possible to extract the valuesofrom the power law form with indexs.
measured/p ratiory. Note that in the general case, when an  After their release from the parent SNRs these reacceler-
unknown number of secondary CRs are produced in the GRd CRs occupy the confinement volumemore or less ho-
sources, there is no one to one correspondence betweemogeneously with a number densitf. that can be found
andx. from the leaky box equation (2) (we neglect here the collision
term):

3. Acceleration and reacceleration of CRs in SNRs NS /e = Nvsn/ V. (13)

There are two dferent suprathermal particle populations in th
ISM which are injected into the flusive shock acceleration <
process in SNRs. The first and most general one is the injé%t—aI number density is

tion of some fraction of the postshock thermal particle distrig, . = Necr(Pecr) Pecr/ (vg — 1) (14)
bution. It occurs for all ions present in the background medium

and usually supplies enough particles to convert an significamtd therefore we can write

part of the SN shock energy into that of an energetic particlge

Yo~ Vs
population. GCR _ VSNTcl/s\;l( p ) .
The second possibility is the acceleration of pre—existin@3CR (vg = 1)Ve \ Pocr

GCR particles which have a Siciently high energyec 2 Note that this relation is valid for primary as well as for sec-
100 MeV/n so that they participate naturally in the aCCG'eratinhdary elements. The 0n|y ftkrence between them is the
process. Note that for those elements that are strongly undgiterent momentum dependence of the rafy./Nocr. For
abundant in the thermal ISM, like Li, Be, B, this is the Onlbrimary elements as it follows from the Eq (2)

practical possibility for acceleration. To distinguish these two

different injection mechanism we use here the term “accelerga—= ¥s + 4, (16)

tion” for the first case and “reacceleration” for the second. . .
.where power law index determines the momentum depen-

.We shall employ here a s!mple .CR Injection model,_ IHence of the residence timg o« p™*. Therefore the ratio
which a small fraction; of the incoming thermal protons is . C
ne./Necris independent op in this case.

instantly injected at the gas subshock with a speed that excee‘é?a?_ .
the postshock gas sound speeghy a factord > 1 (Berezhko h? spectrum OT secondary elements, produced in the
Galactic disk according to the Eq. (2), is considerably steeper,

et al. 1996): because

Ninj = 7Ng1, Pinj = AMG2. (10)
=ys+2u, (17)

Here Ny = p/m, is the gas number density, and the suby—g

scripts 1(2) refer to the point just ahead (behind) the shock. and therefore in this case the contribution of GCR reaccelera-
GCR nuclei (primary and secondary) have a spectruian

which in the subrelativistic region rises as a functiomodue p

to ionization and nuclear losses. The spectrum has a maximigsr/N6cr  (P/Pecr) (18)

atec = escr ® 600 MeV/n and then falls of in a steep POWEE ~reases with energy.

law for higher energies. Therefore in the case of reacceleration The gyerall CR spectrum is formed during the active pe-

itis assumed that the existing GCR population is injected atthgq of SNR evolution which lasts up to the time when the

SN shock front into the diusive acceleration with this energy gy shock becomes too weak to accelerdtiiently a new

Pin = Pacr Ninj = Nocr. (11) portion of freshly injected particles. According to calculations

Here N is th | ber of GCR lei it vol resented below this final stage corresponds to a shock size
ereNacr Is the total number o huclei per unitvolumes ~ 1R in the case of an ISM with hydrogen number den-

andpgcr is their mean momentum, that correspondegiek. sity Ny = 1 cnm3, andRs ~ 3R in the case of a hot ISM
Since the primary CRs come from both injection mechgg, Ny = 0003’ cnt?, whereRy = (3Mej/4mpo)3 is so

nisms, we can estimate their relative role for the final CR prﬂ]—e called sweep-up radiuble; is the ejecta mass, ang =

duction in SNRs. In order to do that we compare the overzrklI mp = 14Ny, is the ISM density. Taking into account that
CR spectra (i.e. the particle numberl ¢h the momentum _° ) : o C ;

) ) 7c/Ve = 14/Vy, Wherery is the residence time in the galactic
interval dp) N(p) and N"(p) which correspond to these two

C X sk volumeVy = 2.5x10° cm?, andvsy = 1/30 yrt, we have
injection mechanisms. The overall spectrum of CRs reacc[% 9 vsn = 1/30y

di h sinale SNR e d ined by th I energies of about 5 GeV, wherg = 4.6 x 10° yr, a value
erated in each single pt> pecr is determined by the Ne_/Nack = 0.04 for Ny = 1 cnT, andn.o/neck = 0.3
simple relation

for Ny = 0.003 cnt3. One can see that in an ISM which has
_ VSNNGCR( p )’75 a number densitNy = 1 cnr? typical for the galactic disk,

gince GCRs have a power law spectragtr «< p~7s, their

(15)

re
N (12)  the primary GCR reacceleration is not important. Only in the

Pccr \ Pccr
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case of a rarefied ISM, like a hot ISM with a number densiffjherefore one can expect that the secondary nuclei production
Ny = 0.003 cnT3, one can expect an important contributiolue to the hadronic SCR collisions with the gas nuclei makes a
of GCR reacceleration to their overall spectrogtr(ek). The considerable contribution at high energigs 100 GeVn.
same conclusion has been reached for CR acceleration in theThe production of secondaries due to spallation of primary
ISM of elliptical galaxies that has similar parameters (Dorfi &CRs in SNRs is described in our model by the source term
Volk 1996).

Due to the additional factom( pecr)* the contribution of 0s(r, P.t) = opstNg fo(r, p, 1) (22)

reacceleration becomes dominant in the secondary GCR spech ion for the distribution f .
tra at high energies. The value of the critical energy abol{fbthe transport equation for the distribution functitr, p. t)

which the secondary spectra are expected to be as hard ad |,§L§condary nuclei. Her(r, p, 1) is the distribution function

primary ones depends upon the mean gas deh@%? inside © primary nuclei and\lg_ is the local gas nu.mber d(_ansity, both

the SNRs: according to the above formulae, it is expected to?it?\grr:I?hirgistlrsigljtlijgr?tflg:cs:ticgns(:\lE te)vulriti?hng(ra);eurrr?wtienzz(;lﬁ)o-

100 GeVn for N3CR ~ 1072 cm3, and an order of magnitude : > P55

larger if\l<|SCR N i enre g relevant CR characteristics, is calculated in our model selfcon-
9 9 : sistently for all CR elements considered (see Berezhko et al.

There is an additional mechanism of secondary GCR PP596 for details).

duction inside SNRs: primary nuclei like GCRs in the Galactic o . . .
disk produce light secondary as a result of nuclear spallation The actu_al situation with the CR spectra in SNR.S Is rather
due to their interaction with the background gas. One can easi Jre cpmphcated tha_n suggested by the above estimates. Due
. : S . . linear acceleratiorffects, CR spectra produced in SNRs
estimate the relative significance of this mechanism compa? don ' P P! -
with the previous one. The total production rate of secondarias nqt pure power laws. Besides th?t particles wittedsnt
in SNRs due to the spallation of primaries is energies are féectively produced durlng ﬁ'ere.nt phases of .
SNR evolution, whereas the above simple estimates suggest in
SCR oc N§CRNSNNp, (19) fact that the entire overall CR spectriygp) is produced at an
epoch characterized by the SNR volumg, and agelsy. To
whereNsy is the number of existing SNRs in the Galaxy angeach more definitive conclusions about the role of CR reaccel-
N§CR is mean number density of the thermal gas in SNReration in SNRs, we need to perform a selfconsistent consider-
GCRs generate the same kind of secondaries with the rate ation. This can only be done numerically.
Note that the source CR spectife,) which are the time
integral spectra of the CRs accelerated during the whole ac-

where N§°R ~ 1 cnr® is mean gas number density in theVe period of SNR evolution, depend on the GCR spexfed)

Galacic gk Taking o accoun atthe SNR rurtgs - % 1010l e Tk Y e b et o
Tsnvsn is determined by the CR confinement tinigy in- & I

side a SNR, and that the GCR number densilyis related of existing background GCRs contribute as well. This means

to the overall CR spectrum produced in SNRby the relation that the spectraN(ek) ;hould be deterr_mned as the res_ult of
a selfconsistent solution of the equations which describe the
Np = Npvsntg/Vg, We have

GCR propagation and nuclear transformation in the Galactic
QSCR NgSCR Ten confinement vo_Iume, together with t.he equations, whi_ch gov-
= . (21) ern SNR evolution and CR acceleration. Fortunately this rather
complicated problem can be considerably simplified without

Like reacceleration, this mechanism produces a substantidfigs Of accuracy. Indeed, as discussed before, due to the steep
harder spectrum of secondaries compared with the spectifnR spectra atrelativistic energigs> 1 GeV/n, only the in-
created by the GCRs in the Galactic disk. It has the opp§€tion of GCRs with energieg < 1 GeV/n plays arole for the

site dependence on the ISM density: it is moféceent in a formation of the resultant spectN(es). Since the GCR spec-

CCR o N§CRvgnp, (20)

GCR ~ pNJGCR
S Ng Tg

denser ISM. tran(e) at these subrelativistic energies are known from exper-
SinceTsy ~ 10° yr and sincery ~ 5x 10 yr at GeV iment, we use them as physical input like other ISM parameters
energies (e.g. Berezinskii et al. 1990), we h@FR/QECR = in our selfconsistent nonlinear kinetic model for CR acceler-

2 x 102 if on average SNe explode into the ISM with a ga@;tion in SNR, so that the output of thi_s model, Which is the
number densit;NjCR _ NgGCR_ This value is somewhat loweroverall .CR spectrunh\l(gk), can be considered as consistently
than the corresponding contribution of reacceleration to tAgteérmined together with the GCR speat(a).

production of secondary nuclei. At the same time, the spec-

trum of secondaries spectrudg(p) has in this case exactly the
same form as that of the primariely(p). As demonstrated
below, in the case of reacceleration the ratig¢p)/Ny(p) de- In order to study theféect of GCR reacceleration in SNRs on
creases slightly with momentump due to the fact that sec-the gp ratio we consider the elements boron (B) and carbon (C)
ondaries are morefiectively produced at the late SNR evobecause carbon is the most abundant element in the GCRs and
lutionary phase when the SN shock becomes weaker, wherplays a major role in the production of boron which is usually
high energy primaries are mainly accelerated at the beginnansidered as a pure secondary. We have performed selfcon-
of the Sedov phase, when the SN shock is extremely strosigtent calculations of CR acceleration in SNRs, based on the

4. Results and discussion



194 E. G. Berezhko et al.: CR production in SNRs with reacceleration

kinetic nonlinear model, for the simple case of a uniform ISM
with different densities. S
We use the valueBsy = 10°* erg for the explosion energy I
and M¢; = 1.4 M, for the ejecta mass which are typical for "
SNe la in a uniform ISM. Note that the main fraction of the |
core collapse SNe has relatively small initial progenitor star < L/"," ™ -3 -
masses between 8 and &, which therefore do not signifi- 2 : \ 1
cantly modify the surrounding ISM through the main sequence > Y N ]
wind of the progenitor star (e.g. Abbott 1982). SNR evolutioﬁ@ 1
in this case is very similar to that of SNe la. Ie)
Only in the case of type Ib and type Il SNe with massive
progenitor stardvl; > 15 My, SNRs expand into a nonuni-
form circumstellar medium strongly modified by the intense
progenitor star wind. The SNR evolution look&drently com- w [
pared to the case of a uniform ISM. At the same time, the main 1 |
amount of CRs is expected to be produced when the SN shock
propagates through the hot rarefied bubble, where the evolution
and CR acceleration are roughly similar to that in the case of \og(p/mpc)
a uniform ISM which has the same parameters as the bubble
(Berezhko & \6lk 2000). Therefore the contribution of SNRdig. 1. The overall momentum spectra of B and C nuclei produced dur-
expanding in the strongly modified circumstellar medium ef?d the SNR evolution in the warm ISM = 0.3 cn?, T = 107 K,
fectively increase the filling factor of the hot phase of the ISNp_= 367 ) up to three dierent moments of time. The carbon

We adopt an injection rate of suprathermal particles, chgRSClra: starting fronp/m,c < 1, are due to the acceleration of in-
acterized by the injection parameteys= 104 and 4 = 2 jected suprathermal particles and GCR reacceleration, whereas the

: . . boron spectra are the result of reacceleration of GCRs and the spal-
which are expected for a typical SNR¢ket al. 2003). GCR lation of carbon and oxygen nuclei inside SNR. For clarity, the spec-

nuclei B and C with number densitiég = 7.9 x 10 cm™  yym of purely reaccelerated GCR carbon nuclei, corresponding to
andNc = 2.6 x 10713 cm™3, respectively, are injected at a ki-t/t, = 1000, is shown by the thin solid line.
netic energyen,; = 0.6 GeV/n which corresponds to the mean
GCR energy for these elements. We consider three essentially
different phases of the ISM: a diluted, hot ISM with hydrogen The second factor is the decrease of the injected suprather-
number densitiy = 0.003 cnT and temperatur§, = 10° K, mal particle momenturpiy; o Vs due to the shock deceleration.
a warm ISM withNy = 0.3 cnm® and Ty = 10* K, and an It diminishes the contribution of the late phases to CR produc-
“average” ISM withNy = 1 cnt® and Ty = 10* K. The ISM  tion. As a result, the overall spectrum of CR primary nuclei is
magnetic field valueB = 3 uG, 5uG and 1uG where taken mainly formed during the early Sedov phase when the shock is
for these three cases, respectively. extremely strong, and therefore it is quite hard.

Numerical results, which correspond to the so-called warm In the case of secondaries the situation is veifjedent.
ISM with Ny = 0.3 cnt?, are presented in Figs. 1 and 2. Thén the B-spectra two dierent components are clearly visible.

2.2x108 200 — - — ... |
8.6x10° 500 — — — -1
3.8x10° 1000

-12

-15

overall momentum spectra of boron and carbon The first one, peaking gt = pscr * 10myC, is due to the in-
o jection of GCRs with momentumgcgr. Since pscr does not
N(p,t) = 16ﬂ2p2f drr2£(r, p, 1), (23) depend on time, thefiéiciency of their acceleration (reacceler-
0

ation) progressively increases with time, roughly proportional
which include all particles accelerated during the SNR evts the total number of particles participating in the acceleration.
lution up to timet, are shown in Fig. 1 for three successivéhis number is proportional to the shock volumg. Since in
timest. One can see that reacceleration of GCRs makes quitds case the late SN evolutionary phases, when the SN shock
small contribution to the overall spectrum of carbon, in agreis-no more so strong as during the early Sedov phase, are im-
ment with the earlier estimate. Note also that the late evolutigpertant for secondary CR production, their overall spectrum is
ary phases are not very important for the highest energy partafich steeper than the spectrum of primary nuclei (see Fig. 1).
the spectrum of primary nuclei: the C-spectrunpat 10°myc The second component in the B-spectra is due to the spal-
is formed mainly at the beginning of the Sedov phdse {y), lation of carbon and oxygen nuclei. Its spectrum is substan-
and it is almost unchanged at late phaises100t,. There are tially harder than that of the first component, because it is
two physical factors which determine the above situation. Thigectly related to the spectra of primaries. Therefore it con-
first is a geometrical factor which results in the motogent  tributes strongly at very high momengz 10*myc and also
acceleration of the highest energy CRs at the beginning of ttheminates at very low momenfa < pgcr, Where B produc-
Sedov phase (Berezhko 1996). Due to the decrease of the ptamit due to reacceleration is negligible.
uct RsVs, the maximum energy of freshly injectedcelerated On account of the above factors the ratjowhich is exclu-
CRs decreases with time in the Sedov phase. Therefore the &ely due to the production of secondaries in SNRs, becomes
Sedov phases do not contribute significantly to the highest esteeper and increases with time, as one can see from Fig. 2.
ergy part of the resulting CR spectrum. Therefore the fect of GCR reacceleration on thgpsatio
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We adopt here a confinement time, which is the minimum
of these two:

Tsn = min{t4, ts}. (25)

In the case of a warm ISM, we have a postshock gas tempera-
tureT, = 1.3x 10° K att = 300t, and therefore the confine-
ment time isTsy = ts ~ 10° yr (to = 367 yr in this case). The
relevant ratias in Fig. 2 is therefore given by the dashed line.

The significance of GCR reacceleration can be understood
if one compares the expected sourge matio rs with the ra-
tio rg, extracted from the measured@ratio in the standard
model.

Since the boron nuclei are produced in the ISM not only
by spallation of carbon but also by spallation of oxygen, the
expression (4) has to be rewritten in the form:

0.01
T

|

100

IR L

Ng _ X Ng (Mp + ocX)

nc rrb+o-Bx(O-CB N_c(mp+o-Bx).

Fig.2. The BC ratiory = ng/nc as a function of kinetic energy This expression is used in order to determine the expected
per nucleusSolid, dashed and dash-dotted linespresent the ratio B/C ratio with accounts for boron production inside the GCR

rs = Na/Nc for the case presented in Fig. Dotted linesrepresent gqrces (in SNRs). In the case when the secondaries are not
the fit of the experimental data within the leaky box modkin dot9 produced in CR sources we have from this expression
on the one hand, and within thefiisive model with distributed reac-

celeration in the ISM lfeavy dots on the other. Experimental data (oce + 00B)Xg
f(y= — 0 .
(Engelmann et al. 1990) are also shown. g9 My + oaXq

According to the standard leaky box model, the value of the
depends on the confinement tiffigy which corresponds to the escape lengthy ~ 14 gcn¥ at GeV energies with energy de-
age of the SNR when the shock becomes affiitient acceler- pendenceg « 5;0'6 atee > 5 GeVn fits the existing BC data
ator and release of previously accelerated CRs into the Gala¢oagelmann et al. 1990).
volume proceeds. Note however that the value of the escape length de-

There are at least two conditions which determine the coiived from the same experimental data depends also on the
finement timeT gy GCR propagation model, especially at high energies where the
The first one is the decrease of the shock Mach numisisting experimental data do not constrain it.
during the SNR evolution. When it becomes so low, at some The galactic model with distributed stochastic reaccelera-
staget = t4, such that the shock compression ratiadrops tion predicts a dferent (weaker) decrease of thg(Bratio at
below 4, the acceleration of freshly injected particles becomiigh energiessc > 30 GeVn than does the standard leaky
inefficient. This leads to the decrease of the turbulence le@§ix model. According to Jones et al. (200%), «< .°°* in
near the shock front and to subsequent escape of previouiBg model without reacceleration, argle €% in the model
accelerated CRs due to increase of thefiudive mobility. This With stochastic reacceleration. Both models give the same s
factor plays the major role in the case of a hot ISM. ratio ate, < 30 GeVn.

In fact, the so-calledfeective compression ratio In order to demonstrate how significantly secondary
CR production in SNRs changes the expectpdatio, we con-

(24) sider here two extreme predictions oy «c €. ”. The first one,
with 4 = 0.6, corresponds to the standard leaky box model
rather tharo, plays the main role in CR acceleration and the{iEngelmann et al. 1990). The second, with= 0.3, corre-
final spectrum. Due to the fact, that Alim"waves, excited sponds to the diusion model with distributed stochastic reac-
by the accelerated CRs upstream of the shock, propagateeteration (Jones et al. 2001). The¢(Bratio calculated with
upstream direction with Alfgh speedt,, the dfective com- these two functiongg(ec) according to the expression (26) with
pression ratio of scattering centers seen by GRss always Ng = 0, are shown in Figs. 2—6 by the dotted lines. The cross
smaller tharo. This efect is described in the above expressiogection values and the ratim/nc, required to calculate the
by the Alfvén Mach numbeM, = c,/Vs. Thereforety is the B/C ratio, are taken from the paper by Engelmann et al. (1990).
time wheno¢s drops below 4. In Figs. 2—-4 we also present the ratio= Ng/Nc¢ of the
The acceleration process may also stop at some stagig  boron and carbon spectra, produced in SNRs by the combina-
when the postshock temperature drops beloWKObecause tion of all processes considered up tdfeient timest/to and
radiative SNR cooling sets in strongly. Since the SNR loosesalculated for three dierent ISM densities. One can see from
large amount of its energyffcient CR acceleration terminatesFig. 2, which corresponds tdy = 0.3 cnt3, that the source ra-
presumably at this stage. tio rs exceeds the [ ratiory predicted by the leaky box model

No
+oo— |+

e (26)

€ GeV/n

(27)

O-ef 20-(1_1/Ma),
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Fig. 3. The same as in Fig. 2 but for the case of a hot ISW (= Fig.4. The same as in Fig. 2 but for the case of an ISM hydrogen
0.003 cn13, ty = 1674 yr). number densitiNy = 1 cnT3 (ty = 246 yr).

at an energyx > 300 GeVn and only ak, > 10 TeV/n it be- respectively. Since at = 500ty the postshock temperature
comes larger than, which corresponds to thefflisive model Tz = 9x10° K iis already lower than 1K, the CR confinement
with distributed reacceleration if the CR confinement time is &§ne isTsy = ts ~ 10° yr in this case even though th&ective
large asTsy = 4x 10° yr. Note however, that at such a late tim@hock compression ratie.s = 4.2 is still slightly higher than 4.

t = 10%, = 4 x 1C° yr, the postshock temperature is already ~Since the typical ISM density in which the majority of SN
T, ~ 4x 10° K, and in addition the fective compression ra- €xplosions occurs is not well known, we presentin Figs. 5 and 6
tio drops up tares = 3.25. Therefore the CR confinement timdhe possible range of the expected over#Q Batios, calculated
is taken to be equalsy = 500ty = 2 x 10 yr, because the according to expression (26). The source ratios Ng /Nc are
postshock temperature at this stag@is= 9 x 10° K and the taken from the above calculations and the CR escape length
effective compression ratio has a valng = 3.8 whichisonly _

slightly below 4. X = 0% (28)

In Fig. 3 we present the same as in Fig. 2 but for theas assumed to be some fractiba 1 of the escape length
rarefied, so-called hot ISM which is characterized by a tem- myr
peratureTo = 10° K and a hydrogen number densiyy = Xg = 3
0.003 cnT3. One can see that the ratig exceeds at energies
& = 100 GeVn the measured value of/@ ratio already at determined from the relation (27). The cross section values and
t=3x10%yr. the rationp/nc, required to calculate the/B ratio, are taken

We note that already at this stage tt#=etive compression from the paper by Engelmann et al. (1990). To fit the existing
ratio drops below 4 and the acceleration of freshly injected palata one needs= 0.3, 0.7 and 0.9 for the ISM number densi-
ticles becomes progressively lesigent. Therefore one cantiesNy = 0.003 cnt?, 0.3 cnT2 and 1 cm?, respectively. The
assume that in this ca3gy = t4 ~ 3x 10* yr. Even for this rel- B/C ratio is shown for these three densities. The production of
atively short confinement time the contribution of the reaccedecondary CRs in SNRs leads to a substantial decrease of the
eration process in the/B ratio is strong at energieg greater escape lengtlx only if all SNRs explode into a diluted ISM
than 10 GeVYh (solid curve in Fig. 3). Note that at such a lowith hydrogen number densityy = 0.003 cnt3. In the two
ISM density the production of secondary nuclei in SNRs is enther cases, which are expected to be more probable, the rela-
tirely due to their reacceleration. tive decrease oX is not so important. It is significantly lower

At larger ISM densities secondary nuclei production dusompared with the estimates of Wandel (1988), because we be-
to the primary CR spallation becomes more important. Thislisve that the active period of SNR evolution stops much earlier
illustrated in Fig. 4, where the expected@Bratio rs is rep- than he assumed.
resented folNy = 1 cnT3. It is seen that at high energies It is seen that folNy = 0.003 cnT3 the boron production
e 2 10* GeV/n the expected ratios is higher than in the in SNRs leads to considerably higher values of th€ Batio
caseNy = 0.3 cnr3. Therefore, we conclude that the low-at energiesx > 100 GeVn than the observations show. There
est dliciency of secondary nuclei production in SNRs occuese however some experimental indications that the measured
in the case of ISM number densityy = 0.3 cnT3. It be- B/C ratio becomes indeed flatter at energies near 100/1GeV
comes larger both in a denser and a more diluted ISM Heis interesting to see that the theoretical curves do not change
cause of #icient primary spallation and GCR reacceleratiomonotonically with gas density. In fact a weighted mixture of

) (29)
0B —O0CB —0O0OB
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Fig.5. The expected overall B ratio as a function of kinetic en- Fig.6. The same as in Fig. 5 but comparing with the mean CR es-

ergy per nucleus. The three curves, corresponding to the three cape lengthx,(ec) predicted by the diusion model with distributed

cumstellar hydrogen number densitids = 0.003 cn1 (solid ling), CR reacceleration.

Ny = 0.3 cnt® (dashed line)andNy = 1 cnt® (dash-dotted ling

encompass a range given by theited area the uncertainty in the B ratio is determined mainly by the
valueAv,, which corresponds to the hot ISM. Since the boron

SN sites with very low densitie$yy; = 0.003 cnm? (hot ISM) spectrum is much more sensitive to the ISM density than the

and moderate densitidé;, = 0.3 cr3 (warm ISM) is able to C&rbon spectrum, we can approximately write

approxmatg the observatlo_ns. More precise m_e_asurement_gﬂﬁ _ (B/C)hAVgN/VSN + (B/C)W(l— AVEN/VSN), (31)
these energies are needed, in order to draw definite conclusions
about the actual role of GCR reacceleration. taking into account that within the ISM density range from 0.3

We note that the wide spread of thg(Bratio at high ener- 10 1 cnr the ratio BC changes not so significantly. Here
gies is due to the unknown correlations of SNR sites with gé8/C)» and B/C), are the BC ratios produced in hot and
density. Nevertheless itis clear from Figs. 24, that at any givef"m ISM, respectively. This formula makes it possible to esti-
density the energy dependence of thE Batio is expected to Mate the expected/B ratio for a given valuévg, /vsn without
be much flatter than predicted by the leaky box model. making additional calculations.

We have a similar situation in the case when the GCR
escape lengthxy(eq), predicted by the diusive model with 5 Summary
distributed reacceleration, is used for comparison with the _ _ _ o _
theory, as one can see from Fig. 6 for the same three deff3yr considerations based on the selfconsistent kinetic nonlin-
ties. Since the energy dependence of the maffe,) is much ear model for CR acceleration in SNRs show that the reac-
flatter in this case, the relative increase of th€ Batio due Celeration of the existing GCRs and the spallation of pri-
secondary CR production in SNRs is much smaller than in tR¥Y CRs due to their collisions with the gas nuclei in SNRs
previous case. Nevertheless, the expected value offea Strongly influence the energy spectra of secondary elements,
tio for g = 1 TeV/n is still noticeably higher, by a factor of ke Li, Be, B. Due to this additional mechanism the spec-
two on average, than predicted by the model which negle&'i_'%‘ of secondaries becom_e significantly fIat'Fer at high ener-
secondary CR production in SNRs. The CR escape length VS & > 100 GeVn. This efect can be directly studied

ues are determined by the factor= 0.2, 0.6 and 0.8 for from the gp ratio: at high energies where reacceleration is im-
Ny = 0.003 cn13, 0.3 cnm and 1 cm?3, respectively. portant, the & ratio should be flatter than at lower energies

One could expect that we deal with a more realistic situd-S & = 100 Ge\_/n. . ) _
tion when a variety of existing SNRs in the Galaxy are expand- Compared with previous considerations based on the plane-
ing into ISM regions with dferent densities. In order to make/Vave approach (Wandel 1988), our model selfconsistently in-
a definite prediction about the expectefCRatio one should cludes a number of physical factors: i) nonlinear shock mod-
determine properly weighted boron and carbon spectra: ification due to the CR backreaction; ii) CR adiabatic cooling
inside the expanding SNR interior; iii) the so-called CR escape

Ng c(e&) = ZAVE\ N (ek, Né) /vsN (30) effect. In addition, all stages of SNR evolution contribute to the
resulting overall CR spectra, in contrast to the assumption by

for a given SN explosion ratAv‘SN in an ISM with number Wandel that only very late SNR phases play a role.

density Ng. Unfortunately the explosion ratesvg, are not Qualitatively, the &iciency of secondary CR nuclei pro-

known. At the same time, as it is clear from Figs. 5 and @uctionin SNRs depends in an important way on the density of
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the ISM in which SNRs are exploding. The lower the ISM den- The actual mean galactic escape lengtk smaller than in
sity is, the larger is the volume of the SNR which is reachdlle models which neglect the production secondary nuclei in-
during the active period of its evolution. Correspondinglyide the sources and only take into account spallation during
larger numbers of background GCRs are swept-up and rehe random walk of primaries in the Galactic disk after release
celerated compared with the number of particles injected frdnom their sources. The extent of this reduction depends upon
the thermal postshock distribution. If SNRs are on average ¢ixe mean ISM density at the SNR sitegs from 10% to 30%
ploding into a diluted ISM, then the influence of reaccelerati@amaller if SNRs on average explode in an ISM with hydrogen
becomes significant alreadyeaat~ 10 GeVn. Thisisin contra- number densitNy between 0.3 and 1 cth, respectively. This
diction to the existing data for the/8 ratio and means that theeffect is much smaller compared with the estimates of Wandel
typical ISM density “seen” by SNe is greater than 0.003tm (1988), who suggestedfieient CR acceleratigreacceleration

An increase of the ISM density leads to a decrease of thg much older and weaker SNR shocks. Only if the ISM num-
reaccelerationféect. At the same time the production of secorber density is as low asy = 0.003 cnT? one expects the mean
daries in SNRs due to the spallation of primaries becomes meszape length to be smaller by a factor of 3 compared with the
important. If the typical density is between abdlit = 0.3 and standard models.
1 cnr3, reacceleration and spallation produce roughly equal
contributions to the RC ratio atex ~ 1 TeV/n, whereas at
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