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The recent measurements of the spectral intensities of cosmic-ray nuclei have suggested that the ratio of
boron to carbon nuclei, RðEÞ, comprises two components, R1ðEÞ which carries all of the energy
dependence and the other RA, a constant independent of energy per nucleon. This finding supports the
earlier theoretical expectations and results of gamma-ray astronomy that one of these components is
attributable to spallation in a cocoon like region surrounding the sources and the other in the general
interstellar medium before cosmic rays leak away from the Galaxy. A new model-independent way of
analyzing cosmic-ray spectra is presented here to shed light on the recent findings: Imposing the single
constraint that the source function of B nuclei is minimal we use a cascade of rate equations to map point by
point the observed cosmic-ray spectra of p, B, C, O, and Fe onto their source spectra and the two lifetimes
of cosmic rays τG in the Galaxy and τS in the cocoons surrounding the sources. The model-independent
results show that the appropriate choice τSðEÞ is responsible for R1ðEÞ and the source spectra are power
laws with indices of ∼ − 2.7.
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I. INTRODUCTION

The low abundances of Li, Be, and B in the Solar System
with respect to neighboring elements like C and O, and their
significant enhancement in Galactic cosmic rays, have
provided much insight into the propagation of cosmic rays.
Early efforts to interpret this enhancement in a manner
consistent with their spectra noted that a steady state was
established by a balance between the injection of cosmic
rays into the interstellar medium (ISM), where they suffered
some spallation and loss of energy, and their subsequent
escape from the Galaxy at a rate specified by τ [1,2]. As the
cosmic-ray observations became more precise and extended
to higher energies, the possibility of spallation and other
processes in cocoons of matter surrounding the sources was
discussed, especially in the context of the energy depend-
ence of ratios like B/C [3,4]. Subsequently, models explic-
itly using the diffusion equation to describe the transport of
Galactic cosmic rays were progressively developed [5–21].
This paper is stimulated by the recent measurements of

Adriani et al. [22,23] of the spectra of boron, carbon, other
elements, and the B/C ratio extending over the energy range
8.4 GeV=n up to 3.8 TeV=n using the CALET instrument
aboard the International Space Station. Adriani et al. also
plot the B/C ratio as a function of E=n along with the
earlier measurements [24–32]. As Adriani et al. [23] and

Gabici [33] have noted, this observed B/C ratio decreases
initially and flattens significantly at higher energies indi-
cating the presence of two separate components, one
dependent and the other independent of energy, likely
arising from propagation of cosmic rays in two regions—
cocoons surrounding the sources and the ISM.
The existence of the two components is confirmed by

observations with DAMPE [34] and was anticipated in
earlier theoretical studies from slightly differing perspec-
tives [3,4,13,35–39], and the initial decrease of R, the
B/C ratio, with energy has been studied using energy-
dependent diffusion coefficients [20,40,41]. The new data
provide an important testing ground for the several
theoretical suggestions such as energy dependence of
diffusion coefficients DðEÞ [20,40,41], which is inversely
proportional to the lifetime τðEÞ, and to studies inves-
tigating the matter traversed in the cocoons from different
perspectives [13,35–39]. We display CALET and DAMPE
measurements of the B/C ratio in Fig. 1, with an extension
to lower energies to accommodate the AMS-02 data [42].
Even though a flattening of the B/C ratio at high energies
was anticipated theoretically it is only the recent data that
show the tendency to level off at high energies. The two
components noted by Adriani et al. [23] are fit here with
two functions:

R1ðEÞ ¼ RoE−μ−δ lnðEÞ ð1Þ*Contact author: cowsik@wustl.edu
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R2ðEÞ ¼ RA ¼ constant; ð2Þ

with Ro ¼ 0.267, μ ¼ 0.075, δ ¼ 0.072, and RA ¼ 0.05,
the observed asymptotic value of R. Ab initio, we do not
know which component, R1ðEÞ or RA, is to be attributed to
the cocoons, so that the other could be allocated to be
generated by spallation effects in the ISM. One of the main
objectives of our effort here is to resolve this ambiguity.
In our analysis we map each of the points in the spectra

measured by CALET [22,23,43,44] and AMS-02 [32] onto
the residence times of τS and τG, and the injection spectra of
p, C, O, and Fe nuclei in the sources. These source spectra
then provide a clear choice as to where the energy
dependent component of the B/C ratio, R1ðEÞ, is generated.
The fits to the observed ratio noted above serve as display
lines in Fig. 1.
Our effort in this paper is to map the observed spectra of

cosmic-ray nuclei onto their source spectra and their
residence times in the cocoons and subsequently in the
ISM. This mapping is carried out with a cascade of rate
equations, point by point for each energy bin while
imposing the single constraint that the source spectrum
of B nuclei is minimized in conformity with their very low
universal abundances.

II. ANALYSIS

We start the analysis with the standard transport equa-
tions; here the spectral intensities of various nuclei are
represented as pðEÞ, BðEÞ, CðEÞ, OðEÞ, etc. Our primary

focus is in the energy region > 5 GeV=n where the loss of
energy due to ionization during traversal of matter and the
effects of Solar modulation do not significantly alter the B/C
ratio, and the secondary nuclei produced in the spallation
process carry away the same E=n as their parent nuclei. The
velocity of the nuclei is taken to be c. The rate of change of
the spectral intensity of a cosmic-ray nucleus Nj during
propagation in a region is the sum of the losses due to
leakage and spallation of the nucleus, and gain from the
production as the spallation product of a heavier nucleus and
possible injection by the sources:

dNj

dt
¼ −Nj

�
1

τ
þ cσjjnH

�
þ
X
i<j

NicσijnH þQj: ð3Þ

Here the lower the value of the subscript, the higher the
atomic mass of the nucleus, and Qj is the source function,
τðEÞ is the leakage lifetime of the nucleus in the region
under consideration, nH is the number density of target
atoms, and σjj and σij are the total and partial spallation
cross sections for the production ofNj fromNi, obtained by
fitting the data compilations of GALPROP [45] and
EXFOR [46]; see also [47,48]. Under conditions of steady

state, with dNj

dt ¼ 0 this set of equations starting with the
heaviest nucleus to the lightest nucleus can be written as a
matrix equation,

FIG. 1. Ratio of the cosmic-ray boron and carbon fluxes
measured by the CALET [23], AMS-02 [42], and DAMPE [34]
instruments. The lines represent energy dependent (solid line) and
independent (dashed line) B/C ratios R1ðEÞ; RA and their sum
R1ðEÞ þ RA (chain-dotted line) empirically fit with Eqs. (1) and
(2). The analysis uses each data point individually.

FIG. 2. The scaled lifetimes nSτSðEÞ, nGτG, and nSτSðEÞ þ
nGτG obtained by mapping the data for option 1 and the empirical
fits to the data on B/C ratios, R1ðEÞ and RA [see Eqs. (1) and (2)],
which have been scaled to compare their energy dependence. It is
clear that one needs τðEÞ to be steeper than R1ðEÞ to generate the
observed B/C ratio. Spallation of B nuclei and their parent nuclei
like C and O is the basic cause of this. (Lifetimes are normalized
for nH ¼ 1 cm−3).
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MN⃗ ¼ Q⃗; ð4Þ

where M is a lower-triangular matrix, with all the elements
above the diagonal being 0 and the diagonal and subdiag-
onal elements of the jth row are Mjj ¼ ð1τ þ cnHσjjÞ and
Mji ¼ −cnHσij, i running from 1 to j − 1. Observed

intensities of the cosmic rays are N⃗ðEiÞ and their corre-
sponding source functions are Q⃗ðEiÞ. The customary
method for solving Eq. (4) is to assume τðEÞ and a power
law for Q⃗ðEÞ and obtain N⃗ ¼ M−1Q⃗ [49]. Instead of
making all of these assumptions, we note that it is adequate
to impose a single constraint that the source function
QBðEiÞ be minimized implying that boron nuclei with their
negligible universal abundances are not accelerated at the
sources and are entirely the products of the spallation of
heavier nuclei in cosmic rays. This procedure is carried out
by varying τðEiÞ at each energy Ei to obtain the source
function Q⃗ðEiÞ and τðEiÞ which yields the minimum value.
For propagation in two regions, one contained within the

other like the ISM and the cocoons around the sources, we
place the subscripts G and S, respectively, and write

MGN⃗G ¼ Q⃗G; MSN⃗S ¼ Q⃗S: ð5Þ

The source function Q⃗G for cosmic rays in the Galaxy is just
the rate at which they leak out of the cocoons surrounding
the sources:

Q⃗G ¼ N⃗S=τS or N⃗S ¼ τSQ⃗G: ð6Þ

Combining Eqs. (5) and (6) we get the basic mapping
equation:

MSðτSMGN⃗GÞ ¼ Q⃗S: ð7Þ

III. PROPAGATION BACK TO THE COSMIC-RAY
ACCELERATOR REVERSING THE EFFECTS OF
SPALLATION IN THE ISM AND IN THE COCOON

SURROUNDING THE SOURCE

The cascade of equations represented by Eq. (7) will
allow us to map the observed spectra of nuclei N⃗ðEÞ to
obtain the lifetimes τG, τS, and the source functions Q⃗ðEÞ.
Note that on the left-hand side of Eq. (7) the only
unknowns are τG and τS. The procedure therefore is to
take the value RA ∼ 0.05, observed at the highest energies,
from which we fix τA, the constant value of the lifetime
needed to generate RA. As we are not propagating all
nuclei in this effort we ascribe 20% [50] of the B flux to
cosmic-ray nuclei other than the major contributors C and
O, namely N, Ne, Mg, S, etc. For a nominal choice of
nA ¼ 1 cm−3 this procedure yields τA ∼ 1 Myr and
λA ¼ cτAnAmH ∼ 1.6 g cm−2. Keeping τA fixed, τ1 is
varied to minimize QB in the sources.

We now encounter two options here: either τG ¼ τA or
τS ¼ τA. We present the results for these two options one
after the other.
Option 1. τG ¼ τA ¼ constant; τSðEÞ ¼ τ1ðEÞ energy

dependent. Note that in Eq. (7) τSðEÞ occurs both explicitly
and implicitly in the terms contained in the matrixMS. For
any given choice of τSðEiÞ the equation can be solved
readily. The procedure is therefore to fix, as noted before,
τG ¼ τA ¼ 1 Myr ¼ 3.154 × 1013 s with a nominal choice
nH;G ≈ 1 cm−3 and vary τSðEiÞ with a nominal choice of
nH;S ≈ 200 cm−3, a much larger number [keeping in mind
the possibilities like presupernova winds; also, as noted
earlier only the product τSðEiÞnH;S matters]. This procedure

not only determines τSðEiÞ and Q⃗SðEiÞ but also N⃗SðEiÞ,
and is carried out for all the energy bins where observations
are available. The results are displayed in Figs. 2 and 3 and
are summarized below.
(1) The τSðEÞ derived from the analysis, shown in

Fig. 2, declines steeply with the energy per nucleon
as ∼E−1 or even steeper at very high energies. As the
diffusion coefficient D is inversely proportional to
τðEÞ, it implies that D is proportional to pβ=Z
(Bohm diffusion) and steepening to ∼ðpβ=ZÞ2
behavior, in a manner not unlike the diffusion of
cosmic rays in the solar wind leading to the
modulation of Galactic cosmic rays [51–54]. Note
that τSðEÞ does not have the same energy depend-
ence as of R1ðEÞ, but is steeper.

(2) The spectrum of Fe, O, C, and p emerging from the
cosmic-ray acceleration, shown in Fig. 3, are all
nearly identical to one another and over the energy
range beyond ∼5 GeV=n fit a power law with an
index of ∼ − 2.7 at higher energies. This indicates
that the observed spectra N⃗G are flatter than the
source spectra Q⃗S especially at low energies. Also,
the C/O ratio in the observed cosmic rays gently
decreases at low energies and becomes a constant at
high energies. Both of these features are caused by
greater spallation at lower energies. The falling B/C
ratio implies greater spallation at lower energies and
less at higher energies. The cross sections are kept
independent of energy in the present calculations
and we find that the source spectra of all the nuclei
fit power laws of the form Q⃗ðEÞ ∼ E−2.7 over the
entire energy band from 7 GeV=n to ∼2000 GeV=n,
and the fit would extend to lower energies when
solar modulation effects are corrected for. Splitting
the energy domain into two segments, we note that
the region below ∼50 GeV=n is slightly steeper and
changes to ∼E−2.7 at higher energies. These spectral
characteristics will change if the cross sections turn
out to be dependent on energy. But the changes are
expected to be small or negligible.
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Option 2. τGðEÞ ¼ τ1ðEÞ energy dependent, τS ¼ τA ¼
constant. We now reverse the roles of the two regions in our
analysis with the source region having a constant residence
time τS and the ISM governed by some energy dependent
residence time τGðEÞ as one of the possibilities [38,55]
suggested by Adriani et al. [23]. The prescription is much
the same as before except now it is τGðEÞ being varied to
minimize the source function of B. We maintain our
previous choice of nH;G ¼ 1 and nH;S ¼ 200. To ensure
cosmic rays traverse the same grammage in the source
region as they had in the ISM from option 1, we take
τS ¼ 3.16 × 1013=200 ¼ 1.58 × 1011 s. The source func-
tions, Q⃗S, are shown in Fig. 4.
(1) In contrast with option 1, here in option 2 the source

spectra are extremely flat and have indices of
∼ −1.9.

(2) The source spectra become indeterminate at energies
above∼200 GeV=n because τGðEÞ in the ISM drops
sharply towards zero above 200 GeV=n [similar to
τSðEÞ shown in Fig. 2]. This very small escape time
from the Galaxy essentially implies that at high
energies as soon as cosmic rays leak out from their
source region they also leave the Galaxy. Accord-
ingly, the sources in option 2 have to put out a very
large amount of power in cosmic rays at high
energies in order to generate the observed intensities.

An intuitive understanding of the mapping results may
be gained by noting: (a) The lifetimes τ obtained from the
mapping are applicable to all nuclei including protons
which suffer minimal depletion due to nuclear inter-
actions. (b) When τS becomes very small, it means
particles are rapidly injected into the ISM before they
suffer nuclear interactions. (c) In contrast when τG
becomes small, particles leave the Galaxy and the sources
have to increase the power to very high values to maintain
the observed cosmic-ray intensities. (d) Also, the B/C ratio
R1ðEÞ, obtained by subtracting RA from RðEÞ, is much
steeper than RðEÞ especially when R1ðEÞ approaches RA.
(e) Finally, τðEÞ corresponding to R1ðEÞ is steeper than
R1ðEÞ as noted below. Consider just two elements, say B
and C, escaping from a single region, say the ISM; the
transport equations yield

CðEÞ ¼ QCðEÞ · τðEÞ
1þ cτðEÞσCCnH

ð8Þ

and RðEÞ ¼ BðEÞ
CðEÞ ¼

cτðEÞσCBnH
1þ cτðEÞσBBnH

ð9Þ

or τðEÞ ¼ RðEÞ
cnHσBBðRx − RðEÞÞ ð10Þ

FIG. 3. Source spectra obtained by mapping of the CALET and
AMS-02 cosmic-ray flux data for option 1 [τG ¼ τA; τSðEÞ]. The
gray dashed lines represent power laws, ∼E−2.7, fit to points at
energies greater than 100 GeV=n and normalized to the p, O, and
Fe source functions obtained by mapping CALET measurements.
The spectral index ofQC is similar to that ofQO. Note that oxygen
is multiplied by a factor of 10 for readability. The progressive
flattening below ∼5 GeV=n is in part due to modulation effects in
the solar wind which were not accounted for.

FIG. 4. Source spectra obtained for option 2 [τGðEÞ; τS ¼ τA]
with energy dependent leakage from the ISM. Unusually flat
source spectra ∼E−1.9 are needed in this choice. Note that around
200 GeV=n option 2 becomes problematic. This is because
τGðEÞ has to become rapidly smaller as the B/C ratio approaches
the constant RA value. (This problem at high energies cannot be
easily remedied but shifted to ≳300 GeV by lowering the value
of τA by ∼10% as allowed by the observational uncertainties, see
discussion below).
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with Rx ¼ σCB
σBB

≈ 0.14. Note that as RðEÞ increases towards
Rx at low energies, τðEÞ increases rapidly. Thus τðEÞ is
always a steeper function of energy than RðEÞ, which
becomes a constant independent of τðEÞ at RðEÞ ≈ Rx.

IV. DISCUSSION OF THE RESULTS

In this paper a new method of analyzing the observed
spectra and composition of cosmic rays has been presented:
These spectra have been mapped onto τG, τS and the source
spectra Q⃗ for the nuclei point by point at each observed
energy bin. These results are pertinent to the theories of
origins and propagation of cosmic rays and the generation
of antiparticles like eþ and p̄ in the Galaxy [13,35–37].
(1) The main conclusions that emerge are that (i) we

have to ascribe the dominant part of the energy-
dependent grammage to traversal in the cocoon and
hold the leakage lifetime of cosmic rays from the
Galaxy a constant or very weakly dependent on
energy, (ii) the source spectra are Q⃗ðEÞ ∼ E−2.7, and
(iii) the residence time of cosmic rays in the cocoons
decrease steeply as τSðEÞ ∼ E−1.

(2) We now turn to a discussion of the unexpected
behavior of the source spectra displayed in Fig. 4 for
option 2, where the energy dependent component of
the B/C ratio, R1ðEÞ, is attributed to spallation
effects in the ISM, and the energy independent
component of B/C arises in the cocoons.
(a) Here, the residence time in the Galaxy τGðEÞ has

to steeply decline with energy at energies beyond
∼200 GeV=n where R1ðEÞ becomes very small
at energies where it approaches the constant
value RA from the sources. As a consequence, in
order to generate the observed spectra the source
spectra ought to be very flat or even increasing
with energy. As the calculated residence times, τ,
are equally applicable to all the different ele-
ments, the steepness of τðEÞ becomes especially
clear in the case of the spectrum of protons
which suffer much smaller reduction through
nuclear interactions.

(b) The difficulty addressed above in item (a) cannot
be ameliorated by assuming a small constant
lifetime in the ISM ΔτA at E > 200 GeV=n. In
this situation, τS and τGðEÞ will both be constant
and the injected spectrum will have to rapidly
change at ∼200 GeV=n from ∼E−1.9 and match
the observed spectrum ∼E−2.7 with a normali-
zation appropriate to ΔτA.

(c) This difficulty is avoided in option 1 because
Q⃗GðEÞ¼ N⃗SðEÞ=τSðEÞ and as N⃗SðEÞ∼Q⃗SðEÞ×
τSðEÞ at high energies where spallation effects
are small (and for protons at almost all energies),
Q⃗GðEÞ sensibly becomes independent of τSðEÞ
at high energies.

(3) The results presented here are for the energy-
independent partial and total cross sections, σij
and σjj. Both the absolute value and the energy
dependence of the cross sections will affect the
values and energy dependence of τðEÞ and the
spectral indices of the calculated spectra. However,
variations are expected to be small. Improved
cosmic-ray observations and accurate measurements
of the cross sections up to several 1000 GeV=n are
needed especially for fixing the value RA more
accurately.

(4) The available measurements of the B/C ratio only
just flatten at the highest energies. For a better
determination of τA more observations at higher
energies are needed. We note that the ratio QB=QC
values are centered around zero with maximum
deviations on the order of 2% and the main con-
clusion is robust against changes in τA allowed
within the measurement errors.

(5) The constant grammage in the ISM corresponding to
RA is ∼1.6 g cm−2, and this is just about adequate to
generate the flux of positrons and antiprotons ob-
served in Galactic cosmic rays. The steeply decreas-
ing grammage corresponding to R1ðEÞ, does not
contribute significantly to the antiparticle (p̄ and eþ)
fluxes at high energies because of the production
kinematics [13,35–37].

(6) A diverse list of avenues for future investigations is
listed below:
(a) The steeply declining τSðEÞ in the cocoons needs

to be addressed on the basis of transport theory.
In this context Reichherzer et al. [56] have shown
that the quasilinear theory of particle transport is
valid only when the ratio of the random compo-
nent in the magnetic fieldsΔB to the background
field B is below 0.05. Observations of Galactic
fields yield ΔB=B ≈ 1 [57,58]; the diffusion
coefficient increases rapidly even for much
smaller ΔB=B towards Eþ1 behavior, or equiv-
alently τðEÞ ∼ E−1. Second, Shroer et al. [59,60]
have already shown that cocoons around cos-
mic-ray sources do form due to particle-field
interactions. It is also relevant to note that
the diffusion coefficient in the interplanetary
medium responsible for solar modulation of
cosmic rays depends linearly or as a steeper
function of rigidity [51–54].

(b) Similarly, the near constancy of τG has also to be
placed on a theoretical footing—Skilling, Jokipii,
and Ptuskin and others [61–63] have evoked a
convection or advection of cosmic rays in this
context. Also Parker [64,65] has noted that
instabilities cause magnetic flux tubes inflated
by cosmic-ray pressure to emerge out of the
Galactic plane. As this happens the interstellar
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gas slides down forming clouds and the cosmic
rays escape into the intergalactic medium.

(c) Repeating the present analysis by including all
nuclides up to and including Fe will provide a
consistency check; the spallation cross sections
increase as ∼A2=3; because of this, spallation
effects compete with leakage and become pro-
gressively more important in determining the
spectral intensities of various heavy nuclei. Fur-
thermore, Sc, Ti, and V get substantial contribu-
tions from the spallation of Fe which continues to
cascade down to all lighter nuclei. The high
abundance of Si, Mg, and Ne will also cascade
down contributing to lighter nuclei like F and to a
lesser extent Li, Be, and B. Thus, the extended
study will provide a consistency check on the
results obtained with the study of lighter nuclei.

V. CONCLUDING REMARKS

The observations of the B/C ratio in cosmic rays by the
space-borne AMS-02, CALET, and DAMPE instruments
show that the ratio decreases initially with energy and tends
towards a constant value at energies beyond ∼1 TeV=n.
This dependence indicates that there exists two sources of
production of B nuclei through the spallation of C and
heavier nuclei, one that generates the energy dependent part
and the other independent of energy.
These two components are attributable to spallation in

two distinct regions, namely, cocoons surrounding the
sources of cosmic rays and the other the interstellar medium

of the Galaxy. We do not know ab initio which region
contributes to the energy dependent part of the B/C ratio
and which region contributes to the ratio which is inde-
pendent of energy.
This uncertainty is removed from the analysis presented

in this paper. The observed spectra of p, B, C, O, and Fe
nuclei are mapped at each observed energy onto two
lifetimes, one that is energy dependent and the other a
constant, and the source spectra of the cosmic-ray nuclei.
This mapping is effected by adopting a cascade of rate
equations and a single assumption that the source strength
of B nuclei is minimal in accordance with their universal
abundances.
The analysis clearly dictates that the energy dependent

part of the spallation occurs in the cocoons surrounding the
sources and the constant part arises in the interstellar
medium. It also yields the energy dependence of the
lifetime and the source spectra of all nuclei to be ∼E−2.7.
It is interesting to note that the constant component of the

matter traversed in the ISM is ∼1.6 g cm−2, which is just
about the grammage needed to generate the observed
spectral intensities of positrons and antiprotons by the
interactions of Galactic cosmic rays [13,35–37].
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