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three atmospheric Cherenkov telescopes: the High Energy
Stereoscopic System (H.E.S.S.; Hinton & Hofmann 2009;
H.E.S.S. Collaboration et al. 2018), Major Atmospheric
Gamma-ray Imaging Cherenkov Telescopes (MAGIC; Aleksi�
et al. 2016), and the Very Energetic Radiation Imaging
Telescope Array System (VERITAS; Holder et al. 2006;
Humensky & VERITAS Collaboration 2019). Construction
of the next-generation Cherenkov Telescope Array11 (CTA)
began in 2017 (Acharya et al. 2013; see also the CTA
Consortium of 2019). High-resolution data in the microwave
domain are provided by the Wilkinson Microwave Anisotropy
Probe (Bennett et al. 2003, 2013) and the Planck mission
(Tauber et al. 2010; Planck Collaboration et al. 2016b).

Recent technological advances in astrophysics of CRs and γ-
ray astronomy and the reached level of precision imply that we
are on the verge of major discoveries. Meanwhile, disentan-
gling faint signals of new physics from the conventional
astrophysical processes requires a high degree of sophistica-
tion, including a proper description of all variety of interactions
of CR species in the interstellar medium (ISM), a description of
the detailed properties of the ISM itself, and understanding of
the propagation of energetic particles in the Galaxy and in the
heliosphere. Such a description has to be self-consistent, i.e.,
account for the interrelationships between CR species and their
associated photon emissions (radio to γ-rays), and compare
well with available data. Understanding the conventional
astrophysical backgrounds and having the most up-to-date
knowledge of physics of the ISM—these are the keys to
extracting weak signals of new physics. If the signatures of DM
were too obvious, we would have discovered them long ago.

The direct precise measurements of spectra of CR species in the
wide energy range form a basis for propagation models, for
interpretation of γ-ray and microwave observations, and for
disentangling possible hints of new phenomena. Composition and
spectra of CR species are vital for studies of galactic nucleosynth-
esis and high-energy processes in a variety of environments, from
CR sources to properties of the ISM and the Milky Way galaxy as
the whole, and they are equally important for understanding our
local Galactic environment. Since the beginning of its operation,
AMS-02 has delivered outstanding-quality measurements of the
spectra of CR protons, p̄, e± , and nuclei 2He–8O, 10Ne, 12Mg, and
14Si (Aguilar et al. 2014, 2015a, 2015b, 2016a, 2016b, 2017,
2018b, 2018c, 2019a, 2019b, 2020). These measurements have
already resulted in a number of breakthroughs. However, the
spectra of heavier nuclei and especially low-abundance nuclei,
such as 9F, 11Na, 13Al, and 15P–28Ni, are expected to be available
only later in the mission. Meanwhile, a comparison of published
AMS-02 results with data from earlier experiments, such as
HEAO-3-C2 (Engelmann et al. 1990), indicates that earlier data
may be affected by significant undocumented systematic errors
(see Boschini et al. 2018b, 2020). Therefore, we found ourselves in
an awkward position: we are keen to use new data to move
forward, but we cannot do it because the new data are still
incomplete. At the same time, using the old data to make up for the
lack of AMS-02 measurements could lead to significant errors.

In this paper we are using the existing AMS-02 data to test
HEAO-3-C2 results (Engelmann et al. 1990). We show that the
local interstellar spectra (LIS) built with available AMS-02
measurements match well some part of the HEAO-3-C2 data
when modulated appropriately to the solar activity observed

during the HEAO-3-C2 flight. This part of the HEAO-3-C2
data can be used together with Voyager 1 (Cummings et al.
2016; Stone et al. 2019) and ACE-CRIS data to make
predictions for the LIS of nuclei that are not yet released by
the AMS-02 collaboration. We are also updating our already-
published LIS to provide a complete set of LIS from 1H–28Ni in
the kinetic energy range from 1MeV nucleon−1 to∼100–500
TeV nucleon−1, thus covering 8–9 orders of magnitude in
energy. Our calculations employ theGALPROP–HELMOD
framework, which has proved to be a reliable tool in deriving
the LIS of CR species: p̄, e−, and nuclei from 1H to 8O.

2. CR Transport in the Galaxy and the Heliosphere

Here we provide short descriptions of the two dedicated
codes that are used in the present work and that complement
each other: GALPROP,12 for description of the interstellar
propagation, and HELMOD,13 for description of the helio-
spheric transport. More details can be found in the referenced
papers.

2.1. GALPROP Framework for Galactic CR Propagation and
Diffuse Emissions

Our main research tool is the state-of-the-art fully numerical
GALPROP code that describes propagation of Galactic CRs and
production of the associated diffuse emissions (radio, X-rays,
γ-rays). It has about 23 yr of development behind it
(Moskalenko & Strong 1998; Strong & Moskalenko 1998).
Over these years, the GALPROP code has proven to be
invaluable tool in sophisticated analyses in many areas of
astrophysics, including numerous searches for DM signatures
(e.g., Ackermann et al. 2012, 2015; Vladimirov et al. 2012;
Ajello et al. 2016; Cummings et al. 2016; Planck Collaboration
et al. 2016a, 2016b; Achterberg et al. 2017; Karwin et al.
2017, 2019; Cholis et al. 2019; Abdollahi et al. 2020).
The GALPROP code uses information from astronomy,

particle, and nuclear physics to predict CRs, γ-rays, synchro-
tron emission, and its polarization in a self-consistent manner.
The key concept underlying the GALPROP code is that various
kinds of data, e.g., direct CR measurements, p̄, e± , γ-rays,
synchrotron radiation, and so forth, are all related to the same
Galaxy and hence have to be modeled self-consistently
(Moskalenko et al. 1998). It provides the modeling framework
unifying results of many individual experiments in physics and
astronomy spanning in energy coverage, types of instrumenta-
tion, and the nature of detected species. The goal for the
GALPROP-based models is to be as realistic as possible and to
make use of available information with a minimum of
simplifying assumptions (Strong et al. 2007). The range of
physical validity of the GALPROP code extends from sub-keV
to PeV energies for particles and from 10−6 eV to PeV energies
for photons.
The GALPROP code solves a system of about 90 time-

dependent transport equations (partial differential equations in 3D
or 4D: spatial variables plus energy) with a given source
distribution and boundary conditions for all CR species: 11H–28

64Ni,
p̄, e± (Strong & Moskalenko 1998; Strong et al. 2007, 2009).
This includes convection, distributed reacceleration, energy
losses, nuclear fragmentation, radioactive decay, and production

11 See the first international CTA Symposium: Exploring the High-Energy
Universe with CTA (https://www.cta-symposium.com).

12 Available from http://galprop.stanford.edu.
13 http://www.helmod.org/
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charge-changing, cumulative, differential, total, and isobaric
cross sections, or reactions with metastable final states, with the
target that could be a particular isotope, a natural sample with
mixed isotopic composition, or a chemical compound. Often,
experimental cross sections for the same reaction published by
various groups were found to differ by a significant factor. A
(tough) decision on which set to be used was based on
examination of the descriptions of particular experimental
setups in the original papers.

One example is a hard-to-find 26-page document PRVCAN-
58-074812-24, which is a supplement to a paper by Webber
et al. (1998) detailing the secondary beam quality used for
measurements of individual charge-changing and isotopic
production cross sections, along with the cross-section values
themselves measured with the 1.52 g cm2 thick hydrogen target
at SATURNE. For many secondary beams the quality is
marked as > 90%, which means the percentage of the desired
isotope in the beam. This may be acceptable given the accuracy
of CR measurements at that time. However, many other
secondary beams have a much smaller fraction of the isotope in
question, such as 11

22Na (72%), P15
30 (57%), S16

33 (61%), 17
34Cl

(65%), 24
52Cr (81%), and 26

54Fe (60%), and these are just a few
examples. At the same time, the typical accuracy of the
measured cross sections is claimed to be 3%–5% (labeled B),
5%–8% (C), or 8%–12% (D), which perhaps represent only
statistical errors. The true beam energy varies from 496 to
577MeV nucleon−1, not being 600MeV nucleon−1 for all
beams as claimed. The total error for such measurements used
in the fits and in GALPROP routines was increased appro-
priately, reaching up to 50% in some cases. Meanwhile, even
such quality measurements are often the only measurement
available for a particular reaction, as many astrophysically
important reactions were not measured at all.

The isotopic production cross sections were ranked by their
contributions to the production of a particular isotope (see, e.g.,
Moskalenko et al. 2013). The most effort was devoted to the
main contributing channels. The approach to the description of
each channel depended on the accuracy and availability of
experimental data. If the cross-section data were detailed
enough, they were approximated with fitted functional
dependences or provided as a table for interpolation. If only
a few or no data points were available, such cross sections were
approximated using the results of the Los Alamos nuclear
codes (Moskalenko et al. 2001, 2003, 2005; Moskalenko &
Mashnik 2003; Mashnik et al. 2004), such as a version of the
Cascade-Exciton Model (CEM2k; Mashnik et al. 2004) and the
ALICE code with the Hybrid Monte Carlo Simulation model
(HMS-ALICE; Blann 1996; Blann & Chadwick 1998). In
general, parameterizations of all isotopic production cross
sections are provided from a few MeV nucleon−1 to several
GeV nucleon−1, above which they are assumed to be constant.

In the case of a minor contribution channel, the best of the
available semiempirical formulae by Webber et al. (WNEWTR
code with modifications made in 2003; Webber et al. 2003) or
parametric formulae by Silberberg and Tsao (YIELDX code;
Silberberg et al. 1998; Tsao et al. 1998) normalized to the data
when they exist was used. Each of the thousands of channels
was tested to ensure the best description of the available data. A
very limited database of the measured cross-section points is
supplied with GALPROP routines to renormalize the output of
WNEWTR and YIELDX codes. The data points to include in
this database were selected for the stated validity range of the

semiempirical formulae (typically > 150MeV nucleon−1;
Webber et al. 2003), while the data points outside of this
validity range were excluded from the auxiliary files.
The total (inelastic) fragmentation cross sections for pA-

and AA-reactions are calculated using the CRN6 code by
Barashenkov & Polanski (1994), or using optional parameter-
izations by Letaw et al. (1983) or by Wellisch & Axen (1996,
with corrections provided by the authors) and A-scaling
dependencies.
Though the overall process was very laborious and often

impossible to automate, it produced probably the most accurate
package (nuc_package.cc and auxiliary files) for massive
calculations of the production nuclear cross sections so far.
Since it is the core part of GALPROP, it was used in numerous
studies where the GALPROP code was employed. It was also
used in many studies of the accuracy of the isotopic production
cross sections employed in astrophysical applications (e.g.,
Tomassetti 2015; Génolini et al. 2018; Evoli et al. 2019) and in
other Galactic propagation codes, such as, e.g., Diffusion of
cosmic RAys in galaxy modelizatiON code (DRAGON; Evoli
et al. 2008, 2016). A more recent attempt to characterize the
uncertainties in the calculation of the isotopic production cross
sections was made in the framework of the ongoing ISOtopic
PROduction Cross Sections (ISOPROCS) project (Moskalenko
et al. 2011, 2013).
Production of secondary particles in GALPROP is calculated

taking into account pp-, pA-, Ap-, and AA-reactions. Calcula-
tions of p̄ production and propagation are detailed in
Moskalenko et al. (2002, 2003), Kachelriess et al. (2015),
and Kachelrieß et al. (2019), while inelastically scattered
(tertiary) p̄ and (secondary) p are treated as separate species
owing to the catastrophic energy losses. Production of neutral
mesons (�Q0, K0, K̄ 0, etc.) and secondary e± is calculated using
the formalism by Dermer (1986a, 1986b) as described in
Moskalenko & Strong (1998) or more recent parameterizations
(Kamae et al. 2006; Kachelrieß & Ostapchenko 2012;
Kachelriess et al. 2014; Kachelrieß et al. 2019).
Production of γ-rays is calculated using the propagated CR

distributions, including primary e−, secondary e± , and knock-
on e−, as well as inelastically scattered (secondary) protons
(Strong et al. 2004; Porter et al. 2008). The inverse Compton
scattering is treated using the formalism for an anisotropic
background photon distribution (Moskalenko & Strong 2000)
with full Galactic interstellar radiation field on the 2D or 3D
grid (Moskalenko et al. 2006; Porter et al. 2006). Electron
bremsstrahlung cross section is calculated as described in
Strong et al. (2000). Gas-related γ-ray intensities (π0-decay,
bremsstrahlung) are computed from the emissivities using the
column densities of H2 + H I (+ H II, ionized hydrogen) gas for
Galactocentric annuli based on 2.6 mm carbon monoxide CO (a
tracer of molecular hydrogen H2) and 21 cm H I (atomic
hydrogen) survey data. The synchrotron emission14 and its
polarization are computed (Orlando & Strong 2013) using
published models of the Galactic magnetic field for regular,
random, and striated components (Sun et al. 2008; Sun &
Reich 2010; Pshirkov et al. 2011; Jansson & Farrar 2012). The
line-of-sight integration of the corresponding emissivities with
the distributions of gas, interstellar radiation, and magnetic

14 GALPROP calculations of the foreground synchrotron emission were used
by the Planck Collaboration (Planck Collaboration et al. 2016a, 2016b) to study
anisotropies in cosmic microwave background (CMB) with many important
implications for the DM studies.

4

The Astrophysical Journal Supplement Series, 250:27 (30pp), 2020 October Boschini et al.





Figure 1. Calculated elemental spectra: 2He–10Ne. Black dashed lines show the calculated LIS spectra; the red solid lines are modulated to the levels that correspond
to the periods of data taking. Data for Z�4: ACE-CRIS and HEAO-3-C2 (Engelmann et al. 1990). AMS-02 data for 2He and 3Li are compared to the I-scenario
calculations; see Section 3.2 for details. Bottom panels in each plot show the relative difference between the calculations and a corresponding data set.
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Figure 2. Calculated elemental spectra: 11Na–19K. The line coding and data are the same as in Figure 1.
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3. HEAO-3-C2 Data and CR Transport

Observations of new features in the CR proton and He
spectra in the energy range that is deemed well studied by
PAMELA (Adriani et al. 2011) and their confirmation by
Fermi-LAT (Ackermann et al. 2014) emphasize the importance
of high statistics and accuracy in CR studies. Precise
measurements by the AMS-02 experiment (Aguilar et al.
2015a, 2015b) provided important details about the observed
hardening and extended the accurate measurements of proton
and He spectra into the TV rigidity range (see also ATIC-2,
Panov et al. 2009; and CREAM, Ahn et al. 2010). Besides the
hardening observed at the same rigidity (∼370 GV) and the
same spectral index change for both species, the He spectrum
appears to be flatter than the spectrum of protons in the whole
range. Consequently, the observed p/He ratio is smooth and
monotonically decreasing with rigidity.

Understanding the nature of these features requires accurate
measurements of other CR species, which was accomplished
by AMS-02. The detailed spectra of heavier species 3Li–8O
(Aguilar et al. 2017, 2018b, 2018c) and 10Ne, 12Mg, and 14Si
(Aguilar et al. 2020) exhibit hardening (breaks) similar to that
observed in the spectra of CR protons and He, where the break
rigidity of∼370 GV is about the same for all species.
Observations show similarity between the spectra of mostly
primary (p, He, C, O, Ne, Mg, Si) and secondary (Li, Be, B)
nuclei, while the spectral slopes of these groups of nuclei are
different. Nitrogen is about half-primary/half-secondary and
behaves as being in between the other two groups.

Meanwhile, getting into the higher Z species is important, as
they provide complementary information about properties of
CR sources and ISM in our local Galactic environment.
Especially important are the spectra of the iron-group nuclei, as
they have large fragmentation cross sections, and therefore
their fragmentation timescale at relatively low energies is
shorter than the timescale of their escape from the Galaxy. Such
nuclei can reach us only if accelerated in nearby sources.

However, it may take a while to get such data from AMS-02,
which is currently collecting statistics. In this energy range data
of earlier missions, such as HEAO-3-C2 (Engelmann et al.
1990), ATIC-2 (Panov et al. 2009), CREAM (Ahn et al. 2008,
2009), and NUCLEON (Grebenyuk et al. 2019a, 2019b), are
available, while at low energies Voyager1 (Cummings et al.
2016) and ACE-CRIS can be used. These data do not provide a
continuous coverage comparable in quality to the AMS-02
data, but they can be used to deduce the LIS of 9F–28Ni nuclei
—with some caveats discussed below.
A comparison of the available AMS-02 data with HEAO-3-

C2 measurements using our derived LIS modulated to the
corresponding level of solar activity with the previous version
of HELMOD (HELMOD-3) gives an important insight into the
accuracy of the calibration technique used in the 1970s. In
particular, the precise measurements of CR nuclei 4Be–8O by
the AMS-02 experiment (Aguilar et al. 2017, 2018b, 2018c)
indicate that there are clear discrepancies with HEAO-3-C2
data at low and high energies (see Figure 7 in Boschini et al.
2018b), while in the middle range between 2.65 and 10.6 GeV
nucleon−1 the agreement is fair. Calculations repeated with the
GALPROP–HELMOD-4 framework yield LIS consistent with
our previous results within 1%–2% and confirm our previous
findings. The likely reasons of these systematic discrepancies in
HEAO-3-C2 data at low and high energies are discussed in
detail in Appendix B. For details and differences between
HELMOD-3 and HELMOD-4, see a description in Boschini
et al. (2019) and at the dedicated website (see footnote 12).
In our following analysis we are using the middle range of

HEAO-3-C2 data 2.65–10.6 GeV nucleon−1, which we call the
“plateau” because it mimics a plateau in the spectral residual
plots, while the data outside this range are discarded. Here we
provide the details of the calibration procedure we used for the
HEAO-3-C2 (Engelmann et al. 1990) data using AMS-02
measurements of the CR 4Be–8O, 10Ne, 12Mg, and 14Si spectra
(Section 3.1). Calculations of the interstellar and heliospheric
transport are described in Section 3.2.

Figure 3. GALPROP–HELMOD LIS and modulated spectra are compared with AMS-02 data for 10Ne, 12Mg, and 14Si (Aguilar et al. 2020). Shown are the calculations
made in the I-scenario. The lower panels show the relative difference in two ways: AMS-02-data-centered as in our previous papers, and in a more traditional model-
prediction-centered view. Line coding is the same as in Figure 1.
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