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Abstract

Precise measurements of the spectra of secondary and primary cosmic rays are crucial for understanding the origin
and propagation of those energetic particles. The High Energy Cosmic-radiation Detection (HERD) facility on
board China’s Space Station, which is expected to operate in 2027, will push the direct and precise measurements
of cosmic-ray fluxes up to PeV energies. In this work, we investigate the potential of HERD for studying the
propagation of cosmic rays using measurements of boron, carbon, and oxygen spectra. We find that, compared
with the current results, the new HERD measurements can improve the accuracy of the propagation parameters by
8%—40%. The constraints on the injection spectra at high energies will also be improved.
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1. Introduction

The origin, acceleration, and propagation of cosmic rays
(CRs) remain unresolved despite many years of studies. One of
the most important approaches to solving this problem is to
measure the energy spectra of various compositions of CRs
precisely. Recent precise measurements by mainly direct
detection experiments reveal interesting features of many
nuclear species, including hardenings around a rigidity of a
few hundred GV (Panov et al. 2009; Adriani et al. 2011, 2019,
2020; Aguilar et al. 2015a, 2015b, 2017, 2020; Yoon et al.
2017; An et al. 2019; Alemanno et al. 2021) and softenings
around O(10) TV (Atkin et al. 2017; Yoon et al. 2017; An et al.
2019; Alemanno et al. 2021; Albert et al. 2022). For secondary
nuclei, which are particularly important in understanding the
propagation of CRs, hardening features at similar energies with
primary nuclei are also found (Aguilar et al. 2018, 2021;
Adriani et al. 2022; Alemanno et al. 2022). This progress in
measurements triggered many theoretical studies to discuss
new implications for the origin and propagation of CRs (e.g.,
Ohira & Ioka 2011; Yuan et al. 2011, 2020, 2021; Blasi et al.
2012; Malkov et al. 2012; Tomassetti 2012, 2015; Vladimirov
et al. 2012; Thoudam & Horandel 2014; Cowsik & Madziwa-
Nussinov 2016; Guo et al. 2016; Guo & Yuan 2018; Yue et al.
2020; Kawanaka & Lee 2021; Malkov & Moskalenko 2021,
2022; Niu 2022; Ma et al. 2023; Zhang et al. 2023).

The above-mentioned structures are found mainly at
relatively low energies. At higher energies (e.g., 210 TeV),
our knowledge about precise spectral structures is still limited.

To better understand the propagation properties of CRs,
improved measurements in a wider energy range are crucial.
The High Energy Cosmic-radiation Detection (HERD) facility,
planned to be installed in China’s Space Station around 2027,
is dedicated to measuring energy spectra of various CR species
up to PeV energies (Zhang et al. 2014). The core of the HERD
detector is a three-dimensional, five-side active calorimeter
(CALO) detector, surrounded by fiber trackers (FITs) for track
measurements, plastic scintillator detectors covering the
trackers for charge measurements and anticoincidence of -y
rays, and silicon charge detectors enclosing all the above
subdetectors for charge measurements (Kyratzis & HERD
Collaboration 2023). A transition radiation detector is
employed to provide energy calibration of nuclei. The
geometric factor of HERD is about 2-3 m? sr for charged CR
detection, and can thus extend the measurements of the spectra
of major CR components to >PeV energies. The novel design
of HERD makes it a powerful detector for measurements of CR
nuclei and electrons/positrons, as well as ~ rays in a wide
energy range. HERD is expected to significantly advance our
understanding of the fundamental problems in CR physics
(e.g., to reveal the nature of the knee), as well as to probe new
physics such as the nature of dark matter particles (Huang
et al. 2016).

In this work, we study the potential for constraining injection
and propagation parameters of HERD, assuming a simple one-
zone homogeneous propagation model of CRs. We forecast the
spectral measurements of boron, carbon, and oxygen CRs
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Table 1
Data Used in the Fitting
Experiment Time Modulation References
B, C, and O Voyager 2012/12-2015/06 0 Cummings et al. (2016)
ACE 2011/05-2018/05 0] Yuan (2019)
AMS-02 2011/05-2018/05 0] Aguilar et al. (2021)
1%Be/?Be IMP 1974/01-1980/05 0.67 GV Simpson & Garcia-Munoz (1988)
Voyager 1977/01-1998/12 0.78 GV Lukasiak (1999)
ISEE 1978,/08-1979/08 0.74 GV Wiedenbeck & Greiner (1980)
Ulysses 1990/10-1997/12 0.73 GV Connell (1998)
ACE 1997/08-1999/04 0.61 GV Yanasak et al. (2001)
ISOMAX 1998,/08-1998 /08 0.60 GV Hams et al. (2004)
PAMELA 2006,/07-2014/09 0.57 GV Nozzoli & Cernetti (2021)
according to the latest designed performance of HERD Table 2
(Kyratzis & HERD Collaboration 2023), and employ the Fitting Results and 1o Uncertain}t)ies of :he Transport and Solar Modulation
numerical propagation model GALPROP (Strong & qameen
Moskalenko 1998, version 56) together with the Markov Parameter Fit without HERD Fit with HERD
Chain Monte Carlo (MCMC) algorithm emcee® (Foreman- Do (10% em®s™") 442703 445103
Mackey et al. 2013) to constrain the model parameters. This 6 0.42670710 04275006
paper is organized as follows. We describe the framework and U —034751; —0.347555
setup of the propagation model in Section 2. In Section 3, we 2 (kpe) » 4'32385;2‘7 4'35%?1%9
present the results of our analysis, focusing on the comparison va (km's ) 23265151 25251
with current results based on existing data. Finally, we ¢ (GV) 0.59+00!1 0.59+90!

summarize our results and discuss their implications in Section
4.

2. Propagation Model of Cosmic Rays

The propagation of CRs in the Milky Way, which involves a
number of physical processes, can be described by the
following equation (Ginzburg & Syrovatskii 1964; Strong
et al. 2007):
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where ¢ is the differential density of CRs per momentum
interval, D, is the spatial diffusion coefficient, D), is the
diffusion coefficient in momentum space, which is employed to
describe the stochastic reacceleration of CRs, V. is the
convection velocity, p is the momentum loss rate, 7, is the
timescale of radioactive decay, 7, is the timescale of
fragmentation, and g(r, p) is the source function.

We assume that the spatial diffusion coefficient, D,,, is
spatially homogeneous and depends on the rigidity of particles

5 https://pypi.org/project/emcee/

Note. Fittings both without and with the HERD data are carried out for
comparison.

R with the power-law form

=\
D (R) = Doﬁ”(—) , 2
Ro
where S=v/c is the velocity of the particle in units of the
speed of light, Ro =4 GV is a reference rigidity, n is
introduced to tune the velocity dependence at low energies to
better fit the data, and § is the slope of the rigidity dependence,
which reflects the property of interstellar turbulence
(Berezinskii et al. 1990; Schlickeiser 2002). The convective
transport is described by a velocity V., which is the fluid
velocity of gas containing relativistic particles. Fitting to the
data shows that a high convection velocity is disfavored for
reproducing the observed low-energy secondary-to-primary
ratios such as B/C (Strong & Moskalenko 1998; Yuan et al.
2017; Yuan 2019). We therefore ignore convection in this
work. The scattering of particles off randomly moving
magnetohydrodynamic (MHD) waves results in stochastic
acceleration of CRs, which can be described by their diffusion
in momentum space with the coefficient (Seo & Ptuskin 1994)

b 4p*a
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Figure 1. The one-dimensional (diagonal) and two-dimensional (off-diagonal) probability distributions of the propagation parameters. For units of the parameters
please refer to Table 2. The left panel is for the fitting to the existing data and the right panel is for the fitting to existing data plus the HERD-predicted spectra.

where v, is the Alfvén speed of magnetized disturbances; w is
the ratio of the energy density of MHD waves to the energy
density of the regular magnetic field, and it can be effectively
absorbed into vy.

The spatial distribution of CR sources is assumed to follow
the distribution of supernova remnants or pulsars, which is
parameterized as the cylindrically symmetric form

RY BR — Ro) |z
R 2)=|-— S d <22 A
f( Z) (R@) =P [ R@ ] exp( s ) ( )

where R, =8.5kpc is the distance from the Earth to the
Galactic center, z, = 0.2 kpc is the scale width of the vertical
extent of sources, and a=1.25 and (=3.56 describe the
radial distribution of the sources tuned based on -y rays (Trotta
et al. 2011). The source function is truncated at R,,x = 20 kpc
and zZmax = 2Zp, Where z, is the half-height of the propaga-
tion halo.

We employ the cubic spline interpolation method in the
log(R)— log(J) space to describe the injection spectra of
primary CRs (Ghelfi et al. 2016; Zhu et al. 2018). Specifically,
we select seven rigidity knots to cover the rigidity range of
current measurements:

{log(R).....log(R7)}
= {2301, 2.968, 3.634, 4.301, 4.968, 5.634, 6.301},
®)

where the unit of rigidity is MV. Note that the spectral
hardening feature at several hundred GV is attributed to the
injection spectrum of CRs in this work. Possible breaks in the
rigidity dependence of the diffusion coefficient (Vladimirov
et al. 2012; Ma et al. 2023) are not considered in the current
work. For all primary CRs, the same spectral shape with
different abundances is assumed. Finally, the solar modulation,
which mainly affects CR spectra at low energies, is applied
under the force-field approximation (Gleeson & Axford 1968).
The force-field approximation is simplified. Since the solar
modulation mainly affects low-energy (<20 GV) spectra of
CRs, more complicated modulation models (Potgieter 2013)
would have little effect on our conclusion.

3. Analysis and Results
3.1. Fitting to Existing Data

We first run a fitting to existing data, which is used for
comparison. The best-fit results of the spectra are also the basis
of the prediction of HERD observations. The data used in this
work include the spectra of boron, carbon, and oxygen
measured by AMS-02 during its first seven years of
operation (Aguilar et al. 2021). The low-energy spectra of
those species measured by ACE® within the same time window

° hup: //www.srl.caltech.edu/ACE/ASC /level2 /IVI2DATA_CRIS.html
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Figure 2. Spectra of boron (top left), carbon (top right), and oxygen (bottom). Lines are the best-fitting results obtained in Section 3.1, with solid (dashed) ones being
the spectra after (before) the solar modulation. The HERD-predicted data points are shown by pink dots.

as AMS-02 are extracted (Yuan 2019). Voyager 1 also
measured spectra of boron, carbon, and oxygen outside the
heliosphere (Cummings et al. 2016), which are helpful in
determining the solar modulation parameter. To break the
degeneracy between the diffusion coefficient and the halo
height, we use the '°Be/’Be ratio measured by several
experiments (Wiedenbeck & Greiner 1980; Simpson &
Garcia-Munoz 1988; Connell 1998; Lukasiak 1999; Yanasak
et al. 2001; Hams et al. 2004; Nozzoli & Cernetti 2021). The
observational time periods of '’Be/’Be vary, and thus there are
large uncertainties in their solar modulation parameters. We use
the modulation potential retrieved from the Cosmic Ray
Database’ (Maurin et al. 2014, 2020), based on the neutron
monitor data (Ghelfi et al. 2017). The data are summarized in
Table 1.

Our MCMC process involves 14 parameters, consisting of
five propagation parameters (D, 8, 7, z,, and v,), siX injection
spectral parameters, two normalization parameters for carbon
and oxygen, and one parameter for solar modulation. The CR

nuclei with Z<14 were included, with normalization

" https:/ /lpsc.in2p3.fr/crdb

parameters being set to the default values of GALPROP except
for carbon and oxygen.

The posterior mean and 1o uncertainties of the propagation
parameters and modulation parameter of the fitting are given in
Table 2. The one-dimensional distributions and their two-
dimensional correlations are shown in the left panel of Figure 1.
The best-fitting spectra of boron, carbon, and oxygen,
compared with the data, are shown in Figure 2. We note that
the derived model parameters are slightly different from those
obtained previously, e.g., Yuan et al. (2020). Specifically, the
thickness of the propagation halo is smaller, the Alfvén speed is
lower, and the parameter § is bigger in this work than in Yuan
et al. (2020). There are several possible reasons for such
differences. First, the data of AMS-02 used in this work are the
seven-year measurements (Aguilar et al. 2021). Second, we use
version 56 of GALPROP in this work, which includes an
update of the gas model and results in slightly different
production spectra of secondary particles. Third, different data
sets used in these works may also result in different constraints
on the model parameters. Our results are closer to those given
in a recent work (Zhao et al. 2023), where some of the above-
mentioned updates have been included.
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—— other experiments
—— other experiments + HERD

Figure 3. Comparison of the constraints on selected propagation parameters for the fitting without (blue) and with (red) HERD data.

3.2. Predicted Boron, Carbon, and Oxygen Spectra
from HERD

Based on the best-fitting spectra of boron, carbon, and
oxygen CRs, we predict the HERD measurements. We choose
a bin width of AlogE = 0.2 for energy, and calculate the
expected number of counts in each energy bin based on the
simulated effective acceptance of the latest HERD design, for
an operational time of 10 years. The effective acceptance takes
into account both the geometric factor and the shower
development in the CALO based on Monte Carlo simulations.
Only the events with early developing showers with sufficient
path lengths in the CALO are selected to ensure a good
reconstruction quality. To enable a good flux measurement, we
further require that the number of events in each energy bin is
bigger than 10. Statistical uncertainties and the estimated
systematic uncertainties of ~10% (An et al. 2019;
Alemanno et al. 2021) are added in quadrature. We start the
HERD spectra from ~8 TeV, since the spectrometer

experiments such as AMS-02 have already measured the
spectra with good precision at lower energies. The inclusion of
low-energy data points, as long as they are consistent with
those of AMS-02, is expected not to change our conclusion
significantly. The predicted fluxes measured by HERD,
together with other experimental data, are shown in Figure 2.

3.3. Constraints on Model Parameters by
Including HERD

We redo the fitting in Section 3.1 to derive the constraints on
the model parameters after including the HERD spectra on
boron, carbon, and oxygen. The results are given in Table 2 and
Figure 1. We find that adding the HERD data will reduce the
errors of model parameters by about 8% to 40%. The
improvement on the constraint of ¢ is the most significant.
This is expected since HERD mainly improves the measure-
ments at high energies. Note that new measurements of AMS-
02 and DAMPE showed hardenings of the B/C and B/O ratios
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Figure 4. The 10 bands of injection spectra for the fitting without (blue) and
with (red) HERD data.

at high energies (Aguilar et al. 2021; Alemanno et al. 2022),
which are not included in this work. However, it is expected
that HERD can definitely give better measurements of such
ratios above 1 TeV /nucleon, and can thus better constrain the
energy dependence of the diffusion coefficient at high energies.
There are slight improvements to other propagation parameters,
which are mainly determined by low-energy data. Figure 3
compares the constraints on parameters 6, 7, and v,, for the
fittings without (blue) and with (red) HERD data.

The inclusion of HERD data at high energies is expected to
improve the constraints on the wide-band injection spectra of
CRs. Figure 4 shows the comparison of the injection spectra of
the two fittings. The shaded bands represent the 1o spans of the
fitting results. As can be seen, the uncertainties above 1 TV are
smaller when adding the HERD data.

4. Summary and Discussion

Precise measurements of spectra of primary and secondary
CRs in a wide energy range are very important in probing the
propagation of Galactic CRs. In this work we study the
prospect of constraining CR propagation parameters with the
planned HERD mission on board China’s Space Station.
HERD is expected to measure precisely energy spectra of
carbon and oxygen nuclei up to 100 TeV /nucleon and boron
nuclei to >10 TeV /nucleon. These measurements are expected
to be very helpful in understanding the energy dependence of
the diffusion coefficient as well as the injection spectra above 1
TeV /nucleon, which are rarely constrained by existing data.

Under a framework of a continuous source distribution and
spatially homogeneous propagation with reacceleration, we fit
the boron, carbon, and oxygen data to obtain the constraints on
the model parameters. We focus on a comparison of the results
for the fittings without and with the HERD data. It is shown
that adding the HERD data improves the constraint on the slope

Xu et al.

parameter (6) of the energy dependence of the diffusion
coefficient significantly. Quantitatively, the error on ¢ decreases
by about 40% after adding the HERD data. Slight improve-
ments to other propagation parameters are also found. In
addition, the HERD data are useful in improving the constraints
on the injection spectra of primary CRs at high energies.

The model assumption of the current work is simplified.
Possible improvements of future works may include (1) study
of more secondary (such as lithium, beryllium, fluorine, sub-
iron) and primary (oxygen, neon, magnesium, silicon, iron) CR
spectra by HERD and particularly the effects of different mass
groups (Wu & Chen 2019; Ferronato Bueno et al. 2022; Wang
et al. 2022; Zhao et al. 2023), (2) discussion of spectral breaks
in the diffusion coefficient (Vladimirov et al. 2012; Ma et al.
2023), and (3) investigation of spatially inhomogeneous
propagation as indicated by recent observations (Tomassetti
2012; Guo & Yuan 2018; Zhao et al. 2021).
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