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The last decade brought spectacular advances in the astrophysics of cosmic rays (CRs) and γ-ray
astronomy. These observations pose a considerable challenge to conventional astrophysics thus
leaving an ample discovery space for new phenomena. Understanding the conventional astro-
physical backgrounds is vital in moving to the new territory. The state-of-the-art CR propagation
code called GALPROP is designed to address exactly this challenge. Having 23 years of develop-
ment behind it, the GALPROP code has become a de-facto standard in astrophysics of CR, diffuse
γ-rays, and searches of new physics. The GALPROP code uses information from astronomy, par-
ticle, and nuclear physics to predict CRs, grays, synchrotron emission and its polarization in a
self-consistent manner – it provides the modeling code unifying the many results of individual
measurements in physics and astronomy spanning in energy coverage, types of instrumentation,
and the nature of detected species. The range of physical validity of the GALPROP code covers
sub-keV – PeV energies for particles and from micro-eV – PeV for photons. The GALPROP
framework includes the code and independently developed datasets, such as interstellar gas (H2,
H I, H II), radiation and magnetic fields distributions as well as the nuclear and particle production
cross sections. The code and the datasets are public and are extensively used by many experimen-
tal collaborations, and by thousands of individual researchers worldwide for interpretation of
their data and for making predictions. We will present latest updates to the GALPROP frame-
work that improve its accuracy and capabilities and will discuss its applications. As always, the
latest release of the code and datasets is available through the WebRun, a service to the scientific
community enabling easy use of the GALPROP via web browsers.
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1. Introduction

The last decade brought spectacular advances in the astrophysics of cosmic rays (CRs) and
γ-ray astronomy. Launches of new missions employing forefront detector technologies were fol-
lowed by a series of remarkable discoveries in an energy range that was already deemed well
studied. Among those missions are the Payload for Antimatter Matter Exploration and Light-
nuclei Astrophysics (PAMELA) launched in 2006, the Fermi Large Area Telescope (Fermi-LAT)
launched in 2008, and the Alpha Magnetic Spectrometer – 02 (AMS-02) launched in 2011. Other
high-expectations missions, CALorimetric Electron Telescope – CALET, and DArk Matter Par-
ticle Explorer mission – DAMPE, both launched in 2015, and Cosmic-Ray Energetics and Mass
investigation – ISS-CREAM launched in 2017, are collecting data and began to deliver outstand-
ing results1. Complementary to the Fermi-LAT, but deployed on the slopes of the Sierra Negra
volcano, the High-Altitude Water Cherenkov (HAWC) γ-ray observatory was completed in 2015.
It observes the sky revolving above and extends the Fermi-LAT coverage to ∼100 TeV. The tech-
nologies employed by these missions have enabled measurements with unmatched precision, which
allow for searches of subtle signatures of new phenomena in CR and γ-ray data, e.g., the claimed
precision of AMS-02 data is 1-3%. On the other hand, built with the technology of 1970s and
launched in 1977 at the dawn of the space era, Voyager 1, 2 spacecraft demonstrate unbelievable
scientific longevity providing invaluable data on the CR spectra and composition at the interstellar
reaches of the solar system currently at 146 AU and 121 AU from the Sun, correspondingly.

Besides Fermi-LAT and HAWC, indirect CR measurements are made by other multi-wave-
length observatories. The International Gamma-Ray Astrophysics Laboratory (INTEGRAL), the
High Energy Stereoscopic System (H.E.S.S.), Major Atmospheric Gamma-ray Imaging Cherenkov
Telescopes (MAGIC), and the Very Energetic Radiation Imaging Telescope Array System (VER-
ITAS), observe keV – multi-TeV emissions produced by particles in various environments. Con-
struction of the next generation Cherenkov Telescope Array (CTA) has begun in 2017. High-
resolution data in the microwave domain are provided by the Wilkinson Microwave Anisotropy
Probe (WMAP) and Planck. The recent technological advances for the CR experiments, γ-ray and
astronomy at other frequencies, together with the reached level of precision demonstrate that we
are on the verge of major discoveries.

Meanwhile, many of these advances were made possible thanks to the solid results of earlier
missions. To name only a few: ACE, SuperTIGER, ATIC, BESS, CAPRICE, CREAM, HEAO-3,
HEAT, ISOMAX, TIGER, TRACER, Ulysses, etc. Earlier γ-ray missions, such COS-B, COMP-
TEL, and EGRET, also contributed a lot to understanding the processes of generation of diffuse
emission and distribution of CRs in the Galaxy.

Understanding the origin of CRs, their acceleration mechanisms, main features of their inter-
stellar propagation and source composition is impossible without a consistent interpretation of data
from new experiments and past missions within a single framework. The tool that does exactly
that is the state-of-the-art CR propagation code called GALPROP2 [1], which has about 23 years
of development behind it [2, 3]. All these years the GALPROP code is being actively updated
and modified to address the challenges and demand of astrophysics community in its scope and

1See recent talks at NextGAPES-2019: http://www.sinp.msu.ru/contrib/NextGAPES
2http://galprop.stanford.edu & http://galprop.stanford.edu/webrun
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accuracy. Its primary goal is a reliable prediction of conventional astrophysical backgrounds, but
it has options to propagate particles produced in annihilation or decay of dark matter particles, and
calculate the associated electromagnetic emissions. In parallel, the most up-to-date models of the
components of the interstellar medium (gas, radiation and magnetic fields) are being developed that
are used by GALPROP making it a unique self-consistent model of the entire Milky Way galaxy.

This paper details the latest updates to the GALPROP code, further developments of its ini-
tially auxiliary datasets that grew into independent studies of the Galactic structure – distributions
of gas, dust, radiation and magnetic fields as well as further extension of its capabilities.

2. The GALPROP code

The GALPROP project [2, 3] began in late 19963 with two main concepts in mind. The first
one 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 [4].
The second is that all GALPROP-based models have to be as much realistic as possible making use
of all available astronomical information, nuclear and particle data, with a minimum of simplifying
assumptions [5]. The GALPROP code is available from a dedicated website2, where a 500+ core
facility for users to run the code via online forms in a web-browser, WebRun, is also provided [6].
The number of registered users is currently about 1400. Here we provide a brief description of
GALPROP, for details see [1–3, 6–20].

The GALPROP code solves a system of about 90 transport equations (time-dependent partial
differential equations in 3D or 4D: spatial variables plus energy) with a given source distribution
and boundary conditions for all CR species (1H-64Ni, p̄, e±) [3]. This includes convection, dis-
tributed reacceleration, energy losses, nuclear fragmentation, radioactive decay, and production of
secondary particles and isotopes. The numerical solution is based on a Crank-Nicholson implicit
second-order scheme [21]. The spatial boundary conditions assume free-particle escape. For a
given halo size the diffusion coefficient, as a function of momentum and propagation parameters,
is determined from secondary-to-primary nuclei ratios, typically B/C, [Sc+Ti+V]/Fe, and/or p̄/p.
If reacceleration is included, the momentum-space diffusion coefficient Dpp is related to the spa-
tial coefficient Dxx (= βD0Rδ ) [22], where δ = 1/3 for a Kolmogorov spectrum of interstellar
turbulence or δ = 1/2 for an Iroshnikov-Kraichnan cascade, R is the magnetic rigidity.

The GALPROP code computes a complete network of primary, secondary, and tertiary CR
production starting from input source abundances. GALPROP includes K-capture, electron pick up
and stripping processes, and knock-on electrons. Cross-sections are based on the extensive LANL
database, nuclear codes, and parameterizations [20, 23]. The most important isotopic production
cross-sections are calculated using our own fits to major production channels [11, 20, 24]. Other
cross-sections are computed using phenomenological codes [25,26] renormalized to the data where
exists. The nuclear reaction network is built using the Nuclear Data Sheets.

GALPROP calculates production of secondary particles in pp-, pA-, Ap-, AA-interactions.
Calculations of p̄ production and propagation are detailed in [10, 11, 27]. Production of neutral
mesons (π0, K0, K̄0, etc.), and secondary e± is calculated using the formalism [28,29] as described

3http://sciencewatch.com/dr/erf/2009/09octerf/09octerfStronET/
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in [2] or recent parameterizations [30–32]. γ-ray production is calculated using the propagated
CR distributions (all species), including primary e−, secondary e±, and secondary p from inelas-
tic processes [12, 14, 33]. The inverse Compton scattering is treated using the formalism for an
anisotropic photon distribution [8] with full interstellar radiation field [18, 34, 35]. The latter is
calculated using the distributions of star classes, light scattering in the ISM and radiation transport
(dust absorption and re-emission). Electron bremsstrahlung cross-section is calculated as described
in [9]. Gas-related γ-ray intensities (π0-decay, bremsstrahlung) are computed from the emissivi-
ties using the column densities of molecular, atomic, and ionized hydrogen (H2 + H I + H II) plus
10% of He (by number) as functions of Galactocentric radius, where the distributions of the gas
components are derived from carbon monoxide CO and 21-cm H I surveys data. The synchrotron
emission is computed using a parameterization of the Galactic magnetic field derived from observa-
tions of the pulsar rotation measures [15,36–42]. The line-of-sight integration of the corresponding
emissivities with the distributions of gas, interstellar radiation and magnetic fields yields γ-ray and
synchrotron sky maps. Spectra of all CR species on the chosen grid and the γ-ray and synchrotron
sky maps are output in standard astronomical formats for direct comparison with data.

Similarly to conventionally produced CRs, GALPROP has well-developed options to prop-
agate particles produced in exotic sources and processes, such as annihilation or decay of dark
matter particles, or other sources as specified by the researcher, and calculate the associated emis-
sions. It can be used alone or run in conjunction with dedicated packages, such as DarkSUSY [43];
the appropriate interface is also provided.

3. New functionality

The latest GALPROP code v.56 [17–19] allows arbitrarily small, even sub-parsec, grid sizes
and finely sampled energy/time spans provided that it is running on a machine that has enough com-
puting resources. Given that, the actual employed grid sizing is physically motivated and consistent
with the baseline assumptions used to derive transport equations. Meanwhile, many optimizations
and updates are made to enable as much realistic calculations as possible on moderately sized
single-memory spaced systems with limited resources.

Besides that the latest version allows for the spatially variable diffusion coefficient, a separate
injection spectrum for each isotope, scaling of the propagation parameters with the strength of
the Galactic magnetic field and many other improvements including treatment of production of
secondary particles and isotopes. Heliospheric propagation is treated using the Parker equation
[44], where the numerical solutions are provided by the HELMOD code [45–48]. We work closely
with the HELMOD team to combine their code with GALPROP to provide reliable calculations for
all CR species within the heliosphere for any epoch as well as their local interstellar spectra.

Essential enhancements to the GALPROP code have been implemented to enable more effi-
cient time-dependent CR propagation and interstellar emissions modeling. The “discrete sampler”
is a new facility that produces a spatial and temporal discretized list of CR source regions from a
user-supplied smooth CR spatial density distribution and time interval. This enables direct compar-
ison of CR energy densities and interstellar emission intensity maps resulting from a steady-state
and equivalent time-dependent realization from the same CR source density model. The discrete
sampler uses an acceptance/rejection method with pseudo-random number generator, which allows

3
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full reproducibility of the discretization of the smooth density model for different luminosity evo-
lutionary scenarios for the CR sources in the time-dependent case. This new facility has been used
for recent work to investigate the effect of time/space discretized CR sources on predictions for the
non-thermal interstellar emissions [49].

Among other improvements are the updated models of the spatial density distribution of the
components of the interstellar gas (H II, H2) [19] and of the interstellar radiation field. The spatial
density distribution of the interstellar gas is a vital element in many astrophysical studies, but its
determination is difficult because of the position of the observer in one location in the Galactic
plane. Until recently models have employed the 2D Galactocentric azimuthally symmetric ge-
ometry approximation, but their accuracy is well behind the accuracy of available data. New 3D
spatial density models for the neutral and molecular hydrogen are constructed based on empirical
model fitting to gas line-survey data. The developed density models incorporate spiral arms and
account for the warping of the disk, and the increasing gas scale height with radial distance from
the Galactic center.

The models for the interstellar radiation field [18] are developed based on stellar and dust
spatial density distributions taken from the literature that reproduce local near- to far-infrared ob-
servations. The interstellar emission models that include arms and bulges for the CR source and
interstellar radiation densities provide plausible physical interpretations for features found in the
residual maps from high-energy γ-ray data analysis. The 3D models for CR and interstellar radia-
tion densities provide a more realistic basis that can be used for the interpretation of the non-thermal
interstellar emissions from the Galaxy.

Finally, a couple of just-published papers provide illustrative examples of GALPROP capa-
bilities. Model calculations of propagation of CR e± and generation of the γ-ray emission in a
two-zone diffusion model around the Geminga pulsar are described in [50, 51]. The calculations
are made for the whole Galaxy in steady state and time-dependent approximations employing a
non-uniform grid for a region around Geminga and taking into account the proper motion of the
pulsar. It predicts a γ-ray tail trailing the pulsar to appear because of the local over-density of elec-
trons/positrons that is potentially detectable with Fermi-LAT. The analysis of the diffuse emission
in the direction towards the outer halo of M31 (the Andromeda galaxy) is described in [52, 53].
Application of the GALPROP-generated templates allows the foreground emission of the Milky
Way to be removed revealing an extended ∼400 kpc-across γ-ray-emitting halo with the spectral
shape that is dramatically different from the spectral shapes of other components of the foreground
diffuse emission. Such a halo is detected for the first time that may lead to interesting conclusions.

GALPROP development is partially funded by NASA through grant NNX17AB48G.
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