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Abstract: The GALPROP project celebrates its 17th anniversary this year. It is devoted to the development of a
self-consistent model for cosmic-ray (CR) propagation in the Galaxy and associated diffuse emissions (radio,
microwave, X-rays, γ-rays). The project stimulated independent studies of the interstellar radiation field (ISRF),
distribution of the interstellar gas (H2, H I, H II), synchrotron emission and the Galactic magnetic field, and a new
study of the isotopic production cross sections (ISOPROCS project). These studies provide necessary and unique
input datasets for the GALPROP model. The code was optimized and parallelized for use with time-consuming
applications, such as Markov Chain Monte Carlo, MultiNest, and SuperBayeS. The latest version of the code is
available through the WebRun, a service to the scientific community enabling easy use of the GALPROP code via
web browsers.
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1 Introduction
After 100 years of research on CRs we know that they are
a universal phenomenon with particles both Galactic and
extragalactic in origin. Their energy range spans 15 orders
of magnitude from 106 to 1021 eV. Galactic sources of ener-
getic particles include supernova remnants, pulsars, stellar
flares, etc., all of which inject particles into the interstellar
medium. Extragalactic objects driven by black holes (aka
active galactic nuclei – AGN), γ-ray burst sources, and in-
tergalactic shocks may be the accelerators of extragalactic
particles at the upper end of the energy range.

The source spectra are modified as the particles propa-
gate to the Earth where we observe them directly. Propa-
gation involves diffusion and convection in the interstellar
plasmas. Particles interacting with gas (protons and elec-
trons) and radiation and magnetic fields (electrons) produce
emissions throughout the whole electromagnetic spectrum:
radio via synchrotron, X-rays via inverse-Compton colli-
sions, synchrotron and bremsstrahlung, and γ-rays via pp-
collisions and neutral pion decay and by inverse Comp-
ton and bremsstrahlung. Direct detection of the particles
at Earth is possible via balloon and satellite-borne instru-
mentation, while indirect detection involves observations of
extensive air showers and electromagnetic emissions from
interstellar space. CRs include all stable and long-lived par-
ticles and isotopes. They may also contain signatures of
new physics, such as the products of WIMP annihilations
or decay or other SUSY particles.

Astrophysics of CRs is currently on the rise. Last several
years were rich with discoveries in this field, thanks to im-
proved instrumentation, moving us closer to understanding
of the origin of CRs. Even more is expected in the near
future. Low energy CR detectors on spacecraft, such as the

Advanced Composition Explorer (ACE), and the Voyagers
1 and 2, are continuing to provide data on isotopic compo-
sition at different heliospheric distances including the he-
liosheath at 125 AU. The Payload for Antimatter Matter Ex-
ploration and Light-nuclei Astrophysics (PAMELA) is still
collecting data on antiprotons, light nuclei, electrons, and
positrons at high energies. A significantly larger Alpha Mag-
netic Spectrometer (AMS-02) on board of the International
Space Station (ISS) is about to release its precise measure-
ments of CR composition in a wide energy range. Elemental
spectra are provided up to the TeV range by the Cosmic Ray
Energetics And Mass (CREAM), Advanced Thin Ionization
Calorimeter (ATIC), and the Transition Radiation Array for
Cosmic Energetic Radiation (TRACER) experiments. The
Fermi Large Area Telescope (Fermi-LAT) continues to col-
lect data that will improve electron and positron measure-
ments up to TeV energies. Space- and ground-based obser-
vatories, the International Gamma-Ray Astrophysics Labo-
ratory (INTEGRAL), Fermi, the High Energy Stereoscopic
System (HESS), Major Atmospheric Gamma-ray Imaging
Cherenkov Telescopes (MAGIC), and the Very Energetic
Radiation Imaging Telescope Array System (VERITAS),
observe keV – TeV energy emissions produced by energetic
particles. High-resolution multifrequency data in the mi-
crowave domain are provided by the Wilkinson Microwave
Anisotropy Probe (WMAP) and PLANCK. A number of
other experiments are under construction or about to release
their first data, e.g., Super Trans-Iron Galactic Element
Recorder (Super-TIGER), High-Altitude Water Cherenkov
Observatory (HAWC), ISS-CREAM, and CALorimetric
Electron Telescope (CALET); the Cherenkov Telescope Ar-
ray (CTA) is currently under development.

Observations of the diffuse γ-ray emission from normal
galaxies (LMC, SMC, M 31) and starburst galaxies (M 82,
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Figure 1: Left: The number of registered GALPROP users. The kink in Summer of 2010 corresponds to the date when the WebRun
service became available on-line. Right: The cumulative number of submitted WebRun jobs.

NGC 253) by the Fermi-LAT [1, 2, 3, 4] and by the atmo-
spheric Cherenkov telescopes [5, 6] show that CRs are a
widespread phenomenon associated with the process of star
formation. The Milky Way is the best-studied non-AGN
dominated star-forming galaxy, and the only galaxy for
which direct measurements of CR intensities and spectra
are available. It provides us with a useful reference point for
studies of other normal galaxies [7, 8]. However, because
of our position inside, the derivation of global properties is
not straightforward and requires detailed models of the spa-
tial distribution of the emission. Understanding the global
energy budget of processes related to the injection and prop-
agation of CRs [8], and how the energy is distributed across
the electromagnetic spectrum, is essential to interpret the
radio/far-infrared relation [9, 10], galactic calorimetry [11],
predictions of extragalactic backgrounds [12, 13, 14], and
for many other studies.

2 The GALPROP code
The GALPROP project [15, 16] began in late 1996 and
has now 17 years of development behind it1. The code,
originally written in fortran90, was made public in 1998.
A version rewritten in C++ was produced in 2001, and the
most recent public version is v.54, which was significantly
updated since its first release [17]. 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 is also provided [17]. Figure 1 shows the current
usage statistics.

The first GALPROP Workshop3 devoted to the CR
acceleration and propagation as well as to the description of
the interstellar medium was hosted by Stanford University
in 2011 and was very successful.

The key concept underlying the GALPROP code is
that various kinds of data, e.g., direct CR measurements
including primary and secondary nuclei, electrons and
positrons, γ-rays, synchrotron radiation, and so forth, are
all related to the same astrophysical components of the
Galaxy and hence have to be modeled self-consistently [18].
The goal is for GALPROP-based models to be as realistic
as possible and to make use of available astronomical
information, nuclear and particle data, with a minimum
of simplifying assumptions. A complete description of the
rationale and motivation is given in the review [19]. A very
short summary of GALPROP is provided below; for details
the reader is referred to the relevant papers [15, 16, 17, 20,
21, 22, 23, 24, 25, 26].

The GALPROP code solves the CR transport equation
with a given source distribution and boundary conditions
for all CR species [16]. This includes a galactic wind (con-
vection), diffusive reacceleration in the ISM, energy losses,
nuclear fragmentation, radioactive decay, and production
of secondary particles and isotopes. The distribution of CR
sources can be specified as required (see, e.g., [26]), and
the injection spectra can be chosen independently for each
of the CR species. The numerical solution of the transport
equation is based on a Crank-Nicholson implicit second-
order scheme [27]. The spatial boundary conditions as-
sume free particle escape. For a given halo size the diffu-
sion coefficient, as a function of momentum and the reac-
celeration or convection parameters, is determined from
secondary/primary ratios. If reacceleration is included, the
momentum-space diffusion coefficient Dpp is related to
the spatial coefficient Dxx (= βD0ρδ ) [28], where δ = 1/3
for a Kolmogorov spectrum of interstellar turbulence or
δ = 1/2 for a Kraichnan cascade (but can also be arbitrary),
ρ ≡ pc/Ze is the magnetic rigidity. Non-linear wave damp-
ing [25] can also be included if required.

Cross-sections are based on the extensive LANL
database, nuclear codes, and parameterizations [29]. The
most important isotopic production cross-sections are cal-
culated using our fits to major production channels [22, 30].
Other cross-sections are computed using phenomenolog-
ical approximations [31] and/or [32] renormalized to the
data where they exist. The nuclear reaction network is built
using the Nuclear Data Sheets. An independent project
aimed at an improved representation of the isotopic pro-
duction cross sections (ISOPROCS project) is currently
under development [33] (see also Moskalenko et al., these
proceedings).

The GALPROP code computes a complete network of
primary, secondary and tertiary CR production starting from
input source abundances. Starting with the heaviest primary
nucleus considered (e.g. 64Ni, A = 64) the propagation so-
lution is used to compute the source term for its spallation
products A−1, A−2 and so forth, which are then propa-
gated in turn, and so on down to protons, secondary elec-
trons and positrons, and antiprotons. The order of propaga-
tion of CR species with the same A is optimized according
to the dependency graph, which allows for all types of ra-
dioactive decay to be accounted in a single loop thus sig-

1. http://sciencewatch.com/dr/erf/2009/09octerf/09octerfStronET/
2. http://galprop.stanford.edu
3. http://galprop.stanford.edu/workshop2011
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Figure 2: Latitude profile for model SSZ4R20T 150C5 showing
the innermost 60◦ about the Galactic center. The emission com-
ponents: H I (red, long-dashed), H2 (cyan, dash-dotted), and H II
(pink, long-dash-dash-dotted), and also inverse Compton (green,
dashed). Also shown are the isotropic component (brown, long-
dash-dotted), the detected sources (orange, dotted), total diffuse
emission (blue, long-dash-dashed), and total model (magenta,
solid). Fermi-LAT data are shown as points with statistical error
bars and the systematic uncertainty in the effective area is shown
as a gray band.

nificantly cutting the run time for CPU-heavy applications
[34] (this option will be available soon). The inelastically
scattered protons and antiprotons are treated as separate
components (secondary protons, tertiary antiprotons). GAL-
PROP includes K-capture and electron stripping processes
as well as knock-on electrons.

Production of neutral pions, secondary positrons and
electrons is calculated using the formalism of [35, 36]
as described in [15] with a correction from [37] or using
parameterizations [38], [39]. Antiproton production uses
formalism described in [21].

The γ-ray and synchrotron emissivities are calculated
using the propagated CR distributions, including a contri-
bution from secondary particles such as positrons and elec-
trons from inelastic processes in the ISM that increases the
γ-ray flux at MeV energies [40, 41]. The inverse Comp-
ton (IC) scattering is treated using the appropriate formal-
ism for an anisotropic radiation field [20] with the full
spatial and angular distribution of the interstellar radia-
tion field (ISRF) [40, 42]. For a new calculation of ISRF
with Bayesian parameter estimation and model selection
see Porter and Vladimirov (these proceedings). The elec-
tron bremsstrahlung cross section is calculated as described
in [23]. Intensity skymaps are then generated using line-
of-sight integrations where the gas-related γ-ray intensities
(π0-decay, bremsstrahlung) are normalized to the column
densities of H I and H2 for Galactocentric annuli based on
recent 21-cm and CO survey data. A 3D model of the Galac-
tic gas components is currently under development (see
Jóhannesson et al., these proceedings). The synchrotron
emission [43, 44] can be computed for different parame-
terizations of the Galactic magnetic field (see Orlando and
Strong, these proceedings). Spectra of all species on the
chosen grid and the γ-ray and synchrotron sky maps are out-

Figure 3: Longitude profile for model SSZ4R20T 150C5 showing
north intermediate latitudes. See Figure 2 for legend.

put in standard astronomical formats for direct comparison
with data: FITS, HEALPix4 [45], and Fermi-LAT MapCube
format for use with LAT Science Tools software5.

Also included in GALPROP are specialized routines to
calculate the propagation of DM annihilation or decay prod-
ucts and associated diffuse γ-ray emission and synchrotron
sky maps. The routines allow the DM profile, branching
ratios, and particle spectra to be user-defined and calculate
the source functions of the products of DM annihilation
and γ-ray emissivity. The particles are then propagated as
separate species with the same propagation parameters as
other CRs. The sky maps are calculated using the line-of-
sight integration of the corresponding emissivities.

Details of the optimization of the code, linking to other
codes (e.g., DarkSUSY [46], SuperBayeS [34, 47, 48]) and
so forth, can be found at the aforementioned website.

3 Diffuse Galactic emission
A majority of observed γ-rays (about 80%) are diffuse,
originating in energetic CR interactions with the interstellar
gas and radiation field or are attributed to an “isotropic
(presumably extragalactic) component. The large photon
statistics collected by the Fermi-LAT allows for a detailed
study of the diffuse emission and the underlying spectra of
CRs at distant locations.

A recently published extensive study of the Galactic
diffuse emission based on Fermi-LAT data [26] provides
an illustrative example of the GALPROP capabilities. A
grid of 128 models covering the plausible confinement
volumes, source distributions, H I spin temperature, and the
E(B−V ) magnitude cuts has been explored. The resulting
model skymaps were then compared with the LAT data
using the maximum likelihood, the process being iterated
since model parameters depend on the outcome of the fits.
Models include all components of the gas (H2, H I, H II, and
the “dark gas” through the dust reddening-corrected column

4. http://healpix.jpl.nasa.gov
5. http://fermi.gsfc.nasa.gov/ssc/data/analysis
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Figure 4: Spectrum of the intermediate latitude region for model
SOZ8R30T ∞C2 along with isotropic background (brown, long-
dash-dotted) and the detected sources (orange, dotted). The emis-
sion components: π0-decay (red, long-dashed), inverse Compton
(green, dashed), and bremsstrahlung (cyan, dash-dotted). Also
shown is the total diffuse emission (blue, long-dash-dashed), and
the total emission including detected sources and isotropic back-
ground (magenta, solid). The Fermi-LAT data are shown as points.
The gray region represents the systematic error in the Fermi-LAT
effective area.

density), inverse Compton from the observed infrared and
stellar photon fields (and the microwave background), point
sources, etc. The agreement with data spanning many orders
of magnitude in intensity is good. Illustrative examples
are shown in Figures 1-4; see [26] for the definition of the
model coding.

However, the fits are not perfect. Discrepancies between
the physical model and high-resolution data (Figures 5),
the residuals, are a potential gold mine of new phenomena.
Every extended source and/or process that is not included
in the model pops up and exposes itself as a residual. One
example is the Fermi Bubbles above and below the plane
that were associated with activity at the Galactic center [49].
The other residuals, including the negative ones, are equally
interesting.
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