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Abstract: The High-Altitude Water Cherenkov Gamma-Ray Observatory (HAWC) is set to become one of
the world’s most sensitive wide-field observatories of TeV gamma rays and cosmic rays. In anticipation of
commissioning the full observatory, we have created simulated data sets which model the response of the HAWC
detector to TeV particles. These data sets contain the same time dependence and statistical fluctuations as the
data. They are then used to optimize the data analysis, investigate artifacts introduced by our analysis techniques,
and estimate the sensitivity of HAWC. We present a simulation of cosmic rays which includes the shadow of the
moon and a 10−3 anisotropy in the cosmic ray arrival directions. We also show how the simulation is used to
incorporate time-dependent models of gamma-ray sources.
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1 Introduction
The HAWC Observatory is a water Cherenkov array cur-
rently under construction in Sierra Negra, Mexico. The
HAWC “data challenge” is an all-sky simulation designed
to model the response of the detector to sources of TeV
cosmic rays and gamma rays. The purpose of the data
challenge is to produce simulated data sets with realistic
distributions of event energies, local arrival directions, and
arrival times. The data also contain a small number of
reconstruction observables, such as the number of PMT
hits per event or gamma/hadron separators, which are
commonly used in analysis cuts.

The HAWC detector Monte Carlo is based on sim-
ulations of air showers with CORSIKA [1] and of the
water Cherenkov detectors with Geant4 [2]. The Monte
Carlo is useful for characterizing the detector response, but
the computational cost of event production with CORSI-
KA+Geant4 makes the full simulation of many different
signal and background hypotheses impractical.

One workaround for this problem is to reweight simulat-
ed events to match a desired source hypothesis. In the data
challenge, we use a complementary approach. Rather than
reweight existing simulations, we produce new fake events
using a model of the detector effective area Aeff(θ ,E, t)
which depends on time t, energy E, zenith angle θ , and
mass composition. Given Aeff it is possible to produce N
events from m particle species with differential fluxes f
from a solid angle Ω by integrating the expression

N(t) =
m

∑
i

∫
dt

∫
dE

∫
dΩ fi(θ ,E, t) ·Aeff,i(θ ,E, t). (1)

From the detector Monte Carlo we produce tables Aeff,i
for each particle type i, and for given source fluxes fi
we numerically integrate eq. (1) to create new events.
To produce reconstruction observables we also construct
multi-dimensional energy- and zenith-dependent tables of
the observables of interest and sample quantities from the
tables using a linear interpolation algorithm [3].
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Fig. 1: Residual intensity of the dipole (red) and small-
scale structures (blue) injected into the isotropic cosmic-
ray background.

2 Simulation of Cosmic Rays
The earliest experimental observations accessible to
HAWC are the anisotropy of the cosmic rays [4] and the
shadow of the moon [5]. To estimate the sensitivity of the
detector in the data challenge we start with simulations
of these cosmic-ray signals. We simulate eight cosmic
ray nuclear species in the HAWC Monte Carlo: H,
4He, 12C, 16O, 20Ne, 24Mg, 28Si, and 56Fe. With these
simulated events we have constructed effective area and
reconstruction tables for each particle type. To produce
fake events we use broken power law parameterizations
of recent measurements of the cosmic-ray flux between
10 GeV and 100 TeV [6, 7, 8, 9].

2.1 Cosmic Ray Anisotropy
Isotropic cosmic rays are produced by drawing random
energies from the cosmic-ray spectrum and then uniform-



All-Sky HAWC Simulation
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

Fig. 2: Top: Cosmic ray angular probability density at
1 TeV, showing the dipole and small structure atop a
large isotropic background. Bottom: Significance of the
anisotropy in 30 days of simulated data, recovered using
the time integration algorithm with ∆t = 24 hr (see below).

ly generating arrival directions on the unit sphere. The
detector response is applied using the species-dependent
Aeff tables with a simple acceptance/rejection calculation.
Once an event of energy E and zenith angle θ is accepted,
a tuple of observables such as the number of hits, the
gamma/hadron separator, and the opening angle between
the true and reconstructed shower track are resampled
from the observable tables. The opening angle is then used
to scatter the arrival direction about the initial random
draw, automatically introducing the smearing effects of the
detector reconstruction into the simulated data.

To produce an anisotropy in the cosmic rays, we alter
the algorithm slightly by using an energy- and direction-
dependent probability density function (PDF) describing
the anisotropy we wish to model. Arrival directions and
energies are generated from this PDF.

The energy spectrum and morphology of the anisotropy
used in the data challenge are shown in Fig. 1 and the
top panel of Fig. 2. We model a large-scale anisotropy
as a dipolar structure with an excess oriented toward
right ascension α = 15◦ and declination δ = 10◦. The
dipole strength increases mildly as a function of energy
but does not change its orientation. An additional small-
scale anisotropy is modeled after the elongated regions
excess flux at α = 60◦ (region A) and α = 120◦ (region B)
reported by Milagro and ARGO-YBJ [10, 11].

The combined isotropic background, dipole, and small-
scale structure at 1 TeV is plotted in Fig. 2. In the bottom
panel of the figure we plot the significance of features in
30 days of simulated data, derived from the same direct
integration algorithm [12] that we apply to the real data [4].
In this case an integration interval of 24 hours is chosen.
Both the large and small-scale structures are visible in the
significance map; region A is detected at > 5σ in 30 days,
which we also observe in the real data [4]. Un-physical
artifacts are also visible at high northern declinations. It is
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Fig. 3: Simulated deflection angles of eight nuclear species
in the geomagnetic field as a function of primary energy.
The cosmic rays are produced isotropically up to a zenith
of 50◦. These deflections are used to determine the offset
of the moon shadow observed in the 30-tank configuration
of HAWC (HAWC-30).

in this manner that we use the data challenge to test our
analysis algorithms and understand the artifacts they may
produce.

2.2 Shadow of the Moon
The moon is opaque to cosmic rays, so the point source
analysis can be used to search for a small deficit of cosmic
rays from the direction of the moon. HAWC is sensitive
to air showers with energies below 100 GeV, where the
deflection of cosmic rays in the geomagnetic field becomes
significant. Therefore, the apparent position of the moon in
cosmic rays will differ from its true position, and we must
account for this effect if we wish to use the moon shadow
to verify the absolute pointing and angular resolution of
the detector.

We simulate the deficit of events from the moon as
follows. First we generate a simulated set of cosmic rays as
described in the last section. Using the cosmic-ray charges,
energies, and arrival directions, we then trace each particle
back through the geomagnetic field [13] to the radius of
the lunar orbit. At this location we check to determine if
the final position of the particle is located inside the lunar
surface. If so, the particle is removed from the simulated
sample. Any surviving events are smeared in direction to
account for the angular resolution of the detector.

The geomagnetic deflection of particles arriving at the
HAWC site is shown in Fig. 3, and is fit by the power law

δθ ≈ 1.6◦ ·Z
(

E
TeV

)−1

. (2)

Using the simulation of cosmic rays observed in the 30-
tank configuration of HAWC, we estimate that the moon
shadow should be offset −0.4◦ ± 0.1◦ in right ascension
from the true position of the moon. This prediction is
matched well by observations [5].
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Fig. 4: Top Left : Simulated galactic diffuse gamma-ray flux produced by the decay of π0 particles, shown in the region
of the sky visible to HAWC. Top Right: Diffuse flux produced by inverse Compton scattering. Bottom Left : Diffuse flux
due to bremsstrahlung. Bottom Right: Six months of diffuse gamma rays observed with the HAWC-300 detector.

3 Simulation of Diffuse Emission
HAWC is the only TeV observatory currently able to
observe the large-scale diffuse emission of gamma rays,
so the simulation of these sources is another critical test
of our analysis. Diffuse emission in the data challenge
refers to galactic gamma rays from three sources. The first
population of diffuse gamma rays we model is the decay
of the π0 particles produced when cosmic rays interact
with dust and gas in the interstellar medium. A simulation
of π0 emission at 1 TeV produced with GALPROP [14]
is shown in the upper left panel of Fig. 4. A second
population is produced by the inverse Compton Scattering
(ICS) of photons from galactic and extragalactic radiation
fields up to TeV energies by cosmic-ray electrons (upper
right panel of Fig. 4). A third population is produced
by bremsstrahlung as cosmic rays diffuse through the
interstellar medium (lower left panel of Fig. 4). While
diffuse emission can also refer to extragalactic gamma-
ray fluxes and unresolved point sources, these are not
separately modeled in the current data challenge.

Diffuse gamma rays are simulated much like the
anisotropic background of cosmic rays. An energy- and
position-dependent 3D sky map is used to sample the
source flux, which is then numerically integrated against
the detector effective area. Since the all-sky diffuse
gamma-ray flux has not been observed in the TeV band,
we use 3D tables giving flux as a function of energy
and galactic coordinates produced with GALPROP. The
GALPROP tables were created by propagating galactic
cosmic rays through molecular gas maps. GALPROP
uses measurements of the cosmic-ray flux and nuclear
abundance ratios, as well as galactic and extragalactic
photons, to generate flux predictions for the gamma rays.

We have simulated the diffuse flux from π0-decay, ICS,
and bremsstrahlung between 10 GeV and 100 TeV in the
field of view of HAWC. The number of diffuse gamma-ray
events observed in six months of simulated data is shown

in the bottom right panel of Fig. 4. This diffuse map can be
used to check analysis code and tune cuts to optimize the
sensitivity of HAWC to diffuse emission.

4 Simulation of Point Sources
The observation of transient emission from point sources is
a major component of the HAWC science program. Time-
dependent emission is a feature of many, if not most, of
the known sources of gamma rays in the sky. Of particular
interest for HAWC are gamma-ray bursts (GRBs) and
flaring active galactic nuclei (AGN), because strong flares
may be the only way that HAWC can be used to observe
objects with quiescent fluxes below 10 mCrab during the
lifetime of the observatory [15]. Finally, HAWC may be
the only facility that can observe many transients (even
those lasting days) because of the low uptime of other TeV
detectors.

We have written the data challenge software to support
the simulation of time-dependent fluxes of gamma rays
from point sources. It is only necessary to provide a table
of flux values versus modified Julian Date (MJD). When
events are generated from a transient source, the flux is
scaled up or down as a function of time with respect to
the average flux in the light curve table. Once events are
generated, their arrival directions are scattered about the
location of the source using the re-sampled opening angle
distribution of the HAWC detector Monte Carlo.

The light curve of 1ES 1215+303, an AGN which flared
between August and November 2008, is shown in Fig. 5.
The flare was observed by Fermi-LAT and its light curve
in the GeV band is provided in the 2FGL point source
catalog [16]. Using the measurements from the LAT, we
simulated two years of observations of this source in the
HAWC-300 detector. The flux was extrapolated to TeV
using the power-law spectral fit provided in the 2FGL cat-
alog. Since 1ES 1215+303 is located at redshift z = 0.13,
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Fig. 5: Left : Light curve of the AGN 1ES 1215+303 from the Fermi-LAT 2FGL catalog [16]. Right: Simulated events in
HAWC-300 from the source 1ES 1215+303.

we attenuated the high-energy tail of the spectrum using
a model of the infrared component of the extragalactic
background light [17].

The number of simulated events from 1ES 1215+303 as
a function of time is plotted in the right panel of Fig. 5.
The flux during the flare, > 2× the quiescent average, is
reproduced in the simulation. In order to define a flare
with more time resolution or a different shape, it is only
necessary to provide the desired light curve table.

5 Conclusions
We have developed a suite of programs to produce sim-
ulated data sets in which we model sources of cosmic
rays and gamma rays. The software has been used to
generate anisotropic cosmic-ray backgrounds, sky maps
of the moon shadow in cosmic rays, and data sets with
TeV gamma rays from point-like and diffuse sources. The
simulation of point sources includes real and simulated
light curves. We have verified the software and used
the results to test the analysis of data from the 30-tank
configuration of HAWC, in particular the study of the
cosmic-ray anisotropy and the moon shadow.
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