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ABSTRACT

Aims. We develop a code, the BatImager, for efficient data processing and image reconstruction of the Swift-BAT survey data.
Methods. The software performs image reconstruction via the cross-correlation method and also generates source spectra and light
curves. The software is optimized for the direct production of all-sky mosaics on an equi-area spherical grid. To reduce systematic
errors, we perform an accurate inflight calibration of the instrument, producing an improved description of the mask pattern, time-
dependent pixel equalization maps, boresight misalignment correction, and energy dependent off-axis count rate correction.
Results. The software is fully tested and used for the analysis of BAT survey data, demonstrating that the BatImager is competitive
in exploiting the BAT capabilities both for sensitivity and for position reconstruction.
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1. Introduction

Imaging techniques based on focusing the X-ray radiation
by grazing reflection from mirrors become ineffective above
∼10 keV because of technological constraints. At higher en-
ergies, coded mask imaging (e.g., Fenimore & Cannon 1978;
Skinner et al. 1987a) is an efficient alternative method, which
allows medium resolution (arcmin) imaging.

Several space observatories have been equipped with
coded mask telescopes: Spacelab/XRT (Skinner et al. 1987b),
MIR/KVANT/TTM (Sunyaev et al. 1991), GRANAT/ART-P
(Pavlinsky et al. 1992, 1994), GRANAT/SIGMA (Paul et al.
1991; Sunyaev et al. 1991), and BeppoSAX/WFC (Jager et al.
1997). Coded mask imagers now operate onboard INTEGRAL
(the IBIS, JEM-X, and SPI telescopes; Winkler et al. 2003),
Swift (the Burst Alert Telescope, BAT; Barthelmy et al. 2005),
and AGILE (Super-AGILE; Feroci et al. 2007).

In these telescopes, the radiation originating in the sky
sources is spatially modulated by a mask consisting of an array
of opaque elements and recorded by a position-sensitive detec-
tor. To avoid ambiguities in the reconstruction of the sky image,
the mask pattern is designed in such a way that the radiation
from each sky direction casts a unique shadow on the detector.
By knowing the orientation of the satellite in space and by an-
alyzing the data from the detector, it is possible, using image
reconstruction algorithms, to evaluate the position and the in-
tensity of all cosmic sources and of the background level, thus
reproducing the image of the observed sky.

The aim of this paper is to describe the code (BatImager)
that we developed to analyze the BAT survey data. The software
performs image reconstruction, spectra, and light curve extrac-
tion, and has been optimized in particular for the direct produc-
tion of all-sky mosaic skymaps on an equi-area spherical grid.
The code is based on the widely used cross-correlation method

and iterative removal of sources for the image reconstruction
(in ’t Zand 1992; Jager et al. 1997; Goldwurm et al. 2003); the
reduction of systematic errors (which is the most difficult task
when dealing with a real instrument) is treated with great care
using novel approaches.

The paper is organized as follows. In Sect. 2, we describe the
BAT telescope and the survey data set. In Sect. 3, we describe
the BatImager software in detail. In Sect. 4, we describe our
instrument calibration solutions for the BAT boresight correc-
tion, the modeling of the coded mask pattern, the pixel efficiency
map, and the off-axis energy correction. In Sect. 5, we describe
the screening criteria applied to the data archive. In Sect. 6, we
present the performance of our software and a comparison with
the software developed by the BAT hardware team; finally, in
Sect. 7, we summarize our results.

2. The BAT survey data

The BAT is a coded-mask detector sensitive in the 15–150 keV
band, with a field of view (FOV) of 1.4 steradian (half coded),
used as a GRB detector onboard Swift (Gehrels et al. 2004).
While awaiting new GRBs, it continuously collects spectral and
imaging data in survey mode, covering every day a fraction of
the sky between 50% and 80%. Data are immediately made
available to the scientific community in the public Swift data
archive1 together with housekeeping and spacecraft attitude in-
formation.

The Swift-BAT entrance window is a 2.7 m2 coded-aperture
mask of 5×5 mm2 elements placed 1 m above the detector plane.
The mask is designed with a pseudo-random pattern that offers
the advantage with respect to cyclic patterns (like e.g., the one

1 http://swift.gsfc.nasa.gov/cgi-bin/sdc/ql
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used for IBIS) that the reconstructed images are unaffected by
ghost sources, which can be completely eliminated only by mod-
eling the instrument at a level that is difficult to obtain. On the
other hand, this design is characterized by a non optimal point
spread function (PSF) with side lobes extending over the whole
image and inducing cross-contaminations among all the sources
in the same FOV.

The BAT detector plane consists of a 5200 cm2 array of
32 768 4 × 4 mm2 CdZnTe elements separated by thin (0.2 mm)
gaps. Pixels are organized into 128 element sub arrays (mod-
ules) and mounted onto 16 mechanical structures (blocks). The
gaps between modules are integer multiples (2 or 3) of the ba-
sic pixel pitch (Barthelmy et al. 2005). The ratio of the mask
element size to the pixel pitch is ≈1.19 and the full width half
maximum (FWHM) of the on-axis PSF is ≈22 arcmin.

The BAT survey data are collected in the form of detector
plane histograms (DPH, Markwardt et al. 2007). A DPH con-
sists of a three-dimensional array, where an 80 channel spectrum
is accumulated for each detector pixel over the integration pe-
riod. A typical DPH integration time is five minutes, but longer
integration times are sometimes possible (e.g., when telemetry
reduction is needed) as well as shorter integration times since
survey mode is always interrupted when the spacecraft begins
a slew to a new target or when entering the South Atlantic
Anomaly (SAA).

3. Software description

The main objective of BatImager is to produce skymaps, light
curves, and spectra, starting from a list of DPH and calibration
files. To decrease the time required to process the huge BAT
archive, all processing steps (from shadowgram accumulation to
all-sky mosaicking) are integrated in one single executable, thus
reducing the number of mathematical computations and unnec-
essary I/O operations.

Intermediate products are used to generate the calibration
files needed to reduce the systematic errors in image recon-
struction (Sect. 4). The main analysis steps implemented in the
BatImager are described in detail in the following subsections
and illustrated in Fig. 1 with a flowchart.

3.1. Shadowgram accumulation and cleaning

To obtain an image of the detector plane (shadowgram), each
DPH file is integrated in a selected energy interval. Then,
to identify the pixels that are disabled during the integration
time or that are too noisy, the corresponding housekeeping en-
abled/disabled detector maps (taken at times immediately before
and after the DPH acquisition time) are checked.

The code also analyzes the statistical distribution of the
counts in the shadowgram and rejects the pixels corresponding to
the histogram outliers. At this stage however, some noisy pixels
can escape rejection because the shadowgram pixel distribution
is broadened by the presence of bright sources and background
spatial variations. For this reason, the pixel screening is repeated
later (Sect. 3.5), after the subtraction of the contribution from all
bright sources and the background spatial model.

3.2. Skymap reconstruction

A widely used method to obtain maps of the sky from a coded
mask instrument is to cross-correlate the detector shadowgram
with a decoding array derived from the projection of the mask
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Fig. 1. Flowchart of the BatImager software. All processing steps are
integrated in a single executable to reduce the number of mathematical
computations and unnecessary I/O operations.

pattern onto the detector plane. The balanced cross-correlation
formula (as described e.g., in Fenimore & Cannon 1978) al-
lows us to obtain background-subtracted sky images, however,
this formula assumes an ideal detector plane with no gaps
or dead pixels, perfectly uniform pixel efficiencies, and a flat
background distribution across the detector plane. Any devia-
tion from these ideal conditions produces fluctuations in the
reconstructed skymap that can be much higher than those ex-
pected from the counting statistics. In the sky image recon-
struction, we therefore adopted the balanced and renormalized
cross-correlation formula described in Goldwurm et al. (2003),
which allows us to take into account the differences in pixel ef-
ficiencies and the presence of gaps in the detection plane. The
method that we used to obtain the pixel efficiencies used in the
cross-correlation formula is described in Sect. 4.1.

To reduce the computation time, the skymaps of the entire
FOV are generated by performing the cross-correlation by means
of a Fast Fourier Transform (FFT) algorithm; skymaps obtained
in this way are defined on a rectangular grid of points with an
angular spacing corresponding to shifts of the mask pattern pro-
jection of integer multiples of the detector pixel pitch. This spac-
ing is however too coarse with respect to the imaging PSF of the
instrument (≈1.56 pixels FWHM); if a source position is not ex-
actly on one of the points where the FFT skymap is computed, it
is observed with a signal to noise ratio (SNR) that can be signif-
icantly reduced (≈43% lower in the worst case) with respect to
the SNR that would be obtained by using the cross-correlation
formula at the exact source position.
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Fig. 2. Scan of the Crab PSF (SNR) in a nearly on-axis BAT observa-
tion. The stepped line connects points from a skymap generated with
a 1/2 pixel grid spacing, while the solid line connects values from a
skymap generated with 1/10 pixel grid spacing.

To obtain skymaps with a finer grid spacing, BatImager
repeats the FFT cross-correlation process multiple times, each
time using a decoding array obtained by shifting the coded mask
pattern on-axis projection by a fraction of the detector pixel
pitch; the set of skymaps obtained in this way are defined on
grids of points shifted with respect to each other and can be
merged into a single skymap. In this way, skymaps defined on
a grid of points with angular spacing equivalent to any desired
fraction of the detector pixel pitch can be obtained.

The SNR profile of the Crab extracted from a skymap with a
very fine grid spacing is shown in Fig. 2; as is evident, to sam-
ple the source PSF in an acceptable way, the BAT skymaps must
be computed on a grid with an angular spacing equivalent to, at
least, 1/2 of the detector pixel linear size. With this spacing, the
SNR loss due to finite skymap sampling is, in the worst case,
≈13%; the SNR loss can be reduced to less than ≈6% by gen-
erating skymaps with a 1/3 pixel grid spacing. While finer grid
spacing of course provide higher quality images, the increase
in computational time must be considered when processing the
whole survey data archive.

We note that the method described above to produce
skymaps on a grid finer than the detector pixel, does not need
the introduction of any modification to the evaluation of the sta-
tistical uncertainty associated to the skymap signal, although, of
course, values in neighboring pixels are highly correlated. By
simulation of empty field observations, we verified that, inde-
pendently of the grid resolution, the histogram of pixel SNR in
skymap regions much larger than the PSF is always a Gaussian
with a zero mean and a unitary standard deviation, as expected.

3.3. Identification and subtraction of the bright sources

In a coded mask instrument like BAT, the sidelobes of the source
PSF extend over the whole reconstructed skymap, so that every
bright source in the FOV increases the fluctuations in the re-
constructed images above the noise expected from the counting
statistics alone.

While the statistical noise associated with the increment of
counts produced by the source (Poisson noise) cannot be elim-
inated, the fluctuations due to the source PSF spatial extension
(coding noise) can be removed by subtracting the model of the
source illumination pattern from the detector shadowgram.

The source detection in the skymap must then be imple-
mented with an iterative cleaning algorithm (iterative removal
of sources, IROS; Hammersley 1986; Hammersley et al. 1992;
in ’t Zand 1992).

In a preliminary skymap, the brightest sources are searched
for by looking for pixels whose significance is well above the lo-
cally measured skymap noise. Then, using the cross-correlation
formula, we produce a local skymap zoom with a very fine grid
spacing (e.g., 1/10 pixel) centered on the preliminary source po-
sition; a local bidimensional fit is then used to obtain the refined
source position. Using the local hyperfine grid, we eliminate any
influence of the coarser grid spacing adopted (to reduce process-
ing times) for the generation of the skymap of the entire FOV
via FFT .

The source intensity is then computed and its simulated illu-
mination pattern subtracted from the detector shadowgram. The
resulting cleaned shadowgram is then used to generate a new
skymap where, because of a lower noise level, other sources
can be searched for. The process is then repeated until no more
sources are detected.

The position of each detected source is then cross-correlated
with a reference source catalogue for identification. If the source
has a counterpart, its offset with respect to the nominal position
is used to verify the pointing accuracy and is stored in a calibra-
tion file used to correct the boresight alignment (Sect. 4.3).

3.4. Background modeling and subtraction

The cross-correlation algorithm used for image reconstruction
ensures a perfect subtraction of the background level only if
this is uniform over the whole detector plane. In any real
detector, however, the spatial distribution of the background
(cosmic and instrumental) is influenced by several factors
(e.g., scattering in the detector passive structure) that intro-
duce an energy-dependent and non-uniform spatial distribu-
tion on the detector plane. Moreover, the spatial distribution is
time-dependent since it is influenced by both the satellite point-
ing orientation and the external particle environment.

Figure 3 shows an example of the observed BAT background
distribution averaged over a large set of shadowgrams, showing
that the background count rate is much higher in the center than
in the external regions. This is because the pixels in the central
part of the detector are exposed to a larger sky solid angle and,
as a consequence, collect more diffuse cosmic ray background
(Ajello et al. 2008b). We also note that the pixels in the exter-
nal perimeter of each module are affected by higher background
count rates.

To avoid the appearance of large-scale structures in the re-
constructed skymaps, the background spatial distribution must
then be modeled and subtracted from the shadowgrams before
image reconstruction. BatImager derives a background spatial
model for each pointing by performing a principal component
analysis (PCA see e.g., Kendall 1980) of the shadowgram resid-
ual after the subtraction of the contribution from all the bright
sources.

The PCA is an algorithm that allows us to decompose a data
matrix in terms of an orthogonal basis vector set, the principal
components (PCs), sorted so that the first ones account for as
much of the variability in the data matrix as possible. The spa-
tial variation on a large scale associated with the non-uniform
background distribution can be reconstructed by means of the
first few PCs; to better preserve the unsubtracted sources, the
PCs selected for background modeling are replaced by their
interpolation with a low-order polynomial. This method allows
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Fig. 3. An example of BAT detector background map (cts/s) in the
25–100 keV energy range.

us to perform a flexible modeling of any kind of spatial distribu-
tion.

3.5. Final subtraction of sources and background

After subtraction of the illumination pattern of both the bright
sources and the background model, the statistical distribution of
values in the residual shadowgram is much narrower than the
original one. This allows us to perform a more robust identifica-
tion and rejection of bad pixels than in Sect. 3.1.

The BatImager then recomputes the intensity of all the
bright sources previously detected and of a list of sources
included in an input catalog, directly from the shadowgram
cleaned for the updated list of bad pixels, taking into account
the cross-contamination between sources in the same FOV. This
is achieved by computing (using the cross-correlation formula)
the contribution of each source to the skymap intensity at the
precise positions of all the other sources. A linear system is then
obtained that, solved by matrix inversion, provides the corrected
values for the source fluxes and the associated statistical uncer-
tainty; these values are used to generate light curves and spectra.

We note that, being entirely algebraic, the method outlined
above to remove source cross-contamination is much faster and
numerically stable than other methods based e.g., on parametric
fitting procedures.

The shadowgram, cleaned from both sources and back-
ground, is then converted into the final skymap, which, after the
vignetting correction described in the next paragraph, is used to
accumulate the all-sky mosaic.

3.6. Skymap flux off-axis corrections

The skymaps obtained by the balanced cross-correlation process,
are normalized for both the number of active detector pixels and
the partial coding. There are however other effects influencing
the measured source flux as a function of the off-axis angle that
must be corrected to obtain the optimum source detection in the
final mosaic:

– the partial occultation of the FOV by the Earth, Sun, and
Moon;

– off-axis geometric projection factor;
– absorption by the mask support layer.

Occultation by the Earth (Sun and Moon) is taken into account
by computing for each observation the fraction of BAT FOV

occulted by the Earth (Sun, Moon) and scaling the skymap in-
tensity by the true exposure time in each direction.

The effects of the projection angle on the measured count
rate are expressed by the cosine of the incident angle θ only
when the detector pixels are assumed to entirely absorb the in-
cident radiation. At high energy, when the detection efficiency
becomes lower than unity, using a simple cosθ factor as a
count rate correction would lead to a systematic overestimation
in the source equivalent on-axis flux. To avoid this effect, an
energy-dependent geometric factor g(θ, E) should be used. This
can be expressed by the formula

g (θ, E) ≈ cos θ · 1 − exp [−αD (E) / cos θ]
1 − exp [−αD (E)]

, (1)

where αD(E) is the product of the detector pixel thickness and
its photoelectric linear attenuation coefficient. We note that this
formula correctly predicts that the measured count rate becomes
independent of incident angle at high energy, when αD(E) → 0,
while it reduces to the cosθ factor at low energy (αD(E)� 1).

Including the flux attenuation in the mask support layer, the
measured source count rate, r(θ, E), as a function of the off-axis
angle can be expressed by

r (θ, E) = r0 (E) · g (θ, E) · exp

[
−αM (E) ·

(
1

cos θ
− 1

)]
, (2)

where r0(E) is the on-axis count rate spectrum and αM(E) is de-
fined so that exp[−αM(E)] provides the total attenuation (pho-
toelectric + Compton) in the mask support for on-axis illumi-
nation. An azimuthal dependence of the absorption factor is
also expected because of the honeycomb structure of the mask
support layer (Barthelmy et al. 2005); however, we have found
that its effect is marginal with respect to the systematic errors
(few %) in the count-rate estimation.

The off-axis correction factor for skymaps is obtained by av-
eraging Eq. (2) in the skymap integration energy range; we note
that in the averaging it is necessary to choose a reference count
spectrum r0(E), thus introducing a systematic bias (significant if
wide energy ranges are used) in the correction factor for sources
with a different spectral indices. The procedure that we used to
calibrate the parameters of the energy-dependent off-axis correc-
tion is described in Sect. 4.4.

3.7. Skymap projection and mosaicking

To accumulate a mosaic image, the skymaps obtained from in-
dividual detector pointing must be projected onto a common sky
reference system. When analyzing the all-sky survey, the strong
distortions present in any kind of plane projection systems (such
as e.g., AITOFF) in regions far from the projection axis, intro-
duce several problems.

The subdivision of the all-sky mosaic image into different
local projection systems, reduces geometrical deformations but
poses other problems. Since any individual pointing may con-
tribute to more than one of the local projection mosaics, these
are not entirely statistically independent. It is then not straight-
forward to merge the results obtained from the set of local pro-
jections into the global survey results.

These limitations can be overcome if the image mosaicking
and any subsequent analysis adopts a spherical coordinate grid
system in which each pixel covers the same area as every other
pixel; in this way, besides avoiding angular distortion, the gen-
eration of all-sky statistical histograms (e.g., sky coverage) is
straightforward. For visualization purposes, any selected regions
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or the entire mosaic sky map can be projected onto any conven-
tional 2D plane projection system.

From the several spherical coordinate grid systems that
have been defined, for our survey analysis we selected the
Hierarchical Equal Area isoLatitude Pixelization (HEALPIX)
(Górski et al. 2005), which was developed for the analysis of
all-sky satellite data.

The HEALPIX-based all-sky spherical grid that we adopted
in our analysis contains ≈2.9 × 107 pixels, corresponding to a
≈2.5 arcmin radius size for each sky pixel, thus providing more
than adequate oversampling of the BAT PSF. The number of pix-
els in the all-sky mosaic map is high enough to make PSF dis-
tortions in the projection procedure negligible, so the quality of
the final all-sky mosaic is limited only by the finite sampling
resolution of single pointing skymaps (Sect. 3.2).

To accumulate the all-sky mosaic, the coordinates of the
HEALPIX grid are projected onto the coordinate system of the
skymap obtained from the individual pointings. Then, for each
point in the projected HEALPIX grid, the intensity of the near-
est skymap pixel, weighted by the inverse of the associated sta-
tistical variance, is accumulated and the associated statistical er-
ror propagated accordingly. By using simulated data, we verified
that mosaics generated with this resampling method have a sig-
nificance distribution that is a Gaussian with a unitary standard
deviation independently of the grid spacing used for the single
pointing skymaps.

Beside the nearest pixel resampling strategy, bilinear inter-
polation can also be used to project the single pointing skymap
onto the final mosaic grid. When using this method it is nec-
essary to consider that it introduces a smoothing of the mosaic
fluctuations so the propagated statistical error overestimate the
actual mosaic noise. In simulated mosaics generated with this
resampling method, we measured a standard deviation of ≈0.9 if
single pointing skymaps with a grid resolution of 1/2 pixel are
used.

3.8. Mosaic normalization

If a perfect subtraction of all sky sources and background is
achieved, the histogram of values of the mosaic significance,
which is defined as the ratio of the mosaic intensity to the as-
sociated statistical error, should be a Gaussian with a zero mean
and a unitary standard deviation.

We checked the propagation of statistical errors in our code
by providing as input to the BatImager a set of simulated
data (with both background and sources) with Poissonian dis-
tribution, and verified that the histogram of values in the final
significance mosaic is the expected one. However, in the mo-
saic skymaps obtained from real survey data, a broadening of
the histogram is still observed. This can be caused mainly by
a non-perfect modeling of the source illumination pattern, that
although negligible in any single skymap, becomes significant
in the mosaic, and particularly evident in fields containing very
bright sources.

Since the non-statistical spatial fluctuations can produce
false source detections and wrong evaluation of source signifi-
cance, it is necessary to measure the true fluctuations in the final
mosaic rather than use the values obtained by the propagation of
statistical errors.

To achieve this aim, the software computes the SNR mean
values and standard deviations within a set of circular regions,
with a radius much larger than the PSF (a few degrees), sam-
pling the entire mosaic skymap. It then derives, by interpolation,
the all-sky maps of the local mean values and local standard
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Fig. 4. A typical distribution of pixel significances in BAT all-sky maps
corrected using locally measured means and standard deviations. The
Gaussian curve (a fit obtained by excluding the distribution tail) has a
mean and standard deviation consistent with 0.0 and 1.0, respectively.

deviations, which are used to correct the mosaic intensity
skymap and the associated statistical error. In Fig. 4, we show
an example of the typical SNR distribution of the pixels in the
all-sky mosaic map after the renormalization. This distribution
can be described (except for the positive tail produced by un-
subtracted sky sources) by a Gaussian distribution with unitary
variance and zero mean.

3.9. Mosaic source detection

Source detection in the final significance all-sky mosaic is per-
formed by applying a blind localization algorithm directly on
the HEALPIX spherical grid. Pixels whose significance value is
above a predefined threshold are identified and the source peak
position refined with a local fit. The source localization accuracy
that we obtained as a function of source significance is reported
in Sect. 4.3.

The threshold usually adopted for source detection is 4.8σ;
at this level, a few detections caused by random fluctua-
tions are however expected. In a skymap without sources
and a normal noise distribution, the probability of finding
a pixel with a significance higher than this threshold is
P(σ > 4.8)= erfc(4.8/

√
2)/2 ≈ 7.9 × 10−7; in our all-sky

HEALPIX skymap (with ≈2.9 × 107 pixels), we then expect to
find ∼23 pixels above the selected threshold. The number of spu-
rious sources is however lower than the number of pixels above
this threshold, because of the spatial correlation (on a scale of
the order of the PSF FWHM) between adjacent pixels.

The correct number of expected spurious sources is evalu-
ated by running the source detection algorithm on several all-sky
mosaics obtained from simulated empty field observations; in
these simulations, the typical number of spurious sources de-
tected is ∼15. In mosaics obtained from real observations, the
negative side of the pixel SNR distribution is also analyzed to
estimate the effects of systematic errors on the number of spuri-
ous sources.

The source candidates are then cross-correlated with known
catalogued source locations documented in the literature (e.g.,
Markwardt et al. 2005; Tueller et al. 2009; Ajello et al. 2008a)
for identification.
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3.10. Scientific products

Once the sources have been detected and their coordinates in-
cluded in a catalogue, this can be adopted as input to the
BatImager for a second run to extract their light curves and
spectra (Sect. 3.5). For these extractions, we use the same in-
formation used in the imaging analysis such as the non-uniform
background distribution, the pixel efficiency maps, and the cor-
rection for the cross-contamination between sources.

For each pointing a spectrum is generated and corrected
for the off-axis energy-dependent attenuation (Sect. 4.4). The
total source spectrum is then accumulated by summing the
single-pointing spectra weighted by the inverse of their variance.

Figure 5 shows a fit to the Crab spectrum generated by
our software for the full number of energy bins (80); the re-
sponse matrix used in the fit was obtained from the pub-
licly available BAT response, slightly modified to force the
Crab fit to the canonical model adopted by the BAT team2, a
power law with a photon index 2.15 and a normalization of
10.17 ph cm−2 s−1 keV−1 at 1 keV (Kirsch et al. 2005).

4. Inflight calibration

The skymaps generated by a coded mask instrument are nega-
tively affected by an imperfect knowledge of the real instrument.
These systematic errors induce fluctuation in the skymaps that,
for sufficiently long observations, inevitably become higher than
thoses expected from the counting statistics.

To obtain a more in-depth knowledge of the instrument, we
performed our own inflight calibration analysis. To achieve this
aim, we perform preliminary runs of the software to produce the
calibration files used as input to the image reconstruction process
in subsequent runs.

In the following sections, we describe the calibration analy-
sis that we performed.

4.1. Pixel efficiency maps

The pixel efficiency is expected to be inhomogeneous across the
detector e.g., due to variations in the quality of the detector ma-
terial, dead-time differences, or because of passive elements on
a small scale (e.g., pixel electronics and cables).

2 http://heasarc.gsfc.nasa.gov/docs/swift/nalysis/
bat_digest.html

Since in single-pointing shadowgrams the counting statistics
is insufficient to allow us to measure any pixel-to-pixel differ-
ences, BatImager accumulates the shadowgrams residual (after
subtraction of the illumination pattern for all the bright sources
and the background spatial model, Sect. 3.5), over a long series
of consecutive satellite pointings; when statistics allow us to de-
termine the detection efficiency in each pixel, the efficiency map
is stored as a calibration file for subsequent runs.

Any residual unsubtracted contribution from bright sky
sources or background does not influence the computation of
the pixel efficiency maps, since it is averaged by the pointing
strategy.

4.2. Modeling of the coded mask pattern

An imperfect representation of the coded mask pattern can gen-
erate systematic errors in the image reconstruction because of
the imperfect subtraction of bright sources (Sect. 3.3). This error
can be reduced by measuring the mask illumination pattern di-
rectly from the flight data, to infer any difference from the nom-
inal mask pattern model.

The coded mask illumination pattern cannot however be ob-
tained with the required accuracy by examining single-pointing
shadowgrams. The counting statistics at pixel level is very lim-
ited even by selecting the pointings with the brightest sources
and the longest exposures. In addition, the spatial resolution of
the detector plane (4 × 4 mm) is too coarse compared to the size
of the coded-mask opaque elements (5 × 5 mm) to allow us to
resolve the fine details of the illumination pattern.

To overcome these two problems, during the calibration runs
the BatImager software performs a proper mosaicking of the
detector residual shadowgrams (Sect. 3.5) in a coded-mask co-
ordinate system. In this way, by choosing a long set of pointings
with bright sources in the field of view, the statistics can be im-
proved to a very good level and, because of the different orienta-
tions of the detector pointings, fine details of the mask elements
can be resolved at sub pixel resolution.

Figure 6, top panel, shows a small region of the mask illu-
mination pattern reconstructed from BAT survey data, demon-
strating that the single opaque elements of the coded mask are
reconstructed with sub mm resolution; the image obtained as dif-
ference between the measured illumination pattern and the one
expected from the nominal mask model (Fig. 6, bottom panel)
shows clearly the presence of photon leakage caused by gaps
between the coded mask and its support structure.

We then modified the mask model provided by the BAT
team3, by taking into account all the residuals observed from
our analysis, and used our improved mask model in the skymap
reconstruction process.

4.3. Boresight correction and localization accuracy

To obtain the highest source localization accuracy, the misalign-
ment between the satellite star-trackers and the reference system
of the BAT instrument must be accurately calibrated. This re-
quires the evaluation of three parameters determining the rota-
tion angles between the star-trackers and the BAT reference sys-
tem. In our boresight correction, to take into account a possible
deformation of the mask support structure, we add two other pa-
rameters that determine the translation between the coded mask
axis and the detector plane axis.

3 CALDB, http://heasarc.gsfc.nasa.gov/docs/heasarc/
caldb/swift/
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Fig. 6. Top: a small detail of the BAT mask illumination pattern recon-
structed by proper mosaicking of the shadowgrams relative to long se-
ries of pointings with strong sources in the FOV. Bottom: difference be-
tween the measured illumination pattern and the one expected from the
mask model distributed with the BAT Calibration Database. The photon
leakage between the coded mask and its support structure is evident.

The calibration is performed using the positions of known
bright sources detected with high significance in the sky maps
produced by the analysis of single pointings (Sect. 3.3). By
minimizing the discrepancy between the measured and nominal
source positions, we derived the five boresight correction param-
eters, which were then stored in calibration files for use in the
scientific runs. The parameters are time dependent because of
changes in the star-tracker configuration that occurred at some
epochs.

Figure 7 shows the 95% error radius obtained from sources
detected and identified in single pointings after boresight mis-
alignment correction as a function of the measured detection
significance. For comparison, we also show the localization ac-
curacy obtained by running the localization software on a set of
simulated shadowgrams with sources placed at their catalogue
positions.

The localization errors obtained from the simulations closely
follow the theoretical (Gros et al. 2003) dependence on the
source SNR; in fact, the 95% localization error radius ob-
tained for near on-axis sources is consistent with R95(S NR) =
22.5/S NR arcmin. The localization accuracy obtained from ob-
servational data is instead limited at high SNR values by a
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Fig. 7. The 95% BAT localization error radius for near on-axis sources
observed in individual pointings as a function of the measured source
significance. The dashed line is the error radius derived from simula-
tions (22.5/S NR arcmin). The solid line has been obtained by adding a
0.9′ systematic error in quadrature to the simulation results.

plateau and can be modeled by adding a ≈0.9 arcmin system-
atic error in quadrature to the simulation result:

R95(S NR) =
√

(22.5/S NR)2 + 0.92 arcmin. (3)

As we have found no significant correlation between the source
localization errors and the spacecraft axis orientation, the ob-
served systematic error is probably caused by the sum of small
effects, such as imperfections in the mask or detector plane mod-
eling, a non-uniform absorption in the mask support layer, or
thermal deformations.

We note that mosaic images are less affected by the sys-
tematic localization error found in individual pointing analy-
sis because of the overlap of skymaps with different orienta-
tions. As shown in Fig. 8, source localization offsets in RA
and Dec coordinates have similar histograms with a mean value
that is consistent with zero, so the single pointing offsets are
averaged in the mosaics. By comparing the position of known
sources and those derived in the mosaic images, we found that
the 95% containment radius versus the detection significance in
mosaics images can be modeled with a power law plus a con-
stant: R95(S NR) = 12.5 × S NR−0.78 + 0.54 arcmin.

4.4. Off-axis energy calibration

By using Eqs. (1) and (2) in Sect. 3.6, the count-rate dependence
on the off-axis angle can be approximated by

r (θ, E)
r0 (E)

	 1 − α(E) + α(E) · cos θ, (4)

where the factor α(E) is dependent on both the mask support
and the detector layer physical parameters. To calibrate these
parameters, we analyzed the Crab count-rate dependence on the
off-axis angle.

In Fig. 9, we show the Crab count rates measured in differ-
ent energy ranges as a function of cos θ. The general trend is
consistent with Eq. (4), although some systematic deviations are
observed in particular in the low energy ranges. These deviations
are related to the non-uniformity of the mask support structure.

In Fig. 10, upper curve, we show the value of the parame-
ter α(E) obtained from a linear fit to the Crab data as a function
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Fig. 9. Crab measured count rates versus the cosine of the off-axis an-
gle θ in several energy ranges.

of cos θ in narrow energy ranges. Considering that in this plot
a value of 1 is the contribute of the geometric projection fac-
tor, cos θ, the additional contribute of the attenuation of the in-
cident radiation in the mask support structure is clearly evident
in the low energy range; at high energy (>60 keV), the decreas-
ing of α(E) because of the decreasing detection efficiency (as
expressed by Eq. (1)) is also clearly evident.

To confirm the goodness of the off-axis energy correction im-
plemented, in Fig. 10, (lower data), we show the values of α(E)
measured on the Crab count rate corrected for the off-axis de-
pendence by means of Eqs. (1) and (2) after optimization of the
physical parameters.

5. Data screening

Together with a set of accurate calibration files, an efficient pro-
cedure of data screening is fundamental to obtain the best scien-
tific results from the BAT survey data.

The survey data set was preliminarily screened for time inter-
vals with unstable/wrong spacecraft attitude (e.g., due to slews
or to a loss of lock on the star-trackers) and very high count
rates, (as it happens, e.g., just before entering or immediately af-
ter exiting the SAA). Moreover, to account for star-tracker loss
of lock, or star-tracker lock on an incorrect nominal pointing

50 100
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1

2

Energy (keV)

α
(E

)

Fig. 10. Slope of the dependency of the Crab count rate from the cosine
of the off-axis angle as function of energy. The upper data are obtained
from count rate without off-axis correction, while the lower data are the
values measured after the correction.

direction, we screened out DPHs, whose reconstructed images
showed bright sources with slew-deformed profiles or systemat-
ically misplaced from their known position.

Generally, consecutive DPHs with the same pointing are
combined into a single shadowgram to improve the quality of
the statistics, thus favoring the detection and removal of bright
sources (Sect. 3.3) and the modeling and subtraction of the back-
ground distribution (Sect. 3.4). However, we have noted quite
often, during intervals of stable pointing, strong increases in the
total count rate lasting for a few hundreds of seconds, probably
induced by short bursts of particle showers associated with solar
activity. Skymaps obtained from these intervals have standard
deviations that are much higher (by a factor of 2–5) than that ex-
pected from statistics and must then be excluded not to degrade
the overall mosaic skymap quality.

6. Software performance validation

To validate the performance of the BatImager, we compared
the results obtained with our software to those reported in Tueller
et al. (2009) by processing the same data set (22 months starting
mid-December 2004) in the same energy range, and using the
same detection threshold (4.8σ).

In both analyses, the SNR distribution of the noise in the
all-sky map is modeled well by a Gaussian profile with a mean
zero and unitary standard deviation. This ensures that the source
detection significance can be directly compared.

In the significance all-sky map generated with our software,
we detected and identified 424 sources out of the 461 reported in
Tueller et al. (2009). For the remaining 37 sources that were not
detected in our mosaic, we verified that their significance in our
sky map is just below the adopted detection threshold. We also
detected and identified 193 sources not included in the Tueller
catalogue.

In Fig. 11, we compare the significance reported in Table 5
of Tueller et al. (2009) and the significance obtained with
BatImager for the same sources (424). We find that the
BatImager achieves detection of greater significance for more
than 90% of the sample with an improvement in significance of
∼40%. This is probably caused by different strategies in back-
ground modeling and systematic error correction.

In Fig. 12, we compare the integrated distribution of the po-
sition offset of the BAT sources: the BatImager detects 95% of
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the sources with an offset lower than ∼2.4 arcmin, while using
the position of Table 5 in Tueller et al. (2009), we find that 95%
of the sources are within ∼4.2 arcmin of their counterpart. The
inset compares the differential distribution of the offset for the
two data sets.

7. Conclusions

We have developed a code, the BatImager, to efficiently pro-
cess Swift-BAT survey data. The software performs image recon-
struction, and generates source spectra and light curves corrected
for the off-axis energy dependence.

The processing speed of the software has been optimized
by integrating all processing steps (from shadowgram accu-
mulation to the all-sky mosaicking) in a single executable thus

considerably decreasing the time required to process the enor-
mous BAT archive. All-sky mosaics are generated on a spheri-
cal grid in which each pixel covers the same surface area as ev-
ery other pixel (HEALPIX), thus greatly simplifying any all-sky
subsequent analysis.

Systematic errors in image reconstruction have been reduced
by performing an accurate inflight calibration of the instrument
characteristics. In particular, original solutions are implemented
to compute the background spatial model, and a new methodol-
ogy to calibrate the mask pattern illumination at subpixel reso-
lution has been used.

The software has been fully tested, and the results obtained
demonstrate that the BatImager is competitive in exploiting the
BAT capabilities in terms of both sensitivity and position recon-
struction. The data analysis and the complete catalogue for the
first 39 months of the BAT mission are published in Cusumano
et al. 2010.
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