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Abstract

The Swift Burst Alert Telescope(BAT) is a coded-aperture gamma-ray instrument with a large� eld of view that
primarily operates in survey mode when it is not triggering on transient events. The survey data consist of 80-
channel detector plane histograms that accumulate photon counts over periods of at least 5 minutes. These
histograms are processed on the ground and are used to produce the survey data set between 14 and 195 keV.
Survey data comprise> 90% of all BAT data by volume and allow for the tracking of long-term light curves and
spectral properties of cataloged and uncataloged hard X-ray sources. Until now, the survey data set has not been
used to its full potential due to the complexity associated with its analysis and the lack of easily usable pipelines.
Here, we introduce theBatAnalysisPython package, a wrapper for HEASoftpy, which provides a modern, open-
source pipeline to process and analyze BAT survey data.BatAnalysisallows members of the community to use
BAT survey data in more advanced analyses of astrophysical sources, including pulsars, pulsar wind nebula, active
galactic nuclei, and other known/ unknown transient events that may be detected in the hard X-ray band. We
outline the steps taken by the Python code and exemplify its usefulness and accuracy by analyzing survey data of
the Crab Nebula, NGC 2992, and a previously uncataloged MAXI transient. TheBatAnalysispackage allows for
� 18 yr of BAT survey data to be used in a systematic way to study a large variety of astrophysical sources.

Uni� ed Astronomy Thesaurus concepts:Astronomy data analysis(1858); Astronomy data acquisition(1860);
Open source software(1866)

1. Introduction

The Neil Gehrels Swift Observatory(Gehrels et al.2004)
was launched on 2004 November 20, with the X-ray Telescope
(XRT; Burrows et al.2005), the Ultraviolet-Optical Telescope
(UVOT; Roming et al.2005), and the Burst Alert Telescope
(BAT; Barthelmy et al.2005) on board. The Swift BAT was
� ne tuned to detect and localize gamma-ray bursts(GRBs) and
has signi� cantly advanced our understanding of these transient
events. The BAT uses the coded-mask technique to produce
small localization regions(� 3�) and accurate background
estimations while maintaining a large� eld of view
(� 60° × 120°). When a GRB is triggered on board by BAT,
the spacecraft autonomously slews such that the other
telescopes can observe the region of the sky to which the
GRB was localized. Additionally, the associated BAT data are
downlinked to the ground. This data, known commonly as
event data, are the highest quality data collected by BAT but
are not able to be continuously downlinked. When GRBs are
not triggering BAT, the telescope operates in survey mode.
This mode compresses the event data that have been collected
over some period(typically 300 s) into histograms comprising
80 energy channels for each detector element. These data,
known as detector plane histograms(DPHs), are stored on
board and get sent to the ground on a regular basis.

The BAT survey data have been used to study X-ray sources
in high-latitude regions of the Galactic plane(Markwardt et al.
2005), active galactic nuclei(AGN; Tueller et al.2008), and
even place limits on transient phenomena(Laha et al.2022).
Periodically, the catalog of available survey data has been
analyzed in a systematic fashion. These are the 22 month
(Tueller et al.2010), 70 month(Baumgartner et al.2013), 105
month(Oh et al.2018), and 157 month(A. Lien et. al. 2023, in
preparation) analyses where mosaiced source light curves and
spectra, in the energy range of 14–195 keV, have been
published on public websites.8 The mosaic light curves and
spectra from these analyses are typically binned into 1 month
time bins, which limits their usefulness to the general
astrophysics community. While a method to analyze BAT
survey data had been made public through the HEASoft
batsurvey pipeline script, the more advanced mosaicing
analysis, where the survey data are“ time integrated,” has not
been released publicly due to the complexity associated with
this analysis method and the large computational resources that
have been needed in the past for producing mosaiced results.
With the current computational power available on personal
computers and the rise of Python packages, we have developed
a Python package to facilitate the analyses of BAT survey data,
including producing mosaiced results.

The BatAnalysispackage is open source and provides a
Python interface to process and analyze BAT survey data. This
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software allows users to use survey data to analyze the long-
term evolution of known and recently discovered astrophysical
sources and, where appropriate, place upper limits on these
sources. These analyses can be done on a number of different
time binnings, from the intrinsic 300 s time binning offered by
the DPHs to longer user-de� ned time binnings that are used to
produce mosaic light curves and spectra.

The structure of this paper is as follows. Section2 outlines the
general analyses of BAT survey data, including the mosaicing
process. Section3 discusses theBatAnalysisPython package and
how it can be used. Section4 presents the results of our
BatAnalysiscode as compared to prior analyses and shows new
analyses that are possible with the software. Finally, in Section5,
we conclude with futureimprovements of theBatAnalysiscode.

2. BAT Survey Data

Here, we describe the general methodology of how the
survey data are processed and how mosaic images are
calculated.

2.1. Processing of Survey Data

The pipeline for processing BAT survey data is implemented
in the HEASoftbatsurvey script. Here, we brie� y describe
the steps followed by this script.9

Since the survey data come from DPHs that have been
integrated for at least 300 s, we need to be able to convert these
DPHs to detector plane images(DPIs) from which we can
extract spectra and� uxes. Before the histograms are converted
to sky images, they need to be energy corrected and have
spatial and temporal� lters applied.

Starting with the downloaded survey data, the DPHs are
adjusted such that all the detectors use the same energy scale
with the HEASoft batsurvey-erebin script. After, the
DPHs are rebinned into the user-requested energy ranges. By
default, the energy ranges are 14–20, 20–24, 24–35, 35–50,
50–75, 75–100, 100–150, and 150–195 keV.

The DPHs are then� ltered to only include data that occur
during good time intervals(GTIs) and data that are obtained by
detectors that produce quality data for the determined GTIs. The
GTI � ltering is applied with thebatsurvey-gti HEASoft task.
The conditions for a period being a GTI are as follows:

1. Swift must be in a stable pointing(the control attitude
“10� settled” � ag must be set).

2. The star tracker must be reporting“OK.”
3. The BAT boresight must be> 30° above the Earth’s limb.
4. The overall event rate of the detector array is not too low

or high, which can be speci� ed by the user with the
rateminthresh and ratemaxthresh parameters,
respectively.

5. A minimum number of detectors are enabled, which can
be speci� ed by the user with thedetthresh parameter.

6. No DPH bins have any missing data reported.
7. The DPH interval does not cross the midnight UTC

boundary.10

8. The spacecraft pointing does not change by more than
1 5 in pointing and 5� in roll during each DPH’s interval.

9. The minimum DPH interval is 300 s.

The � nest time resolution of a DPH is 300 s, however the
integration time for a survey image can last longer. Processing
these different time integrations of DPHs can be speci� ed with
the timesep parameter, which tellsbatsurvey to process
the data at the 300 s“DPH” timescale or the longer“snapshot”
timescale. Here, we generally refer to the different time
resolutions as snapshots. There can be multiple snapshots
within a given survey observation ID.

With the aforementioned� lters applied, our DPHs become
DPIs. We now need to ensure that the data do not come from
bad quality detectors, which can be done by using the HEASoft
batsurvey-detmask task. These bad quality detectors
include those that

1. Have been turned off by the� ight software.
2. Are identi� ed as “hot” by using the bathotpix

algorithm to search the DPI.
3. Have known noisy properties, such as high variance

compared to Poisson statistics.

The detectors that meet these conditions are masked and are not
included in the analysis of the DPI.

At this stage, it is possible to subtract a� xed pattern noise
map from the DPIs. This pattern map noise needs to be
calculated following the methods outlined in Tueller et al.
(2010), Baumgartner et al.(2013), and Oh et al.(2018). As
outlined in Tueller et al.(2010), the pattern noise is spatial and
temporal noise that originates from nonuniform detector
properties. This type of noise needs to be obtained through
lengthy analyses of the detector plane in time and, as a result, is
not handled by thebatclean script. This source of noise in
the DPIs is relevant on timescales of� days and is especially
important for the creation of mosaiced images(see
Section2.2).

With both temporal and spatial� lters applied, the DPIs are
cleaned. This cleaning is done usingbatclean and it tries to
calculate the contribution of bright sources(with a detection
signal-to-noise ratio(S/ N) greater than thecleansnr
parameter) and the background to the counts in the image.
This is important since known bright sources can contribute to
the detected counts of other sources in the image. This
contribution is determined by ray tracing calculations of the
shadow pattern of the bright sources on the detector plane. The
DPIs are also“balanced” at this stage, which entails removing
the systematic count rate offsets between different regions of
the detector plane. The variation from detector to detector is
attributed to the variation in the quality of the CdZnTe
detectors and the variation in dead times. The variance between
detectors located in the inner region of the detector array versus
the outer edge of the array is attributed to cosmic-ray events
and X-ray illumination of the sides of the detectors. Bright
sources will also cause the mask support structure to cast a
shadow on the detector plane, which is highly energy
dependent. To ignore these shadows, we ignore the mask edge
regions of the detector for bright sources as determined from
ray tracing calculations for bright sources de� ned by the
brightthresh parameter.

After all this � ltering, batsurvey subtracts the bright
sources and the background from the DPI and determines if
there are any detectors that have counts that deviate from the

9 Additional information can also be found athttps:// swift.gsfc.nasa.gov/
analysis/ bat_swguide_v6_3.pdf and https:// swift.gsfc.nasa.gov/ analysis/
BAT_GSW_Manual_v2.pdf.
10 This restriction is enforced to reject data from this time period where the
spacecraft has been commanded to perform small maneuvers in the past.
Currently, observations typically end by 00:00:00 UT so this criterion is meant
mostly for historical data.
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mean byN� , whereN is speci� ed by thebadpixthresh
parameter. The number of remaining detectors then needs to be
compared to the user-de� ned detthresh2 parameter to
determine if the DPI should be kept or not.

Once DPIs have been� ltered, we can construct the
corresponding sky image. This is done with the HEASoft
batfftimage task which cross-correlates the DPI with the
coded-mask pattern. The sky images cover a solid angle of
� 120° × � 60° and are corrected for geometric projection and
partial coding effects. Partial coding maps and noise maps are
also generated, where a partial coding map denotes the partial
exposure of each pixel in the sky image and the noise maps
show the root mean square error of the pixel values in the sky
image.

The output image has a resolution of 86 pixelŠ1 on axis and
becomes� ner by a factor of� 2 at the edges of the sky image
(and associated maps) due to the fact that the sky projection is
done in the tangent plane.

Each sky image can also be analyzed with the HEASoft
batcelldetect task, which uses a sliding annulus to search
for sources in the image. This task will take in an input catalog
consisting of sources and their R.A. and decl. coordinates and
search the image for them. It can also be used to search the
image for sources not speci� ed in the input catalog at an S/ N
above a user-speci� ed value. The output of this task running as
a part ofbatsurvey is a� ts catalog with the detected sources
and some properties including rates, S/ Ns, and other standard
columns produced by thebatcelldetect task.

The batsurvey script does not include the capability to
calculate a source’s spectrum. To calculate the spectrum we
� rst extract the rates for the source of interest in each energy
bin and save it to a pulse height amplitude(PHA) � le. This
information is found in the catalog� le output by the
batsurvey task. It is important to note that these rates are
already background subtracted. Then, the user needs to
calculate the detector response matrix(DRM) for the PHA� le
corresponding to the snapshot, which is done with the
batdrmgen script.11 With these steps complete, the PHA
� le can be loaded in Xspec and further analysis can be done
(Arnaud1996).

Combining the rates from each snapshot’s catalog can
provide an energy-dependent count rate light curve for our
source of interest at either the DPI or snapshot time resolution.
Analyzing each spectrum allows us to understand any spectral/
� ux evolution of the source at the same time resolution as well.

The steps outlined here are illustrated in Figure1 where we
show an example of processing BAT survey data for a single
observation ID of the Crab Nebula. TheBatAnalysispackage
follows these same steps to process BAT survey data, as is
outlined in Section3.

2.2. Mosaiced Images

The processing presented in the previous section represents a
“ time-resolved” survey analysis. Various survey observations
can be combined to conduct“ time-integrated” survey analyses
but the individual survey data need to be combined with
systematic noise taken onto account(for example with noise

pattern maps). In the case of noise pattern maps, these are time-
dependent maps of noise in the detector plane that needs to be
subtracted otherwise the noise pattern will accumulate as
images are added together. Thus, the noise pattern maps need
to be passed intobatsurvey before doing a mosaicing
analysis, where the passed in pattern map is one that has been
calculated closest in time to the survey observation that is being
analyzed. Additionally the combination of survey observations
must be done in a speci� c way to minimize statistical errors and
maximize the S/ Ns of faint sources.

To calculate our mosaic image, we� rst need to bin our
survey observations into time bins of interest and then add all
the snapshots together to get the� nal exposure map, the partial
coding map, the sky image, and the variance map. The
individual snapshots are linearly interpolated onto grids of the
entire sky that uses the zenith equal angle projection to prevent
distortion of BAT’s point-spread function. There are six sky
facets which overlap with one another, and each has a central
pixel resolution of� 2 8. There is additional� ltering done to
minimize the effect of Sco X-1 on the resulting mosaiced
image, due to its brightness, and exclude survey sky images in
which the reduced chi squared of the image is suboptimal.

To calculate the total� at exposure12 for each mosaic image,
we interpolate and add the exposures of each snapshot of
interest,k, in each pixel,(i, j) as

�œ��E e , 1i j
k

i j k, , , ( )

whereEi,j is the mosaic image’s � at exposure in each pixel and
ei,j,k is the� at exposure map of thekth snapshot of interest once
it has been interpolated on the sky grids. To calculate the partial
coding vignetting mask we multiply the� at exposure by the
partial coding and then interpolate onto the sky grids and add
the values in each pixel. This is given as

�œ��P e p , 2i j
k

i j k i j k, , , , , ( )

wherePi,j is the mosaic partial coding exposure map andpi,j,k is
the partial coding map for thekth snapshot of interest once it
has been interpolated on the sky grids.

To calculate the standard deviation in the mosaiced image
for energy bandl, � i,j,l, we add the inverse variances and then
convert back to normal standard deviation. This is given as

�œ
�T ��

��t

1
, 3i j l

k
i j k l

, ,

, , ,
2

( )

where ti,j,k,l = (vi,j,k,l/ Ci,j,k,l) is the energy-dependent off-axis
corrected standard deviation map once it has been interpolated
on the sky grids. Here,vi,j,k,l is the standard deviation map of
the snapshot in each energy band andCi,j,k,l is the energy-
dependent off-axis correction that takes the width of the coded
mask into account, which affects photon attenuation through
the mask for off-axis sources.

To calculate the mosaiced sky image for energy bandl, Si,j,l,
we add the sky images weighted by their inverse off-axis

11 BAT measures photons and converts them to pulse heights. A calibration
pulser is then used to convert the pulse height back to photon energy. The
batdrmgen script attempts to simulate the pulse height that would be
expected from a mono-energetic photon beam incident on the detector at the
midpoint of each energy bin used in the spectra.

12 The � at exposure is the summation of exposures from each snapshot
included in the calculation of a mosaic image. This exposure is not corrected
for with respect to the partial coding fraction of a given pixel with respect to a
given part of the sky.
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corrected variance map for each snapshot. This is given as

/�œ
�œ

��
��

��
Si j l

s C t

t
, ,

.
, 4k i j k l i j k l i j k l

k i j k l

, , , , , , , , ,
2

, , ,
2

( )
( )

wheresi,j,k,l is the sky image in each energy band as obtained
from batsurvey and the quantity(si,j,k,l/ Ci,j,k,l) is inter-
polated on the sky grids before being multiplied byti,j,k,l.

Once the mosaic sky images have been constructed with the
associated standard deviation maps we can search the images
for known sources. The process of searching for sources in the
mosaic images is identical to what is done in the processing of
individual survey data. We can use the HEASoftbatcell-
detect task to search the mosaic sky images for known
sources that have been passed in through an input catalog or for
unknown sources that have been detected at some S/ N above a
user-speci� ed value. The output ofbatcelldetect is a � ts
� le with the detected sources and their properties, including the
count rate of the detected source in each of the eight energy
bands. The energy-dependent count rate information can be
used to construct a PHA� le where the count rate in each
energy band is already background subtracted. To do spectral
� tting with these mosaic spectra, we are unable to use the
batdrmgen task which was used to analyze spectra from
individual survey data sets and instead have to create a DRM
that takes the mosaic systematics into account. The DRM that
is used for spectra that are produced from mosaiced images is
constructed based on recreating the known spectrum of
the Crab Nebula where the photon index� = 2.15 and

the � ux of the Crab Nebula from 14 to 195 keV is 2.44×
10Š8 erg cmŠ2 sŠ1 (Tueller et al.2010).

Using the mosaiced images, we can construct count rate light
curves and spectral/ � ux evolution of the source at the time
binned mosaiced image resolution. In prior survey papers, this
time binning was always at the 1 month timescale.

3. The BatAnalysisCode

In this section we outline theBatAnalysis(Parsotan et al.
2023) Python package.13 The BatAnalysispackage allows a
user to

1. Download BAT survey data sets.
2. Create custom source catalogs.
3. Process BAT survey observations.
4. Conduct spectral� tting.
5. Determine if a source was detected to some user-de� ned

threshold.
6. Create and process mosaiced images.

The BatAnalysispackage is a wrapper for HEASoftpy, which
allows for identical processing of BAT survey data as what is
outlined in Section2.1. Thus, the � les produced by the
processing of the survey data are also identical to what is
produced by the HEASoft pipeline. In this section we elaborate
on each of the prior highlighted capabilities of the software.
Documentation is included in theBatAnalysisgithub repo,

Figure 1. Here, we show an example analysis of a BAT survey data set that contains the Crab Nebula within the BAT� eld of view. The survey data start as a DPH,
which has units of counts for each detector in the plane. Then GTI� ltering and energy corrections are made, leading to the energy-dependent DPI, which has units of
count rate for each detector. The DPI is further processed to remove additional sources of noise and then it is convolved with the BAT coded mask and the detector
mask to produce a sky image with units of count rate in each of the eight energy bands. Then, usingbatcelldetect , the sky image is processed and sources are
identi� ed. The source count rate in each energy band is calculated as well as the background count rate, allowing for spectra to be produced, energy-dependentlight
curves, and the S/ N of the detection in each energy band.

13 This package is open source and is available on github athttps:// github.
com/ parsotat/ BatAnalysis.
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which goes into the details of how to utilize the software to
accomplish the tasks outlined in this section. Additionally, the
codes that were used to produce the results in Section4 provide
examples of how to use the Python package.

3.1. Downloading BAT Survey Data Sets

Prior methods of querying and downloading BAT data sets
required using the High Energy Astrophysics Science Archive
Research Center(HEASARC) for observations that a user is
interested in and then downloading the data sets through their web
interface. Alternatively, itis possible to use the Astroquery
(Ginsburg et al.2019) Python package to query HEASARC for
the data, but the user would still need to download the data using
the HEASARC web interface. Now, with theBatAnalysiscode,
users can both query HEASARC for observations that match
some set of criteria and download the appropriate data sets.

One set of BAT-speci� c criteria that users should be aware
of, which cannot be included in typical queries of HEASARC,
is the amount of detector plane area that is exposed to a given
R.A./ decl. coordinate of interest. We recommend that users use
Astroquery to obtain a table of observations that may meet their
set of observations requirements and then use theswiftbat
Python package14 to calculate the area of the detector plane that
is exposed to the astrophysical source of interest.15 If this
exposed area is greater than some value(taken to be 1000 cm2

for this paper, which corresponds to a partial coding fraction of
� 19%), then that observation ID will be included in those that
ultimately get downloaded.16

3.2. Creating a Custom Source Catalog

The BatAnalysiscode includes a catalog� le that includes
1278 sources.17 If there is a source of interest that the user
would like to analyze, and the source is not present in the
default catalog� le, then the user needs to add this source to the
catalog that will be used later on in the BatAnalysis pipeline, as
shown in Section3.3. This operation is possible with the
BatAnalysissoftware and allows for the analysis of previously
unknown and uncataloged sources.

3.3. Processing BAT Survey Observations

The steps outlined in Section2.1 are followed by the
BatAnalysis code, which conveniently allows us to call
HEASoftpy’s batsurvey and other scripts. As a result, the
� les that are produced byBatAnalysisare identical to those
produced by HEASoft scripts that are used to analyze BAT
survey data. Additionally, users can pass in a dictionary that
has key/ value pairs that correspond to the HEASoft parameters
and the values that the user would like to set for those HEASoft
script parameters.18 These properties of theBatAnalysiscode

mean that much of the documentation on the HEASoft scripts
are still valid for theBatAnalysissoftware.

As is outlined in Section2, it is also possible to include
pattern noise maps19 when processing survey data, which is
necessary if the user plans on making mosaiced images. The
code searches for the appropriate pattern noise map to include
in the call tobatsurvey and if the date of the observation
exceeds the most up-to-date pattern noise map, then it uses this
pattern noise map by default. This decreases the sensitivity of
the mosaic images slightly since the proper daily noise map is
not applied; however, the long-term noise trends of the most
recent pattern noise maps still get applied, removing most of
the buildup of pattern noise. If the code cannot� nd the
directory with the pattern noise maps, then it does not
incorporate any of these maps in the processing of the
survey data.

Once the survey data set has been processed, theBatAnalysis
software allows the user to calculate the spectrum(or PHA� le)
of the source of interest. TheBatAnalysispackage also allows
the user to calculate the DRM for each spectrum that has been
generated. Other information relevant to sources of interest is
also calculated by theBatAnalysiscode including the count
rate, local background variance, and the S/ N in each of the
eight energy bins used for the survey data and the energy-
integrated 14–195 keV energy range.

3.4. Spectral Fitting

Once a user has created the PHA and DRM� les for a given
source and observation,BatAnalysisfacilitates a spectral� tting
of the spectrum using the pyXspec package. Using pyXspec,
BatAnalysiswill try to � t a model to the spectrum and obtain
errors on the various free parameters. The default model is a
cflux *powerlaw model, although the user can pass in
different models and parameters following the functionality
offered by pyXspec. An important aspect of spectral� tting is
the type of statistics that is used andBatAnalysisalso allows
the user to employ chi-squared or cstat statistics based on the
photon count. If the user wants to do their own spectral� tting
using other tools they can use the produced DRM and PHA
� les but may need to take special care with including the
appropriate systematic errors.

3.5. Detection and Nondetection Criteria

The BatAnalysiscode also allows users to determine if a
source was detected to some de� ned level. If it is not detected
or the spectral� t is not well constrained then the code
recomputes the spectrum using the background variance times
the signi� cance that the user requests. Then, this spectrum is
� tted with a power-law pro� le with a � xed photon index
speci� ed by the user to get a� ux upper limit. This procedure is
outlined in Laha et al.(2022). This upper limit estimate is very
basic, but more advanced upper limits calculations can easily
be undertaken by the user.

3.6. Mosaiced Images

To create mosaic images, theBatAnalysiscode allows users
to create a list of survey observations that they would like to

14 https:// github.com/ lanl/ swiftbat_Python
15 This exposed area calculation does not take into account the number of
active detectors or their positions. This is a simple� ltering to ensure that
sources are relatively close to the BAT boresight to minimize the increased
noise at low partial coding fractions.
16 Depending on the number of snapshots in a single survey observation, the
size of an individual survey data set is typically� 100 MB while the directory
that holds the processed survey results can be as large as� a few GB.
17 A text � le with all the sources included in the catalog� le can be found on
the github repository for easy reference.
18 In general, Python dictionaries are the means by which users pass
parameters to the relevant HEASoftpy tasks within theBatAnalysiscode.

19 These noise maps can be obtained fromhttps:// zenodo.org/ record/
7595904# .Y9q7pS-B3T8(Parsotan2023). The pattern maps included in this
current release are only updated until 2019 July 31, however these� les will be
updated regularly in the future.
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bin into some set of user-de� ned time bins. ThenBatAnalysis
will create a mosaic image for each requested time bin
assuming that there are survey data to be binned. Additionally,
the code also creates a time-integrated mosaic image that
extends from the start to the end of the user-speci� ed set of
time bins. These images are the intermediate summed
quantities in Section2.2 and the� nal images with physical
units. The BatAnalysis pipeline automatically saves the
intermediate mosaiced images, which can be summed at a
later point in time to produce mosaic images over larger
time bins.

Following the creation of these mosaic images, the
BatAnalysiscode allows users to produce the same information
as is possible with individual survey observations.

3.7. Parallelized Analysis

The BatAnalysissoftware also has convenient parallelized
functions that allow for the expedited analysis of large sets of
survey data. These functions allow for multiple survey data sets
to be processed at the same time and for multiple mosaic
analyses to be conducted at the same time on differing CPUs.
The inputs to these parallelized functions are simpli� ed
compared to their full capabilities to allow these functions to
operate more generally. However, users can use these functions
as templates for their own personal codes which meet their
speci� c analysis needs.

4. Applications of BAT Survey Data

In this section, we show checks of the code by analyzing the
Crab Pulsar Nebula. Additionally, we show the capabilities of
the BatAnalysiscode as applied to known cataloged sources,
such as NGC 2992, and previously unknown, uncataloged
sources such as MAXI J0637-430.20

4.1. Crab Nebula

We � rst look at the Crab Nebula to test theBatAnalysis
software and verify that it is able to reproduce the prior
analyses done by Tueller et al.(2010).

We use Astroquery to query the HEASARC for observations
of the R.A./ decl. coordinates of the Crab Nebula from 2004
December 15 to 2006 October 27, the start and end dates of the
22 month survey paper(Tueller et al.2010). We then� lter the
table of returned survey observations based on observations
where the exposed area of the BAT detector plane to the
coordinates of the Crab Nebula was at least 1000 cm2. These
survey data are then binned and combined appropriately to
create monthly and weekly mosaics.

As shown in Figure2, the monthly mosaic count rate light
curve calculated with theBatAnalysiscode agrees with the
results of the 22 month survey(Tueller et al.2010) within a few
percent, verifying the correctness of theBatAnalysiscode. We
plot the 22 month survey count rate light curve from Tueller
et al. (2010) in red while the green points show the monthly
mosaiced light curve for the Crab Nebula as calculated with the
BatAnalysissoftware. There is a systematic offset of the
BatAnalysispoints with respect to the 22 month survey count
rates. This difference can be explained by the underlying data
that are used to calculate the mosaic images. In the 22 month

survey analysis Tueller et al.(2010) use all available survey
data sets, some of which are noisier than others due to the
location of the Crab Nebula being at lower partial coding
fractions. Averaging these noisy images with the less noisy
images causes the count rate of the Crab Nebula to be lowered
since the count rates for sources can become negative once the
background is subtracted from noisy images. This effect can be
seen in Equation(4). With the BatAnalysisresults, we avoid
including noisy images in our analysis by only downloading
survey data sets from HEASARC where the Crab Nebula has a
partial coding� 19%. Due to the lack of noisy images, the
measured count rates are slightly higher although this amount is
negligible, as can be seen in Figure2.

In Figure 3 we show the results of analyzing the� rst 22
months of BAT survey data with theBatAnalysiscode and the
� exibility of the code. In Figure3(a), we show the count rate
light curve of the Crab Nebula at different time resolutions. In
gray we show the individual BAT survey snapshots that were
downloaded and analyzed, while in green and blue we show the
count rates obtained from monthly and weekly mosaiced
images, respectively. In Figure3(b) we also show the S/ N of
these detections of the Crab Nebula at each time resolution. For
each survey snapshot and mosaic, we also extracted spectra and
� tted them with acflux *po model, and plotted the� tted
� uxes and photon indexes,� , in Figures 3(c) and 3(d),
respectively. Any spectra that were not well constrained were
used to estimate 5� upper limits on the Crab Nebula at that time
period. These points are� ux upper limits represented as
triangles with� = 2.15, which is the value used in the power-
law spectral� t used to obtain the upper limits. The horizontal
line in Figure3(d) shows� = 2.15.

Additionally, Figure3 shows the survey data sets that are
included in the various mosaic time bins. Some mosaic time
bins have many survey data sets and the detections are strong
with well-constrained spectra, while others have no or few
survey data sets included in their calculation, which affect the
resulting S/ Ns and spectral� ts.

Figure 2. The comparison between the Crab Nebula monthly mosaic light
curve from the 22 month analysis done by Tueller et al.(2010), shown in red,
and the rates light curve for the 22 month analysis conducted with the
BatAnalysiscode shown in green. The vertical dashed lines denotes the start of
2005 and 2006 for reference. The maximum percentage difference between the
two analyses is 2% for the month 2005 February, showing the ability of the
BatAnalysiscode to recover prior BAT survey analyses.

20 All the code for the examples shown here can be found in the notebooks
subdirectory of the github.
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