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Brief introduction to Swift
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BAT (hard X-ray, trigger instrument)

XRT (0.3-10 keV)
Reaches typical RASS 

limit in 350 s.

UVOT (~1900-7000 Å)

Swift typically does between ~80 and ~500 
observations per day, so wide coverage.
Frequently used for ‘monitoring’ campaigns, 
so provides a good tool to test variability.
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Fig. 2.— Temporal and geometric coverage of the 1SXPS catalog.
The solid line shows the unique sky coverage of the catalog as a
function of exposure time. The histogram shows the distribution of
exposure times of the observations (gray) and the stacked images
(black; red in the electronic version).

columns permanently masked out due to damage from
a micrometeoroid impact of 2005 May 27(Abbey et al.
2006).
Two previous XRT point-source catalogs have been

produced, which used the routines built into the xim-
age software to detect sources. The first, Puccetti et al.
(2011), analyzed the deepest GRB fields, combining all
of the data into a single image per field. The second,
D’Elia et al. (2013), analyzed 7 years of XRT data, con-
sidering each observation independently. For this catalog
we have developed a new detection method capable of de-
tecting fainter sources than these papers, and have con-
ducted a rigorous analysis of our completeness and false
positive rate; we have also considered both individual
observations and deep images, making this a more com-
plete point source catalog than those of Puccetti et al.
(2011) and D’Elia et al. (2013). We have produced light
curves and variability estimates for every source detected
in the catalog. These are available through a dedicated
website.
We performed our analysis in four energy bands:

one covering the entire calibrated energy range of the
XRT (0.3–10 keV), and three partial bands which were
chosen to overlap those used in the 2XMM catalog
(Watson et al. 2009); these are listed in Table 1. For
a typical AGN spectrum this will give approximately the
same number of events in each of the three partial bands.
Summary details of the catalog are given in Table 1.
This paper is organized as follows: In Section 2 we dis-

cuss the data selection and filtering applied before col-
lating the catalog. In Section 3 we detail the analysis
process, the results of which are given in Section 4. In
Section 5 we demonstrate the reliability of our catalog
compilation, while Section 6 discusses the false positive
rate and completeness.

1.1. Data timescales: snapshots, observations and
stacked images

Swift data are organized into snapshots and observa-
tions. Due to its low Earth orbit (P=96 min), Swift can-
not observe an object continuously for more than 2.7 ks,
thus most observations are spread over multiple space-
craft orbits. A single, continuous on-target exposure is
referred to as a snapshot. Within a UT day1, the data

1 i.e. from 00:00:00 to 23:59:59 UT.

from all snapshots pointed at a given source are aggre-
gated into a single dataset, referred to as an observation
and is assigned a unique ObsID under which the data
can be accessed. In order to probe source variability
we consider both of these timescales. Neither snapshots
nor observations have a standard duration: snapshots
may be 300–2700 s in duration2 and there are typically
1–15 snapshots in an observation. However snapshot-
to-snapshot variability probes timescales <1 day, while
observation to observation variability probes timescales
>1 day.
Snapshots are generally too short for any but the

brightest sources to be detected, therefore we search for
sources in each observation and on summed images com-
prising all XRT observations on each location of the sky.
We refer to these latter as stacked images. The word im-
age where it appears in this paper can be taken literally
as a single (FITS) image, which may be of a snapshot,
observation or a stacked image; whereas field refers to an
area on the sky. Fig. 2 shows the distribution of expo-
sure times in the two types of image on which we perform
source detection, and the sky coverage of the catalog as
a function of exposure time.

2. DATA SELECTION

Initially we selected every XRT science observation3

collected before 2012 October 12 containing at least 100
s of Photon Counting (PC) mode data4; we also required
that at least one snapshot in the observation was at least
100 s in duration. We removed any observations which
overlap the locations listed in Table 2, as these include
large-scale diffuse emission (identified by examining the
XRT images) which is not well handled by our point-
source-optimized detection system. We then filtered the
remaining event lists to remove time intervals where the
data were affected by light reflected off the sunlit Earth,
or where the astrometry was unreliable (both described
below); if this reduced the exposure time to below the
100-s limit, the observation was discarded.

2.1. Bright Earth filtering

When Swift points close to the Earth limb, at certain
spacecraft roll angles the background level in the XRT is
increased by contamination from light scattered off the
sunlit side of the Earth. This is always most notable on
the left-hand side of the detector. For each observation
we therefore examined the raw event list (before the xrt-
pipeline script has been executed) and selected events
in a box 122 × 350 pixels in size, centered on the XRT
detector pixel (62, 300) (i.e. the left hand side). Times
where the event rate in this box exceeds 40 event s−1

were deemed to be affected by bright Earth, and were
removed from the observation before further processing.
For 90% of the observations in our catalog, this removed
less than 10% of the exposure time.

2.2. Astrometry filtering

2 Shorter snapshots are possible if a Gamma Ray Burst inter-
rupts the planned observations.

3 Excluding ObsIDs beginning with ‘006’, as these are calibration
datasets, sometimes taken in non-standard operating modes.

4 Windowed Timing mode data have only 1-D spatial resolution
so are inappropriate for detecting and localizing sources.

Grey: single observations
Red: Stacked images

Evans et al., 2014



P. Evans – Treasures Hidden in HE Catalogues– Toulouse : 23/05/2018

The 1SXPS catalogue
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All data up to 2012 October 12
Covers 1905 square degrees (accounting for overlaps).
151,524 unique sources.

69,967 in the “best” sample (all flags = 0).
Sources have L-ratio value; calibrated to classify 
sources as, “good”, “reasonable” or “poor” based  
on FAR vs L.
Median flux: 3×10-14 erg cm-2 s-1 (0.3—10 keV)
Various source products
Links to build custom 
products via our well- 
established online tools: 
(www.swift.ac.uk/user_objects)
Upper limit tool.

http://www.swift.ac.uk/1SXPS
Evans et al., 2014, ApJS, 210, 8
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Source products
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Provide fluxes from ‘fixed’ spectrum, 
HR interpolation, and fitted spectra.

Light curves include non-detections.
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Source products
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Eddington bias!
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Fig. 10.— The effect of the Eddington Bias, showing the ratio of the measured count-rate to the true count-rate (R/T ) as a function of
the number of simulated counts, Ac.
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Fig. 11.— The cumulative probability distributions from the
Pearson’s χ2 variability test applied to the constant sources in
5,000 simulated images. The black line shows the expected result
which is well matched by the data.

7. QUALITY FLAGS, FALSE POSITIVE RATE AND
CATALOG COMPLETENESS

The quality flags described in Section 3.4 were cali-
brated such that the false positive rate in the catalog
was 0.3%, 1% or 10% when Good, Good and Reason-
able, or Good, Reasonable and Poor sources are included
respectively. To calibrate these levels we again used sim-
ulations. Initially we performed a series of simulations of
fixed exposure times (1,2,5,10,20,40 and 150 ks). We ran
the catalog source detection software on each simulated
image, and compared the list of detected sources with
those simulated to determine the rate of false positives
and therefore set the likelihood thresholds correspond-
ing to each quality flag. The false positive rate proved
to be a function of exposure time, and we defined the
quality flags accordingly. To test these flag definitions
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Fig. 12.— The difference between the spectral parameters de-
rived from the hardness ratio and those from the spectral fit, di-
vided by the spectrally-fitted value. Only sources where the spec-
tral fit had χ2

ν < 1.5 are shown. Black and red : Observed flux
from a power-law and APEC spectrum respectively. Green: Pho-
ton index from a power-law spectrum. Blue: Plasma temperature
from an APEC spectrum.

over a range of exposures and background levels more
representative of the catalog than the discrete exposures
use above, we ran a further 20,000 simulations, drawing
the exposure time and background level at random from
the distribution of these values in the catalog datasets.
We found it necessary to reclassify some sources as Bad
based on their positional errors. We also found that
at exposures shorter than ∼ 4 ks, the false positive rate
never rose above ∼ 2%, we therefore added a caveat that,
for images shorter than 4 ks, the flag could only be Good
or Reasonable. We ran a further 20,000 simulations to
confirm that the results were stable. The formal defini-

Sources close to the 
detetion threshold have 
count-rates (=fluxes) 
systematically higher 
than reality, due to the 
Eddington Bias.

Evans et al., 2014
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Variability
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TABLE 11
Definitions of the detection flags

Name Definition

Good (=0) L > 18.52E−0.051

Reasonable (=1) L ≤ 18.52E−0.051 (E < 4 ks)
L > 36.32E−0.15 ( 4 ks < E < 40 ks)
L > 9.73E−0.024 (E ≥ 40 ks)

Poor (=2) L > 86.55E−0.29 (4 ks < E < 26 ks)
L > 3.47E0.027 (E ≥ 26 ks)

Bad1 L < Lpoor or any position err (±RA,Dec) > 25′′

Value=8 As Good but in a region marked as containing artifacts.
Value=9 As Reasonable but in a region marked as containing artifacts.
Value=10 As Poor but in a region marked as containing artifacts.
Value=16 As Good but in a region marked as containing diffuse emission.
Value=17 As Reasonable but in a region marked as diffuse emission.
Value=18 As Poor but in a region marked as diffuse emission.

Note. — L is the source likelihood value, and E the exposure time in seconds.
1 Bad detections are not included in the catalog.
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Fig. 16.— The distribution of the χ2-derived probability that a
source is constant for the 1SXPS catalog sources, excluding GRB
afterglows. The gray data are for inter-snapshot variability, the
black bins (red in the electronic version) for inter-observation. The
inset shows the entire probability range, over which a population
of constant sources would show equal numbers of objects in each
bin: the sharp spike at P < 0.1 indicates a population of variable
sources; the main plot shows a magnified view (with a logarithmic
probability axis) of this region.
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Fig. 17.— The total-band light curve of 1SXPS
J192427.2+240925 with one bin per snapshot. This is a short-lived
transient, newly discovered in the 1SXPS catalog.

TABLE 12
The number of 1SXPS sources by

flag values.

Flag Value Num Sources

Detection flags
In fields flagged as OK
Good 69,967 (61%)

Reasonable 16,127 (14%)
Poor 27,904 (24%)

In fields containing artifacts
Good 9,856 (42%)

Reasonable 2,812 (12%)
Poor 5,557 (23%)
Other1 5,433 (23%)

In fields containing diffuse emission
Good 1,422 (10%)

Reasonable 455 (3%)
Poor 986 (7%)
Other1 11,005 (79%)

In all fields
Good 81,245 (54%)

Reasonable 19,394 (13%)
Poor 34,447 (23%)
Other1 16,438 (11%)

Field flags
OK 113,998 (75%)

Has artifacts 23,658 (16%)
Has diffuse emission 13,868 (9%)

Note. — 1 ‘Other’ refers to sources
which lie within a region marked by
manual screening, i.e. sources with de-
tection flags of 8 or above. See Sec-
tion 3.6.

DR4, 1CSC (Evans et al. 2010) and the Chandra BMW
catalog (Romano et al. 2008); and the shallow-and-wide
surveys such as the Rosat All-Sky Survey (Voges et al.
1999) and the XMM Slew Survey (Saxton et al. 2008).
The number of sources in the 1SXPS catalog with no
counterpart in the set of catalogs shown in Table 616 is

16 Excluding the 2MASS and USNO-B1 catalogs as the high
spatial density of sources in these catalogs makes it hard to be

Grey: within observations
Red: between observations

Evans et al., 2014
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Fig. 10.— The effect of the Eddington Bias, showing the ratio of the measured count-rate to the true count-rate (R/T ) as a function of
the number of simulated counts, Ac.
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Fig. 11.— The cumulative probability distributions from the
Pearson’s χ2 variability test applied to the constant sources in
5,000 simulated images. The black line shows the expected result
which is well matched by the data.

7. QUALITY FLAGS, FALSE POSITIVE RATE AND
CATALOG COMPLETENESS

The quality flags described in Section 3.4 were cali-
brated such that the false positive rate in the catalog
was 0.3%, 1% or 10% when Good, Good and Reason-
able, or Good, Reasonable and Poor sources are included
respectively. To calibrate these levels we again used sim-
ulations. Initially we performed a series of simulations of
fixed exposure times (1,2,5,10,20,40 and 150 ks). We ran
the catalog source detection software on each simulated
image, and compared the list of detected sources with
those simulated to determine the rate of false positives
and therefore set the likelihood thresholds correspond-
ing to each quality flag. The false positive rate proved
to be a function of exposure time, and we defined the
quality flags accordingly. To test these flag definitions
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Fig. 12.— The difference between the spectral parameters de-
rived from the hardness ratio and those from the spectral fit, di-
vided by the spectrally-fitted value. Only sources where the spec-
tral fit had χ2

ν < 1.5 are shown. Black and red : Observed flux
from a power-law and APEC spectrum respectively. Green: Pho-
ton index from a power-law spectrum. Blue: Plasma temperature
from an APEC spectrum.

over a range of exposures and background levels more
representative of the catalog than the discrete exposures
use above, we ran a further 20,000 simulations, drawing
the exposure time and background level at random from
the distribution of these values in the catalog datasets.
We found it necessary to reclassify some sources as Bad
based on their positional errors. We also found that
at exposures shorter than ∼ 4 ks, the false positive rate
never rose above ∼ 2%, we therefore added a caveat that,
for images shorter than 4 ks, the flag could only be Good
or Reasonable. We ran a further 20,000 simulations to
confirm that the results were stable. The formal defini-

Cumulative plot for simulated 
constant sources
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Transients — SN 2008D
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Soderberg et al., 2008
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Transients — how to find them
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Look for sources above preexisting limits (RASS / XMM SL)
Limits sensitivity to that of existing catalogues.
Ditto bandpass.
Estimated rate: 1 per 1.64 Ms per 0.12 sq degrees (Evans+ 2016a).

Looking for sources which ‘turn on’ between observations
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Transients — example

�11



P. Evans – Treasures Hidden in HE Catalogues– Toulouse : 23/05/2018

Transients — example
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LSXPS and the live transient system
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2SXPS is intended for release later this year, as part of…
LSXPS (‘live SXPS’), continually updated with automated transient 
and outburst notifications.
New definition of ‘stacked images’

Maximum of 40’ radius, minimum number of ‘blocks’ such that every 
observation and every overlap between observations is included.

But, spurious detections really mess us up:
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Problems 1:  Bright source aliases
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Problems 1:  Bright source aliases
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8 Evans et al.
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Fig. 4.— Example stages of background map creation on a single snapshot. Left: The detector mask; white pixels are ‘on’ while black
ones are masked out. Center: The rebinned background. Right: The final background map, including the model PSFs of the sources
detected so far.

TABLE 4
The inner radius of the
annular region used to

measure the count-rate for
piled up sources.

Fitted PSF profile Radius

CALDB 3 pixels
rate=0.9 ct s−1 4 pixels
rate=1.4 ct s−1 6 pixels
rate=2.6 ct s−1 7 pixels
rate=4.0 ct s−1 8 pixels
rate=5.2 ct s−1 13 pixels
rate=8.6 ct s−1 20 pixels
rate=15 ct s−1 25 pixels

Note. — The ‘CALDB’
profile is that determined by
Moretti et al. (2007) and given
in the CALDB. The remainder
were determined by Evans et al.
(2009). The ‘rate’ is related to
the object used to calibrate the
PSF and not to the source be-
ing characterized in this catalog.
The PSF profile used to deter-
mine the count-rate correction
factor is the one determined in
the PSF fitting stage.

it was assumed to be an alias of that object, and was dis-
carded. This means that our detection method is blind
to new sources in the close vicinity of brighter objects,
however the tendency to detect false positives in this re-
gion had effectively blinded the system anyway. Due to
the nature of Swift ’s observing strategy, this limit is of-
ten only temporary. For example, a newly detected GRB
is usually bright, so the radius over which we cannot de-
tect new sources is large, however the GRB is observed
again as it fades; in those later observations sources close
to the GRB can be reliably detected.

3.3.5. Detection likelihood

After PSF-fitting an excess we calculated C a second
time with the normalization set to 0, i.e. with no source
present. Since ∆C is distributed as ∆χ2 (Cash 1979; here
with two degrees of freedom, ν = 2) we determined the
probability that the change in fit statistic with and with-
out a source present is coincidence: P = Γ(ν/2,∆C/2)

TABLE 5
The distance from a
source within which

detections are
assumed to be

artifacts.

Source rate Radius
(count/sec) (pixels)

R ≤ 0.4 10
0.5 < R ≤ 1 35
1 < R ≤ 2 40
2 < R ≤ 8 47
R > 8 70

(where Γ is the incomplete Gamma function), and the
log-likelihood, L = − ln(P ). As Watson et al. (2009)
pointed out, we cannot take this statistic at face value;
indeed the false positive levels they report are 10–100
times higher than expected from the equations above
for the likelihood values they quote.This is because the
measurement with no source present is a boundary con-
dition of the model: as the source normalization cannot
be negative, the test with normalization set to 0 is at
the limit of the allowable model space. In such cases
the likelihood ratio does not follow a χ2 distribution
(see Protassov et al. 2002 for a detailed discussion). Like
Watson et al. (2009) we instead calibrated the relation-
ship between L and Pfalse using simulations, as described
in the Section 6. Based on this calibration, we rejected
any excess with L < 3.

3.4. Quality flags and further checks

Several further tests were performed to eliminate spu-
rious or extended sources and to indicate how reliable
a given detection is. Spurious detections can arise due
to hot columns and hot rows on the detector. For each
excess, we selected from the relevant event list all the
events lying within the PSF fitted region. Only excesses
containing events from at least three distinct detector
pixels, rows and columns were accepted; in addition, any
excess where >50% of the events lie in a single pixel, or
>75% lie within a single row or column was discarded.
After this the location of each surviving excess was com-
pared to a list of known extended objects (taken from
Tundo et al. 2012): if the excess lay within the extent of
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Problems 2: Stray Light
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Problems 2: Stray Light
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Solving the aliasing
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Solving the aliasing
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Pile-up and PSF model
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Solving the aliasing
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Solving Stray Light
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Solving Stray Light
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Solving Stray Light
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Comparison with 1SXPS
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Completeness: 1SXPS.  Solid: 50%, broken 90%
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Comparison with 1SXPS
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Completeness: new.  
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Comparison with 1SXPS
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FAR: 1SXPS.  
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Comparison with 1SXPS
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FAR: New.

100 1000 104 105 106

10−3

0.01

0.1

Fa
ls

e 
al

ar
m

 ra
te

Exposure time (s) pae9  8−May−2018 13:53



P. Evans – Treasures Hidden in HE Catalogues– Toulouse : 23/05/2018

Conclusions / prospects
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2SXPS will (hopefully) be completed this year.
It will be more sensitive and less prone to certain artefacts.

LSXPS will go live around the same time, with periodic ‘frozen’ data 
releases.
This will include a real-time transient and outburst detector.
Swift-XRT is a fantastic resource for serendipitous X-ray variability 
studies, and 1SXPS contains many “hidden treasures” in the form of 
variable and transient sources.


