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ABSTRACT

We present X-ray source catalogs for the ≈ 7 Ms exposure of the Chandra Deep Field-South (CDF-S), which

covers a total area of 484.2 arcmin2. Utilizing WAVDETECT for initial source detection and ACIS Extract for
photometric extraction and significance assessment, we create a main source catalog containing 1008 sources
that are detected in up to three X-ray bands: 0.5–7.0 keV, 0.5–2.0 keV, and 2–7 keV. A supplementary source
catalog is also provided including 47 lower-significance sources that have bright (Ks ≤ 23) near-infrared coun-
terparts. We identify multiwavelength counterparts for 992 (98.4%) of the main-catalog sources, and we col-
lect redshifts for 986 of these sources, including 653 spectroscopic redshifts and 333 photometric redshifts.
Based on the X-ray and multiwavelength properties, we identify 711 active galactic nuclei (AGNs) from the
main-catalog sources. Compared to the previous ≈ 4 Ms CDF-S catalogs, 291 of the main-catalog sources are
new detections. We have achieved unprecedented X-ray sensitivity with average flux limits over the central

≈ 1 arcmin2 region of ≈ 1.9×10−17, 6.4×10−18, and 2.7×10−17 erg cm−2 s−1 in the three X-ray bands, respec-
tively. We provide cumulative number-count measurements observing, for the first time, that normal galaxies
start to dominate the X-ray source population at the faintest 0.5–2.0 keV flux levels. The highest X-ray source

density reaches ≈ 50500 deg−2, and 47%± 4% of these sources are AGNs (≈ 23900 deg−2).
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galaxies
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1. INTRODUCTION

Cosmic X-ray surveys of the distant universe have made
enormous advances over the past two decades, since the
launches of the Chandra X-ray Observatory (Chandra; e.g.,
Weisskopf et al. 2000) and X-ray Multi-Mirror Mission
(XMM-Newton; e.g., Jansen et al. 2001). These surveys are
a primary source of information about accreting supermas-
sive black holes (SMBHs), i.e., active galactic nuclei (AGNs),
in the Universe, providing insights about their demographics,
physical properties, and interactions with their environments
(e.g., Brandt & Alexander 2015 and references therein). Fur-
thermore, X-ray surveys are an essential tool for the study
of clusters and groups (e.g., Allen et al. 2011 and references
therein) as well as X-ray binary populations in starburst and
normal galaxies (e.g., Mineo et al. 2014; Lehmer et al. 2016;
and references therein). X-ray surveys with a wide variety
of sensitivities and solid angles are required to gain a com-
prehensive understanding of X-ray source populations in the
Universe (e.g., see Section 2.1 of Brandt & Alexander 2015).
Such surveys range from shallow, all-sky surveys, the lowest
tier of the X-ray surveys “wedding cake”, to the highest tier
of ultradeep, pencil-beam surveys. Ultradeep X-ray surveys
are particularly important as cosmic “time machines”, since
fainter X-ray sources of a given type generally lie at higher
redshifts and thus earlier cosmic epochs. Furthermore, at a
given redshift, such ultradeep surveys are capable of prob-
ing objects with lower observable X-ray luminosities that are
generally more typical members of source populations. Addi-
tionally, some intrinsically luminous X-ray sources may have
low observable X-ray luminosities owing to strong obscura-
tion (e.g., Compton-thick AGNs), and ultradeep X-ray sur-
veys are one of the key ways of identifying and characteriz-
ing such important sources (e.g., see Section 3.3 of Brandt &
Alexander 2015).

The deepest X-ray surveys to date have been conducted in
the Chandra Deep Field-South (CDF-S), which is arguably
the most intensively studied multiwavelength deep-survey
region across the entire sky. Currently, published CDF-S
X-ray catalogs exist for the 4 Ms Chandra exposure (cov-

ering 465 arcmin2; e.g., Xue et al. 2011) and the 3 Ms

XMM-Newton exposure (covering 830 arcmin2; e.g., Ranalli
et al. 2013). In 2013, we proposed to extend the 4 Ms CDF-S
observations to a total Chandra exposure of 7 Ms, and the new
observations were conducted during 2014–2016. The very
small Chandra point spread function (PSF) and low back-
ground still allow for significant gains in sensitivity near the
field center, and thus the detection of many new sources,
even for such long exposures. Furthermore, all previously de-
tected CDF-S sources benefit greatly from the improved pho-
ton statistics, which allow better measurements of X-ray po-
sitions, photometric properties, spectral properties, and vari-
ability; variability studies also benefit from the significantly
lengthened time baseline of sensitive CDF-S X-ray observa-
tions (e.g., Yang et al. 2016). These better X-ray measure-
ments advance significantly the physical understanding of the
sources producing most of cosmic accretion power; e.g., a
typical AGN in the CDF-S will have ≈ 40 times more counts
than the same AGN in the COSMOS Legacy Survey (e.g.,
Civano et al. 2016).

In this paper, we will present CDF-S point-source cata-
logs derived from the 7 Ms Chandra exposure for use by the
community in advancing X-ray deep-survey science projects;
previous Chandra Deep Fields catalogs of this type have

been widely utilized (e.g., Alexander et al. 2003; Luo et al.
2008; Xue et al. 2011, 2016). We will also present multi-
wavelength identifications, basic multiwavelength photome-
try, and spectroscopic/photometric redshifts for the detected
X-ray sources. Chandra source-cataloging methodology has
advanced greatly over the years since the Chandra launch,
providing substantially improved yields of demonstrably reli-
able sources (e.g., Xue et al. 2016) and improved source char-
acterization. Here we will utilize ACIS Extract (AE; Broos
et al. 2010)26 as a central part of our point-source cataloging.
AE is used as part of an effective two-stage source-detection
approach, and it allows for the optimal combination of multi-
ple observations with different aim points and roll angles.

Some key AGN science projects that should be advanced by
the 7 Ms CDF-S include investigations of (1) how SMBHs, in-
cluding those in obscured systems, grow and co-evolve with
galaxies through the critical era at z ≈ 1–4 when massive
galaxies were largely assembling, and (2) how SMBHs grow
within the first galaxies at z > 4. Starburst and normal galax-
ies are also detected in abundance at the faintest X-ray fluxes;
their differential number counts are comparable to those of
AGNs at the faintest 0.5–2.0 keV fluxes reached by the 4 Ms
CDF-S (e.g., Lehmer et al. 2012). The 7 Ms CDF-S will thus
be a key resource for examining how the X-ray binary popu-
lations of starburst and normal galaxies evolve over most of
cosmic time, both via studies of the directly detected sources
and via stacking analyses (e.g., Lehmer et al. 2016; Vito et al.
2016). Owing to its unique combination of great depth and
high angular resolution, the 7 Ms CDF-S should serve as a
multi-decade Chandra legacy. For example, even Athena,
a next-generation X-ray observatory aiming for launch in
≈ 2028 (e.g., Barcons et al. 2015), may not be able to reach
the flux levels probed in the central region of the 7 Ms CDF-S.
X-ray missions capable of substantially surpassing the sensi-
tivity of the 7 Ms CDF-S, such as the X-ray Surveyor (e.g.,
Weisskopf et al. 2015), are presently not funded for construc-
tion.

The structure of this paper is the following. In Section 2
we present the new Chandra observations and the reduction
details for the full data set. Section 3 describes the creation of
observation images, exposure maps, and the main and supple-
mentary source catalogs. In Section 4, we present the main
Chandra source catalog in detail. Here we also present key
aspects of the X-ray source characterization and the multi-
wavelength identifications. We briefly compare the proper-
ties of the newly detected sources to those already found in
the 4 Ms CDF-S. Section 5 presents the supplementary cat-
alog of X-ray sources that have lower detection significances
but align spatially with bright near-infrared (NIR) sources. In
Section 6 we present an analysis of source completeness and
reliability, showing that we strike a reasonable balance be-
tween these two criteria. Section 7 describes an analysis of
the background and sensitivity across the CDF-S. In Section 8
we present cumulative number counts for the main Chandra
source catalog, and in Section 9 we provide a summary of the
main results. The Chandra source catalogs and several asso-
ciated data products are being made publicly available along
with this paper.27

We adopt a Galactic column density of NH = 8.8×1019 cm−2

along the line of sight to the CDF-S (e.g., Stark et al. 1992).

26 See http://www.astro.psu.edu/xray/docs/TARA/ae_users_guide.html
for details on ACIS Extract.

27 http://www.astro.psu.edu/users/niel/cdfs/cdfs-chandra.html.
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Coordinates are presented in the J2000.0 system, and mag-
nitudes are in the AB system (Oke & Gunn 1983). We
quote uncertainties at a 1σ confidence level and upper/lower
limits at a 90% confidence level. A cosmology with H0 =

67.8 km s−1 Mpc−1, ΩM = 0.308, and ΩΛ = 0.692 (Planck Col-
laboration et al. 2016) is used.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Observations of the 7 Ms CDF-S

The 7 Ms CDF-S contains observations taken in four sepa-
rate epochs of time. The basic information on these observa-
tions, 102 in total, is listed in Table 1. There were 48 recent
observations acquired between 2014 June 9 and 2016 March
24, which constitute the last 3 Ms of exposure of the 7 Ms
CDF-S. The first 1 Ms of exposure consists of 11 observa-
tions taken between 1999 and 2000 (Giacconi et al. 2002;
Rosati et al. 2002; Alexander et al. 2003), the next 1 Ms of
exposure consists of 12 observations taken in 2007 (Luo et al.
2008), and another 2 Ms of exposure includes 31 observations
in 2010 (Xue et al. 2011).

All 102 CDF-S observations used the Chandra Advanced
CCD Imaging Spectrometer imaging array (ACIS-I; Garmire
et al. 2003), which is optimized for Chandra surveys. ACIS-I
consists of four CCDs (I0-I3) with 1024× 1024 pixels each;
the size of the CCD pixels is 0.′′492× 0.′′492, and the ACIS-I
array size or the field of view of each observation is 16′.9×
16′.9 = 285 arcmin2. Of the 11 observations in the first 1 Ms
of CDF-S exposure, ten (except observation 1431-0) were
taken in Faint mode, while the first observation (1431-0) and
all the observations in the later 6 Ms of CDF-S exposure were
taken in Very Faint mode (see Table 1), which reduces ACIS-I
particle background significantly and improves detection of
weak sources (Vikhlinin 2001). During the first two observa-
tions (1431-0 and 1431-1), the nominal focal-plane tempera-
ture was −110◦C, while it was −120◦C for the other observa-
tions.

The roll angles of the 102 observations (Table 1) were inten-
tionally allowed to vary, in order to obtain more uniform sen-
sitivity across the field by averaging out some of the CCD-gap
effects (e.g., see Figure 1 below) and to obtain a larger areal
coverage. The total area covered by the 7 Ms CDF-S is

484.2 arcmin2, substantially larger than the field of view of
ACIS-I. The aim points of individual observations also dif-
fer slightly (Table 1); the average aim point for the merged
observations, weighted by the individual exposure times, is

αJ2000.0 = 03h32m28.s27, δJ2000.0 = −27◦48′21.′′8.

2.2. Data Reduction

The data for the 102 observations downloaded from the
Chandra X-ray Center (CXC) have gone through the CXC
pipeline software for basic processing. The software versions
are listed in Table 1, and the data for the previous 4 Ms CDF-S
observations have been processed with newer versions of the
software compared to those presented in the previous cata-
log papers (Luo et al. 2008; Xue et al. 2011). These data
were then reduced and analyzed utilizing Chandra Interactive
Analysis of Observations (CIAO; v4.8)28 tools, AE (version
2016may25), the MARX ray-tracing simulator (v5.3) that is
used in AE to model the Chandra ACIS-I PSF,29 and custom

28 See http://cxc.harvard.edu/ciao/ for details on CIAO.
29 http://space.mit.edu/CXC/MARX/; this version of MARX fixed

a PSF issue affecting the PSF simulations of off-axis sources (see
https://github.com/Chandra-MARX/marx/pull/21).

software. Most of the procedures are similar to those per-
formed in Luo et al. (2008) and Xue et al. (2011, 2016), and
the main steps are described below.

We adopted the CIAO tool ACIS_PROCESS_EVENTS to
reprocess level 1 event files, applying Charge Transfer In-
efficiency (CTI) corrections for observations with nominal
focal-plane temperatures of −120◦C (Townsley et al. 2000,
2002), flagging potential cosmic-ray background events for
Very Faint mode data (CHECK_VF_PHA=YES), and imple-
menting a custom stripped-down bad-pixel file instead of the
standard CXC one. A large fraction of the bad-pixel loca-
tions in the standard bad-pixel file appear to contain good
> 0.7 keV events that are appropriate for source searching
and characterization; instead of rejecting all events falling on
these pixels, we chose to exclude manually those events be-
low a row-dependent energy of 0.5–0.7 keV that fall on “hot”
soft columns (see Section 2.2 of Luo et al. 2008 for details).
This approach allows us to recover a significant number of
additional good events (≈ 3.2% of the total) compared to the
standard level 2 data products from the CXC pipeline.

We employed the CIAO tool ACIS_DETECT_AFTERGLOW

to identify and flag cosmic-ray afterglow events. Following
the procedure of Luo et al. (2008) and Xue et al. (2011),
we further employed custom software and removed 113 ad-
ditional faint afterglow events with three or more total counts
falling on the same CCD pixel within 20 s (see Footnote 27
of Xue et al. 2011 for details about this choice). We inspected
the background light curve of each observation utilizing the
EVENT BROWSER tool in the Tools for ACIS Review & Anal-
ysis (TARA; Broos et al. 2000), and we removed background
flares using the CIAO tool DEFLARE with an iterative 3σ clip-
ping approach. The 7 Ms CDF-S observations are not signif-
icantly affected by background flares. Only four observations
(1431-0, 16176, 16184, 17542) were affected by flares longer
than 10% of their durations (up to ≈ 15%), while the other ob-
servations have milder or no background flares. The cleaned
exposure time for each observation is listed in Table 1. In
total, 1.2% of the exposure was removed due to background
flares; the total cleaned exposure is 6.727 Ms.

After generating a cleaned event file for each of the 102
observations, the next steps were to register and align these
observations to a common astrometric frame and merge them
into a combined master event file. The first action was fixing
any astrometric offsets of individual observations. For each
observation, we created a 0.5–7.0 keV image using the stan-
dard ASCA grade set (grades 0, 2, 3, 4, 5). We then searched
for X-ray sources in the image using WAVDETECT (Freeman

et al. 2002) with a “
√

2 sequence” of wavelet scales (i.e., 1,
1.414, 2, 2.828, 4, 5.656, and 8 pixels) and a false-positive

probability threshold of 10−6. A PSF-size image was sup-
plied to the WAVDETECT run that was created with the CIAO
tool MKPSFMAP assuming a power-law spectrum with a pho-
ton index of Γ = 1.4 and an enclosed counts fraction (ECF)
of 0.4. Depending on the exposure times of the observations,
≈ 40–170 X-ray sources are detected in the individual data
sets. The initial X-ray positions of these WAVDETECT sources
were refined using AE, and the centroid positions determined
by AE from its “CHECK_POSITIONS” stage were adopted
as the improved positions of these sources. We registered the
absolute astrometry of each observation to a common frame
by matching the X-ray source positions to the NIR source
positions in the Taiwan ECDFS Near-Infrared Survey (TE-
NIS) Ks-band catalog (Hsieh et al. 2012), where 6651 bright
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(Ks ≤ 22) TENIS sources within the field of view of the 7 Ms
CDF-S were used. This NIR catalog was chosen as its as-
trometric frame is consistent with those of other optical/NIR
catalogs (e.g., see the list in Section 4.2 below)30 and the frac-
tions of X-ray sources with a bright NIR counterpart are high
(ranging from ≈ 50–80%) in the CDF-S observations.

The matching of the X-ray and TENIS sources as well as
the World Coordinate System (WCS) update were performed
using the CIAO tool REPROJECT_ASPECT with a 3′′ match-
ing radius and a 0.′′6 residual limit;31 ≈ 30–110 matches are
found in the individual observations, and the positional off-
sets were used to obtain the WCS transformation for each
observation. The WCS transformation matrices range from
0.′′007 to 1.′′011 in linear translation, −0.◦051 to 0.◦014 in ro-
tation, and 0.9996 to 1.0012 in scaling; the resulting regis-
trations are accurate to ≈0.′′3. Although the astrometric off-
sets are small, registering the observations and correcting for
the offsets is a necessary step for detecting very faint X-ray
sources and obtaining the best-possible X-ray source posi-
tions as well as reliable photometric properties. The astrom-
etry registered event files were produced with the CIAO tool
REPROJECT_EVENTS. We then projected the event files to
the astrometric frame of observation 240632 using REPRO-
JECT_ASPECT and REPROJECT_EVENTS. Finally, we merged
these 102 event files into a master event file using the CIAO
tool DMMERGE. We note that X-ray source detection was per-
formed in the merged observation while source characteriza-
tion was carried out mainly using the individual astrometry
registered observations (e.g., the AE photometric extraction).

3. IMAGES, EXPOSURE MAPS, AND X-RAY SOURCE DETECTION

3.1. Image and Exposure Map Creation

We created X-ray images from the merged event file us-
ing the standard ASCA grade set in three bands: 0.5–7.0 keV
(full band; FB), 0.5–2.0 keV (soft band; SB), and 2–7 keV
(hard band; HB).33 The full-band raw image is shown in Fig-
ure 1; also illustrated are the fields of view of some of the
deepest optical–NIR surveys from the Hubble Space Tele-
scope (HST) within the CDF-S, including the Hubble Ultra
Deep Field (HUDF; Beckwith et al. 2006), the Great Observa-
tories Origins Survey Southern field (GOODS-S; Giavalisco
et al. 2004), and the combined field of the Cosmic Assem-
bly Near-infrared Deep Extragalactic Legacy Survey (CAN-
DELS; Grogin et al. 2011; Koekemoer et al. 2011) and the

30 The astrometry of the Xue et al. (2011) 4 Ms CDF-S observations was
registered to the frame of the Very Large Array catalog of Miller et al. (2013),
and there are ≈ 0.′′2 offsets in right ascension and declination between this
frame and those of the optical/NIR catalogs, median(RATENIS − RAVLA) =
−0.′′193±0.′′012 and median(DecTENIS − DecVLA) = 0.′′268±0.′′014. There-
fore, the X-ray source positions in the current 7 Ms CDF-S catalogs have
the same systematic offsets from the 4 Ms source positions inherited from
the different choices of the astrometric systems. We caution that the TE-
NIS astrometric frame is off from that of the first Gaia data release (Gaia
Collaboration et al. 2016) by median(RATENIS − RAGaia) = −0.′′154± 0.′′004
and median(DecTENIS − DecGaia) = 0.′′290± 0.′′005. The Miller et al. (2013)
Very Large Array astrometric frame thus agrees better with the Gaia frame,
although there are not a sufficient number of sources in common for a direct
comparison.

31 This is a parameter used in REPROJECT_ASPECT to remove source pairs
with residual positional offsets larger than the given limit.

32 The choice of this astrometric frame is to be consistent with our previous
CDF-S analyses (Luo et al. 2008; Xue et al. 2011); choosing the frame of
another observation does not affect any of the results.

33 The upper energy bound of the bands has been changed from 8 keV in
our previous CDF-S analyses (Alexander et al. 2003; Luo et al. 2008; Xue
et al. 2011) to 7 keV; see Footnote 16 of Xue et al. (2016) for detailed rea-
soning.

Figure 1. Full-band raw image of the 7 Ms CDF-S in linear gray scale.
The black outline surrounding the image indicates the coverage of the entire
CDF-S. The blue solid, red dash-dotted, and yellow dashed regions show the
coverage of the CANDELS + 3D-HST fields, GOODS-S survey, and HUDF,
respectively. The central black plus sign marks the average aim point. The
apparent lightening of the area surrounding the black plus sign is caused by
the relatively low effective exposure in this region due to the ACIS-I CCD
gaps (see Figure 2). The apparent scarcity of sources near the field center is
largely due to the small PSF size at that location, which makes sources diffi-
cult to identify visually in this figure (see Figures 4 and 18 for clarification).

3D-HST survey (Skelton et al. 2014).
Due to the effects of vignetting, gaps between the CCDs,

bad-pixel filtering, bad-column filtering, spatially dependent
degradation in quantum efficiency due to contamination on
the ACIS optical-blocking filters, and slightly different aim
points between observations, the effective exposure time of
the combined observation cannot reach the total cleaned ex-
posure of 6.727 Ms, and it varies across the CDF-S field.
Therefore, we constructed effective-exposure maps in the
three bands following the basic approach described in Sec-
tion 3.2 of Hornschemeier et al. (2001), taking into account
the above effects. A power-law spectrum with a photon index
of Γ = 1.4 was assumed when creating the exposure maps,
which is approximately the slope of the cosmic X-ray back-
ground spectrum in the full band (e.g., Marshall et al. 1980;
Gendreau et al. 1995; Hasinger et al. 1998). The full-band
effective-exposure map is shown in Figure 2, with a maxi-
mum effective exposure time of 6.651 Ms.

From the effective-exposure maps, we can derive the sur-
vey solid angle as a function of the minimum effective ex-
posure. For the purpose of comparing to the previous 2 Ms
and 4 Ms CDF-S results (the definition of the full band and
hard band have changed), we show in Figure 3 such a rela-
tion in the soft band. Approximately 49% of the 7 Ms CDF-S
field has > 3.5 Ms effective exposure, while 3.5 Ms is close
to the deepest effective exposure achieved in the 4 Ms CDF-S
with only 3% of the field having longer exposure times. In
the 7 Ms CDF-S, ≈ 45%, 39%, and 9.4% of the field have
> 4 Ms, > 5 Ms, and > 6 Ms effective exposure, respectively.
The survey solid-angle curves for the 4 Ms CDF-S (Xue et al.
2011) and 2 Ms CDF-S (Luo et al. 2008) are similar to the
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Figure 2. Full-band effective-exposure map of the 7 Ms CDF-S. The linear
gray scale bar is shown in the upper right; the displayed effective exposure
times are in units of Ms. The maximum effective exposure time is 6.651 Ms,
which is smaller than the total cleaned exposure of 6.727 Ms as the aim points
of individual observations differ. The radial trails and central ring-like struc-
ture with relatively low effective exposures are caused by the ACIS-I CCD
gaps. The regions and the plus sign are the same as those in Figure 1.

7 Ms curve in the sense that they are approximately the scaled-
down versions of the 7 Ms curve with scaling factors of 1.8
and 3.5 in effective exposure, respectively. The overall larger
solid angles of the 7 Ms CDF-S compared to the 4 Ms CDF-S
suggest that we are not only able to detect new sources below
the 4 Ms CDF-S sensitivity limit, but also detect new sources
above that limit owing to the significantly increased solid an-
gle coverage at any given exposure time.

We created exposure-corrected smoothed images in the
0.5–2.0 keV, 2–4 keV, and 4–7 keV bands following Sec-
tion 3.3 of Baganoff et al. (2003) using the CIAO tool
CSMOOTH. The images and effective-exposure maps were
adaptively smoothed with the same scale map in each band,
and the smoothed images were divided by the correspond-
ing smoothed exposure maps. These exposure-corrected
smoothed images were combined to produce a color compos-
ite, as shown in Figure 4; an expanded view of the central
8′× 8′ region is also shown to illustrate the large abundance
of sources near the field center. Although many of the X-ray
sources are clearly visible in the adaptively smoothed images,
our source searching was performed on the raw images (e.g.,
Figure 1), as detailed in Section 3.2 below. Our CSMOOTH

processes were not optimized to enhance the visibility of ex-
tended sources (which requires external background files for
proper computation of the source significance), and extended
faint color halos which appear in Figure 4b are usually arti-
facts rather than real extended sources (e.g., Finoguenov et al.
2015).

3.2. X-ray Source Detection

X-ray source detection for the 7 Ms CDF-S follows the
same two-stage approach as was employed in the Xue et al.
(2011) 4 Ms CDF-S catalog, which maximizes the number

Figure 3. Survey solid angle as a function of minimum soft-band effective
exposure for the 7 Ms CDF-S (black solid curve). The vertical dotted line

indicates an effective exposure of 3.5 Ms, and 235.9 arcmin2 (49%) of the

7 Ms CDF-S and 13.0 arcmin2 (3%) of the 4 Ms CDF-S have > 3.5 Ms ef-
fective exposure. For comparison, the dashed and dash-dotted curves display
the 4 Ms CDF-S (Xue et al. 2011) and 2 Ms CDF-S (Luo et al. 2008) solid
angles, which were derived following the same procedures as in this paper.
The 7 Ms curve can be roughly rescaled to 4 Ms and 2 Ms curves with scaling
factors of 1.8 and 3.5 in effective exposure (gray solid curves), respectively.

of reliable sources detected (e.g., Lehmer et al. 2009; Xue
et al. 2011). A candidate source list was initially generated
by WAVDETECT source detection, and it was then filtered by
AE to produce our main source catalog, which includes sig-
nificant X-ray sources that are unlikely to be false detections
caused by background fluctuations. A supplementary source
catalog was also produced that contains lower-significance
X-ray sources with bright (Ks ≤ 23) NIR counterparts.

To generate the candidate source list, we ran WAVDETECT

on the combined raw images in the full band, soft band, and

hard band, using a “
√

2 sequence” of wavelet scales (i.e., 1,
1.414, 2, 2.828, 4, 5.656, 8, 11.314, and 16 pixels) and a

false-positive probability threshold of 10−5. The WAVDETECT

process made use of a merged PSF map, created by choos-
ing the minimum PSF size at each pixel location among all
the PSF maps of individual observations (e.g., see Section
2.2.2 of Xue et al. 2016); such a process is optimized for
point-source detection.34 We merged the three source lists for
the three bands into the candidate source list by cross match-
ing them with a matching radius of 2.′′5 for sources within 6′

of the average aim point and 4.′′0 for sources at larger off-axis
angles (the distance between the source position and the av-
erage aim point); we also visually inspected all the sources
beyond 8′ of the average aim point and removed nine can-
didate sources which are likely the same as their companion
detections ≈ 4–7′′ away. The X-ray source positions in the
merged source list were adopted from, in order of priority, the
full-band, soft-band, and hard-band positions. The resulting
candidate source list includes 1121 sources.

The relatively loose WAVDETECT source-detection thresh-

old of 10−5 introduces a non-negligible number of spurious
detections. We also performed WAVDETECT source search-
ing with the more stringent false-positive probability thresh-

olds of 10−6, 10−7, and 10−8. We then assigned a minimum
WAVDETECT false-positive probability to each of the 1121
candidate sources according to the minimum WAVDETECT

threshold value at which the source was detected. Of the 1121

34 See http://cxc.harvard.edu/ciao/threads/wavdetect_merged/index.html#min.
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Figure 20. Postage-stamp images for the main-catalog sources that have GOODS-S and CANDELS coverage. The images are color composites of the GOODS-S
b-band (blue), GOODS-S z-band (green), and CANDELS F160W-band (red) images. Each image is 12′′on a side, with the X-ray source indicated by a small
central circle of radius equal to the 1σ X-ray positional uncertainty. The main-catalog ID number (a letter “N” is attached if the source is newly detected compared
to the 4 Ms CDF-S catalogs), X-ray band, and source classification (AGN, galaxy, or star) are given at the top of each image; the numbers at the bottom are
the adopted redshift (“−1” if not available; marked with “s” if it is a spectroscopic redshift or “p” if a photometric redshift) and the net source counts in the
corresponding X-ray band. Only the first page is shown here for illustrative purposes; the entire set of 11 pages of images is available in the online version of the
journal.
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Figure 21. Fraction of new sources as a function of off-axis angle in off-
axis angle bins of 1′, excluding the three new sources outside the 4 Ms
CDF-S footprint. The error bars are the 1σ Poisson uncertainties (Gehrels
1986). The horizontal dashed line represents the total fraction of new sources
(291/1008 = 29%). The rise of the new-source fraction beyond an off-axis
angle of ≈ 10′ is likely caused by the dominating population of new sources
detected in the more sensitive 2–7 keV band adopted in the 7 Ms CDF-S
rather than the 2–8 keV band in the 4 Ms CDF-S.

Figure 22. Similar to Figure 8 but for the 291 new sources, showing the dis-
tribution of the AE binomial no-source probability (PB). The shaded regions
indicate sources that have no multiwavelength counterparts, with the numbers
of such sources shown on the top of each bin.

Among all the sources without multiwavelength counter-
parts, only one (XID 912) is highly significantly detected with

a minimum WAVDETECT false-positive probability of 10−8

and an AE no-source probability of PB ≈ 10−13 (Figure 8); it is
also present in the 4 Ms CDF-S catalog. This source has 73.2
soft-band counts, and it was not detected in the hard band.
The effective power-law photon index is ≈ 2.9, and a simple
power-law fit to the X-ray spectrum resulted in a photon in-
dex of 3.1± 0.5. The X-ray photons were relatively evenly
distributed among the 7 Ms observations, although some low-
amplitude variability is apparent. If we compute the PB value
for each observation individually, the source would be consid-
ered detected in observations 582 and 8596 but not in the other
observations. We inspected the multiwavelength images (Sec-
tion 4.2) and did not find any radio/IR/NIR/optical counter-
part at the X-ray source position. The X-ray source is within
the CANDELS coverage but it is close to the edge of that field,

Figure 23. Similar to Figure 9a but for the new sources, showing the redshift
distributions. The vertical dotted lines indicate the median redshift for every
distribution, and the corresponding median values and their 1σ uncertain-
ties (derived via bootstrapping) are listed. The median redshifts for the new
AGNs and galaxies are consistent with those for the entire AGN and galaxy
samples (Figure 9a) within the uncertainties.

and it lies outside the GOODS-S footprint. We examined the
SEDS IRAC 5.8 µm and the Far-Infrared Deep Extragalac-
tic Legacy Survey (FIDEL) MIPS 24 µm and 70 µm images,
and there is no apparent source at the X-ray source position.
There is a bright (R ≈ 18), low-redshift (0.105) X-ray de-
tected galaxy (XID 916) located 7.′′5 away from this uniden-
tified X-ray source. The X-ray photometry of the two sources
is not affected significantly as the separation allows ≈ 85%
ECF source-extraction apertures to be used for both sources.
The nature of this unidentified X-ray source remains unclear.
One possible explanation is that it is an off-nuclear source as-
sociated with the nearby galaxy, approximately 15 kpc from
the center, although the HST CANDELS image does not re-
veal such a large extent of the galaxy. Another possibility is
that this is a high-redshift dusty AGN where the observed-
frame NIR/IR emission (rest-frame optical/NIR) is heavily
obscured, and it requires longer-wavelength sensitive obser-
vations (e.g., ALMA) for a detection. The soft observed X-ray
spectral shape is inconsistent with the latter scenario, but the
limited X-ray photon statistics cause significant uncertainties
in the estimated spectral shape.

4.8. Main-Catalog Details

We present the main Chandra source catalog in Table 4.
The details of the table columns are given below.

1. Column 1: the source sequence number (XID) assigned
in order of increasing right ascension.

2. Columns 2 and 3: the right ascension and declination
of the source, respectively. See Section 3.2.

3. Column 4: the logarithm of the final PB value. We
set logPB = −99 when PB = 0. The threshold for be-
ing included in the main catalog is PB < 0.007. See
Section 3.2.

4. Column 5: the logarithm of the minimum WAVDETECT

false-positive probability, with −8, −7, −6, and −5 rang-
ing from most significantly detected to least signifi-
cantly detected. See Section 3.2.
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Figure 24. (a) Similar to Figure 12 but for the new sources, showing the distributions of detected source counts. The black-solid histograms show the count
distributions for all the sources in the CDF-S field, while the red-dashed histograms show the distributions for the subgroups of sources within 6′ of the average
aim point. The vertical dotted lines indicate the median numbers of counts for every distribution, and the corresponding median values are listed. (b) Similar
to Figure 14 but for the new sources, showing the distributions of X-ray fluxes. The black-solid histograms show the flux distributions for all the sources in the
CDF-S field, while the red-dashed histograms show the distributions for the subgroups of sources within 6′ of the average aim point. The vertical dotted lines
indicate the median fluxes for every distribution, and the corresponding median values are listed.

Figure 25. Distributions of (a) full-band fluxes and (b) intrinsic 0.5–7.0 keV luminosities for the newly detected main-catalog sources. In each panel, the
inset displays the corresponding distributions for the main-catalog sources that were present in the Xue et al. (2011) 4 Ms CDF-S catalogs. The red and blue
histograms indicate the distributions for AGNs and galaxies, respectively. The vertical dashed lines show the median values of the corresponding distributions,
and the numbers display the corresponding median values and their 1σ uncertainties (derived via bootstrapping). Sources with upper limits on the full-band
fluxes (92 sources; 9%) are not included in panel (a). The 22 sources which lack redshifts and the 12 stars are not included in panel (b).

5. Column 6: the 1σ (≈ 68% confidence-level) positional
uncertainty in units of arcseconds derived using Equa-
tion 2. The 90% and 95% confidence-level positional
uncertainties are approximately 1.6 and 2.0 times the
1σ positional uncertainty. See Section 4.1.

6. Column 7: the off-axis angle in units of arcminutes,
which is the separation between the source position and
the average aim point of the 7 Ms CDF-S (Section 2.1).

7. Columns 8–16: the aperture-corrected net source
counts and the corresponding 1σ lower and upper un-
certainties in the full, soft, and hard bands, respectively.
For sources undetected in a given band, the source-
count column lists the 90% confidence-level upper limit
on the source counts while the two associated uncer-
tainty columns are set to “−1.0”. See Section 4.4.

8. Column 17: photometric notes on individual sources.

Sources covered by less than 20 of the 102 CDF-S ob-
servations are marked with “E”, and sources in crowded
regions are marked with “C”. The other sources have
this column set to “...”. See Section 4.4.

9. Column 18: the catalog from which the primary coun-
terpart was selected, being, in order of priority, one
of the following six catalogs: CANDELS, GOODS-S,
GEMS, TENIS, WFI, and SEDS. There are 710, 26,
187, 49, 4, and 16 primary counterparts from these six
catalogs, respectively. The right ascension, declination,
and magnitude of the primary counterpart are included
in Columns 21–41 below. Sources with no counterparts
have this column set to “...”. See Section 4.2.

10. Column 19: the positional offset between the X-ray
source and the primary counterpart in units of arcsec-
onds. Sources with no counterparts have this column
set to “−1.00”.
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11. Column 20: counterpart notes on individual sources.
Sources with their counterparts selected manually are
marked with “Manual”, sources matched to the same
counterparts are marked with “Pair”, sources that are
candidates for being off-nuclear sources are marked
with “Off-nuclear”, and sources that are candidates
for being extended jet/lobe emission are marked with
“Jet”. There are six sources marked as “Manual”,
three as “Manual+Off-nuclear”, one as “Off-nuclear”,
one as “Pair+Off-nuclear”, two as “Pair”, one as
“Pair+Manual+Off-nuclear”, one as “Pair+Jet”, and
one as “Pair+Off-nuclear/Jet”. The other sources have
this column set to “...”. See Section 4.2.

12. Columns 21–41: the right ascension, declination, and
magnitude of the counterparts in the WFI, GOODS-S,
GEMS, CANDELS, TENIS, SEDS, and VLA catalogs,
respectively. The AB magnitudes for the VLA 1.4 GHz
sources were converted from the radio flux densities
(m = −2.5log fν − 48.6). Sources with no counterparts
in a given catalog have the corresponding columns set
to “−1.00”. See Section 4.2.

13. Columns 42–44: the spectroscopic redshift, quality flag
(“Secure” or “Insecure”), and the catalog from which
the redshift was collected (numbered 1–26; see Sec-
tion 4.3 for the references). The spectroscopic red-
shifts for stars were set to zero. Sources without
spectroscopic redshifts have these three columns set to
“−1.000”, “...”, and “−1”, respectively. See Section 4.3.

14. Columns 45–50: the photometric redshifts from Luo
et al. (2010), Rafferty et al. (2011), Hsu et al. (2014),
Skelton et al. (2014), Santini et al. (2015), and Straat-
man et al. (2016), respectively. Sources which lack
photometric redshifts in a given catalog have the cor-
responding column set to “−1.00”. See Section 4.3.

15. Column 51: the adopted redshift. Sources which lack
redshifts have this column set to “−1.00”. See Sec-
tion 4.3.

16. Column 52: the origin of the adopted redshift, being
“zSpec” for spectroscopic redshifts and “L10”, “R11”,
“H14”, “S14”, and “S16” for photometric redshifts
from Luo et al. (2010), Rafferty et al. (2011), Hsu
et al. (2014), Skelton et al. (2014), and Straatman et al.
(2016), respectively. Sources which lack redshifts have
this column set to “...”. See Section 4.3.

17. Columns 53–54: the 1σ lower and upper uncertainties
on the adopted photometric redshifts. Sources which
lack redshifts or have adopted spectroscopic redshifts
have these columns set to “−1.00”. See Section 4.3.

18. Columns 55–57: the effective exposure times derived
from the exposure maps in the full, soft, and hard bands,
respectively. See Section 3.1.

19. Columns 58–60: the X-ray band ratio and its 1σ lower
and upper uncertainties. Band ratios for sources de-
tected in either the soft band or the hard band but not
both are the mode values from BEHR (not upper or
lower limits but best-guess estimates) and the corre-
sponding uncertainty columns were set to “−1.000”.
Sources detected only in the full band have these
columns set to “−1.000”. See Section 4.4.

20. Columns 61–63: the effective power-law photon index
(Γeff) and its 1σ lower and upper uncertainties. Sources
detected in either the soft band or the hard band but not
both have their uncertainty columns set to “−1.00”. We
adopted Γeff = 1.4 for sources detected only in the full
band, and the uncertainty columns are set to “−1.00”.
See Section 4.4.

21. Columns 64–66: the X-ray fluxes in the full, soft, and
hard bands, respectively. Negative values indicate 90%
confidence-level upper limits on the fluxes which were
derived from the upper limits on the source counts. See
Section 4.4.

22. Column 67: the apparent rest-frame 0.5–7.0 keV lumi-
nosity, which has not been corrected for any intrinsic
absorption. Sources which lack redshifts or are identi-
fied as stars have this column set to “−1.00”. See Sec-
tion 4.4.

23. Column 68: the intrinsic absorption column density es-
timated based on the deviation between the effective
photon index and the assumed intrinsic photon index
of 1.8. Sources which lack redshifts or are identified as
stars have this column set to “−1.00”. See Section 4.4.

24. Column 69: the absorption-corrected intrinsic
0.5–7.0 keV luminosity. Sources which lack redshifts
or are identified as stars have this column set to
“−1.00”. See Section 4.4.

25. Column 70: the X-ray source type: “AGN”, “Galaxy”,
or “Star”. See Section 4.5.

26. Column 71: the matched 4 Ms CDF-S source ID num-
ber (Xue et al. 2011). A letter “S” is added to the ID
number if the matched source is from the supplemen-
tary catalog. Sources which lack 4 Ms CDF-S counter-
parts have this column set to “...”. See Section 4.6.

27. Column 72: the matched 250 ks E-CDF-S source ID
number (Xue et al. 2016). A letter “S” is added to the
ID number if the matched source is from the supple-
mentary catalog. Sources which lack 250 ks E-CDF-S
counterparts have this column set to “...”. See Sec-
tion 4.6.

28. Column 73: the matched 3 Ms XMM-Newton CDF-S
source ID number (Ranalli et al. 2013). Sources which
lack 3 Ms XMM-Newton CDF-S counterparts have this
column set to “−1”. See Section 4.6.

5. SUPPLEMENTARY NEAR-INFRARED BRIGHT CHANDRA
SOURCE CATALOG

The supplementary source catalog contains information for
the 47 X-ray sources that have 0.007 ≤ PB < 0.1 and also
bright (Ks ≤ 23) TENIS counterparts (Section 3.2). We cre-
ated the supplementary catalog following the same procedures
as for the main catalog, except that in the supplementary cata-
log, a source is considered to be detected when its PB value
is less than 0.1 (instead of 0.007 as in the main catalog).
The X-ray positional uncertainties were calculated following
Equation 2. The primary counterparts of the X-ray sources
were set to be their TENIS counterparts, and we then searched
for their optical through radio counterparts in the other mul-
tiwavelength catalogs (see Section 4.2). Thirty supplemen-
tary sources have spectroscopic redshifts, and another 16 have
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Figure 26. Spatial distribution of the supplementary catalog sources. Red
and blue symbols represent AGNs and galaxies, respectively. Filled symbols
indicate newly detected sources, while open symbols are sources that were
present in the Xue et al. (2011) 4 Ms CDF-S catalogs. The average aim point,
CDF-S boundary, and GOODS-S region are indicated, as was done in Figure
1.

photometric redshifts from Hsu et al. (2014) or Straatman
et al. (2016). The remaining supplementary source, supple-
mentary XID 3, does not have a redshift estimate, as it lies
outside the GOODS-S and CANDELS regions and it does not
appear to have any optical counterparts despite having a TE-
NIS counterpart with Ks = 22.9. The median redshift of the
entire supplementary sample is 1.17±0.10, similar to that for
the main-catalog sources. There are 25 AGNs classified in
the supplementary catalog, and the other 22 sources are likely
normal galaxies. The fraction of AGNs in the supplementary
catalog (25/47 = 53%) is smaller than that in the main cata-
log (711/1008 = 71%), because fainter X-ray sources gener-
ally have a higher galaxy fraction (e.g., Bauer et al. 2004;
Ranalli et al. 2005; Lehmer et al. 2012; Section 8 below)
and our selection of supplementary sources is biased toward
galaxies by requiring bright TENIS counterparts for the X-ray
sources (e.g., see the sixth criterion of AGN classification in
Section 4.5).

The spatial distribution of the supplementary sources is dis-
played in Figure 26. Compared to the Xue et al. (2011) 4 Ms
CDF-S catalogs, 36 sources were newly detected, including
21 AGNs and 15 galaxies. We present the supplementary
Chandra source catalog in Table 5; the details of the table
columns are the same as those for the main catalog (Sec-
tion 4.8).

6. COMPLETENESS AND RELIABILITY ANALYSIS

Given the nature of our two-stage source-detection ap-
proach, it is not straightforward to assess the completeness
and reliability of our main source catalog. Therefore, we re-
sorted to simulations for such an assessment, as done rou-
tinely among previous X-ray surveys (e.g., Cappelluti et al.
2007, 2009; Puccetti et al. 2009; Xue et al. 2011, 2016). We
followed Section 6.1 of Xue et al. (2011) to generate simu-

lated 7 Ms CDF-S observations with an input catalog of sim-
ulated sources; each observation has the same exposure time,
aim point, roll angle, and aspect solution file as the corre-
sponding real CDF-S observation. We then created images
in the three X-ray bands from the merged simulated event
file, and we ran WAVDETECT on the images at a false-positive

probability threshold of 10−5 to obtain a candidate source list.
We subsequently utilized AE to compute photometric proper-
ties and PB values for these candidate-list sources.

By comparing the input sources and detected sources from
the simulation, we can assess the completeness and reliabil-
ity of our main catalog. For a given source-count limit, the
completeness is defined as the fraction of the input sources
detected above the count limit (the source recovery frac-
tion), while the reliability is defined as 1 minus the ratio be-
tween the number of spurious sources (not in the input source
list) above the count limit and the number of input sources
above the count limit. As we further filtered the candidate
sources with a PB threshold cut during the second stage of
our source-detection approach, the completeness and reliabil-
ity also have a dependence on the adopted PB threshold value,
denoted as P0. Figure 27 shows the completeness and reliabil-
ity as a function of P0 within the central 6′-radius region and
over the entire CDF-S field, for sources with at least 15 and 8
counts in the full, soft, and hard bands, respectively; the min-
imum number of detected counts in the soft and hard bands
for our main-catalog sources is ≈ 8 (Table 2).

According to Figure 27, the detection completeness in-
creases and the reliability decreases when the PB threshold
value is raised, as expected. For a larger source-count limit
(15 vs. 8), the completeness and reliability are both better,
although the difference in reliability is negligible when the

PB threshold value is small (e.g., P0 = 10−5). Within the cen-
tral 6′-radius region, our source detection achieves a better
completeness overall compared to that in the entire CDF-S
field. At our adopted main-catalog PB threshold value of
0.007, the completeness levels within the central 6′-radius re-
gion are 100.0% and 74.7% (full band), 100.0% and 90.5%
(soft band), and 95.3% and 62.8% (hard band) for sources
with ≥ 15 and ≥ 8 counts, respectively. Across the entire
CDF-S field, the completeness levels are 78.6% and 46.4%
(full band), 94.2% and 59.5% (soft band), and 71.1% and
42.3% (hard band) for sources with ≥ 15 and ≥ 8 counts, re-
spectively. At our adopted PB threshold, the reliability levels
range from 98.7% to 99.5% for all the cases (the central 6′-
radius region or the entire field, ≥ 15 or ≥ 8 counts, in one of
the three X-ray bands) in Figure 27, suggesting that there are
≈ 7, 6, and 5 spurious detections with ≥ 15 counts in the full,
soft, and hard bands, and ≈ 7, 7, and 5 spurious detections
with ≥ 8 counts in the full, soft, and hard bands, respectively.
The total number of spurious detections estimated from simu-
lations is thus≈ 19. Most of these spurious sources should not
have a multiwavelength counterpart; there are 16 such sources
in our main catalog (Section 4.2).

At our adopted main-catalog PB threshold value of 0.007,
the detection completeness as a function of source flux is pre-
sented in Figure 28. The completeness versus flux curves are
consistent with the survey solid angle versus flux-limit curves
(Figure 30 below) derived in Section 7 below, indicating that
the completeness at a given flux is dominated by the CDF-S
area fraction that is sensitive for detecting sources at this flux
limit. In Table 6 we list the source fluxes at four specific com-
pleteness levels (90%, 80%, 50%, and 20%) in the full, soft,
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Figure 27. Completeness (left y-axis; solid and dashed-dot curves) and reliability (right y-axis; long-dashed and short-dashed curves) as a function of the PB

threshold value, P0, for sources with ≥ 15 counts (red solid and long-dashed curves) and ≥ 8 counts (blue dashed-dot and short-dashed curves) in the full, soft,
and hard bands, respectively. The top panels show the completeness and reliability curves for the central 6′-radius region and the bottom panels show those for
the entire CDF-S field. The vertical dotted lines indicate our adopted main-catalog PB threshold of 0.007.

Figure 28. Completeness as a function of source flux in the full (blue filled
circles), soft (green open diamonds), and hard (red open squares) bands,
given our adopted main-catalog PB threshold value of 0.007. The solid lines
link the corresponding completeness data points. Overlaid are the survey
solid angle vs. sensitivity curves (dashed curves) normalized to the maxi-
mum solid angle (see Figure 30 below). The horizontal dotted lines denote
five specific completeness levels (100%, 90%, 80%, 50%, and 20%).

and hard bands, respectively.

7. BACKGROUND AND SENSITIVITY ANALYSIS

We created background and sensitivity maps following the
procedure described in Section 7 of Xue et al. (2011). Briefly,
we masked out the main and supplementary catalog sources
from the raw images in the three X-ray bands, and we filled
in the masked regions with random counts that are consistent

with the local background level. The resulting background
maps in the three bands were used to determine the detec-
tion sensitivity at each pixel location, which is the flux limit
required for a source to be selected by our AE PB criterion.
Given the background level at each pixel location, we derived
the minimum number of source counts required for a detec-
tion using Equation 1 and our adopted PB threshold value of
0.007. Utilizing the exposure maps (Section 3.1) and assum-
ing a simple power-law model with Γ = 1.4, we converted the
limiting count rates to limiting fluxes and produced sensitivity
maps for the main catalog in the three X-ray bands.

The background properties for the 7 Ms CDF-S are summa-
rized in Table 7. The observed CDF-S background consists of
several components, primarily the unresolved cosmic back-
ground, particle background, and instrumental background
(e.g., Markevitch 2001; Markevitch et al. 2003); we do not
attempt to separate these components for our analysis here.
The mean numbers of background counts per pixel are small
(0.17–0.60), indicating that many of the CDF-S pixels did not
receive any X-ray photons over the 7 Ms exposure. Indeed, in
the full-band, soft-band, and hard-band raw images, ≈ 59%,
84%, and 68% of the pixels have zero counts. The mean back-

ground count rate in the soft band (0.055 counts Ms−1 pixel−1)
is ≈ 13%–17% smaller compared to those for the 2 Ms CDF-S
(Luo et al. 2010) and 4 Ms CDF-S (Xue et al. 2011), proba-
bly due to the decline of the ACIS effective area below 2 keV
(from build-up of contaminant on the ACIS optical blocking
filters),48 and the increased sensitivity of the 7 Ms CDF-S that

48 For example, the ACIS-I soft-band effective area has dropped by ≈ 10%
from Chandra Cycle 11 (proposal cycle for the 4 Ms CDF-S) to Cycle 15
(proposal cycle for the 7 Ms CDF-S). The 7 Ms CDF-S observations span a
broad range in time and not all the background components are affected by
the decline of the ACIS effective area.
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resolves a larger fraction of the cosmic background, and/or
variations of the particle and instrumental background com-
ponents over the past several years. The ratio between the to-
tal numbers of background and source counts in the soft band
is approximately the same (≈ 4.2) for the 2 Ms, 4 Ms, and
7 Ms CDF-S. In the full and hard bands, the mean background
count rates are smaller (≈ 25%) than those for the 2 Ms and
4 Ms CDF-S, mainly because we adopted a smaller upper
energy bound of 7 keV (instead of 8 keV) here. The ratio
between the total numbers of background and source counts
in the hard band (≈ 14; 2–7 keV) is significantly lower than
those (≈ 20; 2–8 keV) for the 2 Ms and 4 Ms CDF-S, confirm-
ing that it is advantageous to search for sources in the 2–7 keV
band instead of the 2–8 keV band where the background has
a larger contribution.

We are able to achieve unprecedented X-ray sensitivity in
the 7 Ms CDF-S. The lowest estimated flux limits achievable
are ≈ 1.5× 10−17, 4.8× 10−18, and 2.1× 10−17 erg cm−2 s−1

in the full, soft, and hard bands, respectively, and the aver-

age achievable flux limits over the central ≈ 1 arcmin2 region

are ≈ 1.9× 10−17, 6.4× 10−18, and 2.7× 10−17 erg cm−2 s−1.
The lowest detected fluxes in the main catalog are actually

around these limits, being ≈ 1.7 × 10−17, 7.7 × 10−18, and

3.5× 10−17 erg cm−2 s−1 in the three bands. Compared to

the average soft-band flux limit in the central ≈ 1 arcmin2 re-

gion of the 4 Ms CDF-S (9.1× 10−18 erg cm−2 s−1; Xue et al.
2011), the 7 Ms CDF-S sensitivity has been improved by a
factor of 1.42. The full-band and hard-band sensitivities are
not directly comparable, as the energy ranges are different. If
we simply scale the 4 Ms CDF-S 0.5–8.0 keV and 2–8 keV
flux limits in the central region to the full (0.5–7.0 keV) and
hard (2–7 keV) bands assuming a Γ = 1.4 power-law spec-
trum, the full-band sensitivity has been improved by a fac-

tor of 1.52 (2.9× 10−17 vs. 1.9× 10−17 erg cm−2 s−1) and the
hard-band sensitivity has been improved by a factor of 1.76

(4.8× 10−17 vs. 2.7× 10−17 erg cm−2 s−1). The sensitivity im-
provement due to increased exposure in the full or hard band
should be smaller than that in the soft band, because of the
lower background level in the soft band (e.g., Table 7). The
larger full- and hard-band improvement factors obtained for
the 7 Ms CDF-S are due to the more sensitive 0.5–7.0 keV
and 2–7 keV bands adopted for source detection where the
background levels are lower compared to the 0.5–8.0 keV and
2–8 keV bands (see Footnote 16 of Xue et al. 2016 and our
comparison of the background-to-source count ratios in the
previous paragraph).

Beyond the small central region, the sensitivity drops with
increasing off-axis angle. The full-band sensitivity map is dis-
played in Figure 29; flux limits in different ranges are shaded
with different gray-scale levels. It is possible to detect sources
with fluxes somewhat smaller than the sensitivity limits at
their locations, due to the difference between the Γeff values
of the sources and the assumed value of 1.4 when comput-
ing the flux limits. There are 11 soft-band, 28 full-band, and
2 hard-band sources with fluxes ≈ 1%–13% below their cor-
responding flux limits. Given the spatial dependence of the
sensitivity, we display in Figure 30 the survey solid angle ver-
sus flux limit in the full, soft, and hard bands. The flux limits
for ≈ 50% of the CDF-S area are ≈ 2.0× 10−16, 6.5× 10−17,
and 2.5× 10−16 erg cm−2 s−1 in the full, soft, and hard bands,
respectively, approximately an order of magnitude larger than

those for the central ≈ 1 arcmin2 region, and these values are
consistent with the 50% completeness flux limits presented in

Figure 29. Full-band sensitivity map for the main source catalog. The
gray-scale levels, from black to light gray, represent regions with flux limits

of < 3× 10−17, 3× 10−17–8× 10−17 , 8× 10−17–2× 10−16, 2× 10−16–10−15 ,
and > 10−15 erg cm−2 s−1, respectively. The regions and the plus sign are the
same as those in Figure 1.

Table 6.
We also compared the 7 Ms CDF-S soft-band sensitivity–

area curve to the one for the 4 Ms CDF-S (Xue et al. 2011)
in Figure 30. The 4 Ms CDF-S curve can be approximately
scaled to the 7 Ms one by dividing the flux limits by a scaling
factor of ≈ 1.38, indicating that the 7 Ms CDF-S sensitivity
has been improved by a factor of ≈ 1.38 on average. Such
an improvement in sensitivity is expected given the factor of
≈ 1.75 increase in exposure (see Section 7.3 of Xue et al.
2011) and the decrease of the ACIS-I soft-band effective area
over the past years (see Footnote 48).

8. NUMBER COUNTS FOR THE 7 MS CDF-S

We computed the cumulative number of sources, N(> S),
brighter than a given intrinsic flux, S, for the soft and
hard bands following the procedure described in Sec-
tion 2 of Lehmer et al. (2012). Simulations based on
our source-detection method were performed to obtain the
source recovery functions, which account for detection in-
completeness (see the Appendix of Lehmer et al. 2012 for
details). A Bayesian approach was employed to obtain the
flux-probability distributions, which account for Eddington
bias (see Section 2.1 of Lehmer et al. 2012 for details). Unlike
the creation of the sensitivity maps (Section 7) where sim-
ple count-rate-to-flux conversion factors were used, we con-
sider here the conversion to be probabilistic. A Bayesian prior
based on the differential number-count models (dN/dS|model)
is utilized in determining the flux-probability distributions,
and following Lehmer et al. (2012), we adopted double or sin-
gle power-law forms for the number-count models of AGNs,
normal galaxies, and Galactic stars:

dN

dS

AGN

=

{

KAGN(S/Sref)
−βAGN

1 (S ≤ f AGN
b )

KAGN( fb/Sref)
βAGN

2 −βAGN
1 (S/Sref)

−βAGN
2 (S > f AGN

b )
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Figure 30. Survey solid angle as a function of flux limit in the full (top), soft
(middle), and hard (bottom) bands. For comparison, the soft-band relation
for the 4 Ms CDF-S (Xue et al. 2011) is displayed as the dotted curve in the
middle panel (the full-band and hard-band results are not directly comparable
due to the different choices of the energy bands). The 4 Ms CDF-S curve can
be approximately scaled to the 7 Ms one by dividing the flux limits by a
scaling factor of ≈ 1.38.

dN

dS

gal

= Kgal(S/Sref)
−βgal

dN

dS

star

= Kstar(S/Sref)
−βstar

, (3)

where Sref = 10−14 erg cm−2 s−1. As shown later in Figure 31,
these power-law models provide acceptable descriptions of
the overall shapes of the cumulative number counts.

To derive the best-fit model parameters in Equation 3, a
maximum-likelihood technique was utilized to maximize the
total likelihood of obtaining the main source catalog and its
source-count distribution (see Section 2.2 of Lehmer et al.
2012 for details). The best-fit parameters and the correspond-
ing 1σ uncertainties are listed in Table 8. After determining
the Bayesian prior for the flux-probability distributions, the
cumulative number counts for the soft and hard bands were
computed based on the main-catalog sources, broken down
into AGNs, galaxies, and stars. In Figure 31, we present the
cumulative number counts for the three source populations as
well as all the X-ray sources in the soft and hard bands, re-
spectively. The number-count models derived from the best-
fit differential models (Equation 3 and Table 8) are also dis-
played, showing general agreement with the data.

Our number-count calculations implement a probabilis-
tic approach, in which we calculated, at each location in
our images, the probability of detection as a function of
flux and photon index (see Section 2.1 of Lehmer et al.
2012). As such, there are sufficiently large areas of the sur-

vey in which sources with fluxes below the sensitivity lim-
its quoted in Section 7 could be detected. The flux lim-

its for ≈ 10 arcmin2 effective areas derived from this ap-

proach are 4.2 × 10−18 erg cm−2 s−1 in the soft band and

2.0× 10−17 erg cm−2 s−1 in the hard band. Unlike the AGN

number counts, where a break flux around 10−15 erg cm−2 s−1

is evident, the galaxy number counts follow a single power-
law form and continue to rise down to the lowest fluxes ob-
served. At the faint end, the galaxy number counts rise more

sharply with power-law slopes of ≈ 1.2–1.6 (βgal
− 1) than

the AGN number counts with faint-end power-law slopes of
≈ 0.5.

The bottom panels of Figure 31 show the fractional con-
tributions from AGNs, galaxies, and stars to the total num-
ber counts. The contribution from galaxies increases toward
lower fluxes, especially in the soft band which is more sensi-
tive than the hard band. Similar trends have been observed in
previous studies of number counts in deep X-ray surveys (e.g,
Bauer et al. 2004; Ranalli et al. 2005; Lehmer et al. 2012),
and it has been suggested that the galaxy number counts
will overtake the AGN number counts just below the 4 Ms
CDF-S soft-band flux limit (e.g., Lehmer et al. 2012). Indeed,
thanks to the unprecedented sensitivity of the 7 Ms CDF-S,
we observe for the first time that the galaxy number counts
exceed the AGN number counts at soft-band fluxes smaller
than ≈ 6.0× 10−18 erg cm−2 s−1. At the soft-band flux limit

(4.2×10−18 erg cm−2 s−1), the AGN density is ≈ 23900 deg−2,

47%±4% of the total X-ray source density (≈ 50500 deg−2),

while the galaxy density reaches≈ 26600 deg−2, 52%±5% of
the total, indicating that normal galaxies start to dominate the
X-ray source population at the faintest flux levels. At this flux
limit, the entire sky contains ≈ 1.0 billion AGNs and ≈ 1.1
billion galaxies. We caution that due to cosmic variance, the
CDF-S field might not be a representative patch of the en-
tire sky, and small field-to-field variations of the X-ray source
distribution have been observed between the CDF-S and other
survey fields (e.g., Bauer et al. 2004; Luo et al. 2008).

Among the main-catalog sources, there are 264 X-ray
galaxies (excluding AGNs) with Ks ≤ 22, which constitute
4.0%± 0.2% of the 6651 Ks ≤ 22 TENIS sources within the
7 Ms CDF-S field of view. The fraction of X-ray detected
galaxies increases toward better X-ray sensitivity; within the
innermost 2′-radius region, there are 31 Ks ≤ 22 X-ray galax-
ies, 24% ± 4% of the 129 Ks ≤ 22 TENIS sources in this
region. With the number-count results, we further investi-
gated the fraction of galaxies that are detectable in deep X-ray
surveys as a function of the X-ray limiting flux, account-
ing for detection incompleteness and Eddington bias. At the

soft-band flux limit (4.2× 10−18 erg cm−2 s−1), the density of

Ks ≤ 22 X-ray galaxies is ≈ 22300 deg−2 (derived similarly
to those in Figure 31). The TENIS catalog is complete at
Ks ≤ 22, and we verified its completeness by comparing its
Ks-band galaxy number counts to previous number-count re-
sults (e.g., Saracco et al. 2001). Excluding 295 stars from
the 6651 TENIS sources identified from spectroscopic cata-

logs, the Ks ≤ 22 galaxy density is ≈ 47300 deg−2. There-
fore, the X-ray detected Ks ≤ 22 galaxies account for ≈ 47%
of all Ks ≤ 22 galaxies at the soft-band flux limit. The fraction
of Ks ≤ 22 galaxies detected in the X-rays decreases rapidly
with increasing soft-band limiting flux, being ≈ 20% at a lim-

iting flux of 10−17 erg cm−2 s−1 and ≈ 2% at a limiting flux of

5× 10−17 erg cm−2 s−1.
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Using the number-count estimates derived above, we in-
tegrated the X-ray source fluxes to obtain the fraction of
the cosmic X-ray background (CXRB) that is resolved into
point sources at the 7 Ms CDF-S flux limit. Our analy-
sis followed the same procedure described in Section 3.4 of
Lehmer et al. (2012). We adopted total CXRB intensities

of (8.15± 0.58) × 10−12 erg cm−2 s−1 and (1.49 ± 0.20) ×
10−11 erg cm−2 s−1 in the soft and hard bands, respectively
(Hickox & Markevitch 2006; Kim et al. 2007b). The re-
solved CXRB fractions, after including the contributions from
the relatively rare X-ray bright-source population (Kim et al.
2007b), are 80.9%±4.4% and 92.7%±13.3% in the soft and
hard bands, respectively. For comparison, the resolved CXRB
fractions at the 4 Ms CDF-S flux limit (Lehmer et al. 2012)
are 75.7%± 4.3% and 82.4%± 13.0% in the soft band and
the 2–8 keV band, respectively.

9. SUMMARY

We have presented X-ray source catalogs for the deepest
Chandra X-ray survey, the 7 Ms CDF-S. The main points
from this work are summarized below:

1. The entire 7 Ms CDF-S consists of 102 individual ob-
servations covering a total area of 484.2 arcmin2. The
cleaned net exposure time is 6.727 Ms. See Section 2.

2. The main Chandra source catalog contains 1008 X-ray
sources that were detected by WAVDETECT with a

false-positive probability threshold of 1× 10−5 and fil-
tered by AE with a binomial no-source probability
(PB) threshold of 0.007. These sources were detected
in up to three X-ray bands: 0.5–7.0 keV (full band),
0.5–2.0 keV (soft band), and 2–7 keV (hard band). See
Section 3.2.

3. The supplementary Chandra source catalog contains 47
X-ray sources that were detected by WAVDETECT with

a false-positive probability threshold of 1× 10−5, have
0.007 ≤ PB < 0.1, and are matched to bright (Ks ≤ 23)
NIR counterparts. See Section 3.2.

4. The absolute astrometry of the 7 Ms CDF-S was regis-
tered to the TENIS NIR astrometric frame. The X-ray
source positions were determined based on their cen-
troid or matched-filter positions. For the main-catalog
sources, the 1σ positional uncertainties range from
0.′′11 to 1.′′28, with a median value of 0.′′47. See Sec-
tions 2.2, 3.2, and 4.1.

5. We identified optical/NIR/IR counterparts for 992
(98.4%) of the main-catalog sources, with an average
false-match rate of ≈ 1.6%. Basic counterpart infor-
mation in the optical through radio catalogs for the 992
sources are provided. Most of the 16 sources without
multiwavelength counterparts are likely spurious detec-
tions. See Section 4.2.

6. We collected redshifts from public catalogs for 986
main-catalog sources, including 653 spectroscopic red-
shifts and 333 photometric redshifts. The photometric
redshifts are of high quality in general. The median
redshift for these X-ray sources is 1.12± 0.05 with an
interquartile range of 0.67–1.95. See Section 4.3.

7. For the main catalog, the median numbers of source
counts in the full, soft, and hard bands are 98.9, 47.7,
and 94.6, respectively. There are 456 sources with
> 100 full-band counts, and 90 with > 1000 full-band
counts. The median X-ray fluxes in the full, soft,

and hard bands are 3.1× 10−16, 6.5× 10−17, and 5.7×
10−16 erg cm−2 s−1, respectively. There are 613 sources
with absorption-corrected intrinsic 0.5–7.0 keV lumi-

nosities above 1042 erg s−1 and 108 sources above

1044 erg s−1. See Section 4.4.

8. We identified 711 AGNs (71%) from the main catalog
based on their X-ray and multiwavelength properties.
Besides 12 Galactic stars, the remaining 285 sources
are likely normal galaxies. See Section 4.5.

9. We detected 291 new X-ray sources in the 7 Ms CDF-S
main catalog compared to the 4 Ms CDF-S catalogs,
three of which were outside the footprint of the 4 Ms
CDF-S. A smaller fraction of the new sources are clas-
sified as AGNs (63%) compared to that for the entire
catalog (71%). The median redshifts for the new AGNs
and galaxies are comparable to those for the entire AGN
and galaxy samples. The new AGNs have a lower me-
dian flux and median luminosity than the old AGNs.
The new galaxies have a slightly lower median flux
than the old galaxies, while their median luminosities
are comparable. See Section 4.6.

10. Simulations suggest that our main catalog is highly re-
liable with ≈ 7, 7, and 5 spurious detections in the full,
soft, and hard bands, respectively. The completeness
levels within the central 6′-radius region are 74.7%,
90.5%, and 62.8% for sources with ≥ 8 counts in the
full, soft, and hard bands, respectively, and they are
higher for sources with larger numbers of counts. See
Section 6.

11. The mean numbers of background counts per pixel
are still small (0.17–0.60 in the three bands) in the
7 Ms Chandra exposure; most of the pixels have zero
counts. The low background level and deep expo-
sure result in unprecedented X-ray sensitivity for the
7 Ms CDF-S. The average flux limits over the central

≈ 1 arcmin2 region reach ≈ 1.9× 10−17, 6.4× 10−18,

and 2.7× 10−17 erg cm−2 s−1 in the full, soft, and hard
bands, respectively, and the flux limits for ≈ 50% of

the CDF-S area are ≈ 2.0 × 10−16, 6.5 × 10−17, and
2.5 × 10−16 erg cm−2 s−1. Compared to the average

soft-band flux limit in the central ≈ 1 arcmin2 region
of the 4 Ms CDF-S, the 7 Ms CDF-S sensitivity has
been improved by a factor of 1.42. See Section 7.

12. We computed cumulative number counts down to the

soft-band flux limit of 4.2 × 10−18 erg cm−2 s−1 and

hard-band flux limit of 2.0× 10−17 erg cm−2 s−1. The
number counts are broken down into AGNs, normal
galaxies, and Galactic stars. After correcting for de-
tection incompleteness and Eddington bias, the AGN

density is ≈ 23900 deg−2 (47% ± 4% of the total

source density) and the galaxy density is ≈ 26600 deg−2

(52%± 5% of the total) at the soft-band flux limit. We
observe, for the first time, that normal galaxies start
to dominate the X-ray source population at the faintest
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Figure 31. Cumulative number counts (number of sources brighter than a given flux) for the main source catalog (filled circles) in the (a) soft band and (b) hard
band. The number counts are further broken down into AGNs (open red triangles), normal galaxies (open blue squares), and Galactic stars (open green stars)
with their corresponding 1σ errors displayed. The red long-dashed, blue dotted, and green short-dashed curves represent the number-count models based on
the best-fit differential number-count models (Equation 3 and Table 8) for AGNs, galaxies, and stars, respectively, and the black curves show the number-count
models for all X-ray sources (sum of the three components). The bottom panels show the fractional contributions from AGNs, galaxies, and stars to the total
number counts. Galaxies provide significant contributions to the total number counts near the soft-band flux limit and they overtake AGNs at soft-band fluxes

smaller than ≈ 6.0× 10−18 erg cm−2 s−1.

flux levels (. 6.0× 10−18 erg cm−2 s−1). The resolved
CXRB fractions computed using the number-count es-
timates are 80.9%± 4.4% and 92.7%± 13.3% in the
soft and hard bands, respectively. See Section 8.

The 7 Ms CDF-S will serve as a multi-decade Chandra
legacy for advancing deep-survey science projects, owing to
its unique combination of great depth and high angular res-
olution. Detailed science results for the 7 Ms CDF-S are
presented in additional papers (e.g., Lehmer et al. 2016; Vito
et al. 2016; Yang et al. 2016).
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Table 1
Journal of 7 Ms Chandra Deep Field-South Observations

Obs. ID Obs. Start Exposure Aim Point Roll Angle Obs. Pipeline

(UT) Time (ks) α (J2000.0) δ (J2000.0) (deg) Mode Version

1431-0 1999 Oct 15, 17:38 25.1 03 32 29.31 −27 48 22.2 47.3 VF 8.4.5
1431-1 1999 Nov 23, 02:30 93.2 03 32 29.31 −27 48 22.2 47.3 F 8.4.5
441 2000 May 27, 01:18 53.5 03 32 26.91 −27 48 19.4 166.7 F 8.4.5
582 2000 Jun 03, 02:38 127.6 03 32 26.97 −27 48 18.5 162.9 F 8.4.5
2406 2000 Dec 10, 23:35 28.7 03 32 28.33 −27 48 36.5 332.2 F 8.4.5
2405 2000 Dec 11, 08:14 56.3 03 32 28.82 −27 48 43.5 331.8 F 8.4.5
2312 2000 Dec 13, 03:28 123.7 03 32 28.28 −27 48 36.9 329.9 F 8.4.5
1672 2000 Dec 16, 05:07 95.0 03 32 28.73 −27 48 44.5 326.9 F 8.4.5

Note. — The 7 Ms CDF-S consists of 102 observations, with a total cleaned exposure time of 6.727 Ms.
The average aim point for the merged observations, weighted by the individual exposure times, is αJ2000.0 =

03h32m28.s27, δJ2000.0 = −27◦48′21.′′8. The observations were performed using Faint (F) or Very Faint (VF)
modes. (This table is available in its entirety in the online journal. A portion is shown here for guidance regarding
its form and content.)

Table 2
Summary of Chandra Source Detections

Number of Detected Counts Per Source
Band (keV) Sources Maximum Minimum Median NMADa Mean

Full (0.5–7.0) 916 56916.2 11.2 98.9± 6.1 104.4 571.6± 93.2
Soft (0.5–2.0) 871 38817.0 6.1 47.7± 2.0 47.6 343.5± 65.9
Hard (2–7) 622 18137.8 9.2 94.6± 6.0 90.6 356.0± 46.1

a Normalized median absolute deviation, defined as NMAD = 1.48×median(|counts −

median(counts)|).

Table 3
Sources Detected in One Band but not Another

Detection Band Nondetection Energy Band
(keV) Full Soft Hard Either

Full (0.5–7.0) . . . 129 302 22
Soft (0.5–2.0) 84 . . . 364 84
Hard (2–7) 8 115 . . . 8

Note. — For example, there were 129 sources
detected in the full band but not in the soft band,
and there were 22 sources detected in the full
band but not in either the soft band or the hard
band.

Table 4
Main Chandra Source Catalog

XID RA Dec log PB WAVDETECT Pos Err Off-axis FB FB Low Err FB Upp Err SB SB Low Err SB Upp Err
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

1 52.899178 −27.859588 −99.0 −8 0.53 12.04 886.7 38.2 39.3 604.3 28.2 29.4
2 52.911023 −27.892965 −10.2 −8 1.08 12.15 98.9 20.1 21.2 67.3 12.3 13.5
3 52.917119 −27.796253 −99.0 −8 0.66 10.67 245.2 22.0 23.1 152.6 14.9 16.1
4 52.919726 −27.773984 −4.5 −5 1.01 10.69 65.6 18.2 19.4 29.8 −1.0 −1.0
5 52.920710 −27.743110 −14.4 −8 0.97 11.12 88.7 13.8 15.0 32.3 7.5 8.7

Note. — The full table contains 73 columns of information for the 1008 X-ray sources. (This table is available in its entirety in the online journal. A portion is shown here for

guidance regarding its form and content.)
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Table 5
Supplementary NIR Bright Chandra Source Catalog

XID RA Dec logPB WAVDETECT Pos Err Off-axis FB FB Low Err FB Upp Err SB SB Low Err SB Upp Err
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

1 52.925294 −27.763536 −1.8 −5 1.09 10.53 47.9 20.4 21.6 20.5 −1.0 −1.0
2 52.936641 −27.790331 −1.5 −6 1.03 9.66 39.4 23.9 25.0 17.8 12.8 14.0
3 52.950038 −27.771467 −1.8 −6 0.88 9.14 51.3 26.1 27.3 24.0 −1.0 −1.0
4 52.975983 −27.732096 −1.7 −5 0.77 8.74 64.7 27.0 28.1 17.8 13.8 15.0
5 53.001139 −27.795137 −1.9 −5 0.76 6.23 45.9 −1.0 −1.0 22.8 10.3 11.4

Note. — The full table contains 73 columns of information for the 47 supplementary X-ray sources. (This table is available in its entirety in the online journal. A portion is shown

here for guidance regarding its form and content.)

Table 6
Flux Limits and Completeness Levels

Completeness f0.5−7 keV f0.5−2 keV f2−7 keV

(%) (erg cm−2 s−1) (erg cm−2 s−1) (erg cm−2 s−1)

90 2.1× 10−15 9.1× 10−16 3.0× 10−15

80 9.1× 10−16 3.7× 10−16 1.2× 10−15

50 2.0× 10−16 6.6× 10−17 3.2× 10−16

20 5.9× 10−17 2.1× 10−17 8.7× 10−17

Table 7
Background Parameters

Band (keV) Mean Background Total Background Count Ratio

(counts pixel−1 ) (counts Ms−1 pixel−1) (105 counts) (background/source)
(1) (2) (3) (4) (5)

Full (0.5–7.0) 0.600 0.184 43.2 8.2
Soft (0.5–2.0) 0.173 0.055 12.5 4.2
Hard (2–7) 0.427 0.127 30.7 13.8

Note. — Column 1: X-ray band. Column 2: mean number of background counts per pixel
averaged across the background map (Section 7). Column 3: mean number of background
counts per pixel (Column 2) divided by the mean effective exposure time averaged across the
exposure map (Section 3.1); the mean effective exposure times are 3.26 Ms, 3.18 Ms, and
3.37 Ms for the full, soft, and hard bands, respectively. Column 4: total number of background
counts measured from the background map. Column 5: ratio of the total number of background
counts (Column 4) to the total number of source counts in the main and supplementary catalogs.

Table 8
Differential Number-Count Prior Best-Fit Model Parameters

Band (keV) AGNs Galaxies Stars

KAGN
14

βAGN
1

βAGN
2

f AGN
break

K
gal

14
βgal Kstar

14
βstar

(1) (2) (3) (4) (5) (6) (7) (8) (9)

Soft (0.5–2.0) 161.96 ± 7.10 1.52± 0.03 2.45± 0.30 7.1+2.5
−2.4 2.01 ± 0.10 2.24± 0.06 4.14 ± 0.30 1.45+0.13

−0.12

Hard (2–7) 453.70 ± 20.61 1.46± 0.03 2.72± 0.24 8.9± 1.7 0.75 ± 0.09 2.56± 0.15 0.73 ± 0.13 1.88+0.36
−0.35

Note. — Column 1: X-ray band. Columns 2–5: normalization in units of 1014 deg−2 [erg cm−2 s−1]−1, faint-end slope,

bright-end slope, and break flux in units of 10−15 erg cm−2 s−1 for the AGN double power-law differential number-count

model. Columns 6–7: normalization in units of 1014 deg−2 [erg cm−2 s−1]−1 and power-law slope for the galaxy power-

law differential number-count model. Columns 8–9: normalization in units of 1014 deg−2 [erg cm−2 s−1]−1 and power-law
slope for the star power-law differential number-count model.


