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ABSTRACT

We present X-ray source catalogs for the7 Ms exposure of th&€handraDeep Field-South (CDF-S),
which covers a total area of 484.2 arcrhitutilizing WAVDETECT for initial source detection and ACIS Ex-
tract for photometric extraction and significance asseasma@ create a main source catalog containing 1008
sources that are detected in up to three X-ray bands: 0.keV,®.5-2.0 keV, and 2—7 keV. A supplementary
source catalog is also provided including 47 lower-sigaifize sources that have bright K 23) near-infrared
counterparts. We identify multiwavelength counterpants¥92 (98.4%) of the main-catalog sources, and we
collect redshifts for 986 of these sources, including 65&#escopic redshifts and 333 photometric redshifts.
Based on the X-ray and multiwavelength properties, we iflefifil active galactic nuclei (AGNs) from the
main-catalog sources. Compared to the previedsMs CDF-S catalogs, 291 of the main-catalog sources are
new detections. We have achieved unprecedented X-raytigépsvith average flux limits over the central
~ 1 arcmirf region of~ 1.9 x 1077, 6.4 x 10718, and 27 x 101" erg cm? s* in the three X-ray bands, respec-
tively. We provide cumulative number-count measuremebsgoving, for the first time, that normal galaxies
start to dominate the X-ray source population at the fairfies-2.0 keV flux levels. The highest X-ray source

density reaches 50500 de?, and 47%t 4% of these sources are AGNs 23900 ded).
Subject headingsatalogs — cosmology: observations — diffuse radiation <taxjas:active — surveys —

X-rays: galaxies
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1. INTRODUCTION been widely utilized (e.g., Alexander et al. 2003; Luo et al.

Cosmic X-ray surveys of the distant universe have made2008; Xue et al. 2011, 2016). We will also present multi-
enormous advances over the past two decades, since thwavelength identifications, basic multiwavelength photem

launches of th&Chandra X-ray Observator{Chandra e.g., try, and spectroscopic/photometric redshifts for the ctett
Weisskopf et al. 2000) an&-ray Multi-Mirror Mission X-ray sources.Chandrasource-cataloging methodology has

(XMM-Newton e.g., Jansen et al. 2001). These surveys areddvanced greatly over the years since @reandralaunch,

a primary source of information about accreting supermas-Providing substantially improved yields of demonstralay-r
sive black holes (SMBHS), i.e., active galactic nuclei (AgN ~ aPle sources (e.g., Xue et al. 2016) and improved source char
in the Universe, providing insights about their demographi ~ 2cterization. Here we will utilize ACIS Extract (AE; Broos
physical properties, and interactions with their enviremts €t @l- 2010}° as a central part of our point-source cataloging.
(e.g., Brandt & Alexander 2015 and references therein). Fur AE IS used as part of an effective wo-stage source-detectio

thermore, X-ray surveys are an essential tool for the study@PProach, and it allows for the optimal combination of multi
of clusters and groups (e.g., Allen et al. 2011 and reference ple observations with different aim points and roll angles.

therein) as well as X-ray binary populations in starburgt an _, SOMe key AGN science projects that should be advanced by
normal)galaxies (e.q., M%neo e%/arl). 2pOl4; Lehmer et al. 2016; the 7 Ms CDF-S include investigations of (1) how SMBHS, in-
and references therein). X-ray surveys with a wide variety cluding those in obscured systems, grow and co-evolve with

of sensitivities and solid angles are required to gain a Com_ga:ax!es throulgh thle criticalblgra atxd1—24 t;/vhersll\;n;jsive
prehensive understanding of X-ray source populationsen th 9alaxies were largely assembling, and (2) how S grow

Universe (e.g., see Section 2.1 of Brandt & Alexander 2015). Within the first galaxies at > 4. Starburst and normal galax-
Such surveys range from shallow, all-sky surveys, the lowes /€S @€ also detected in abundance at the faintest X-raysfluxe
tier of the X-ray surveys “wedding cake’, to the highest tier their differential number counts are comparable to those of
of ultradeep, pencil-beam surveys. Ultradeep X-ray sisvey AGN's at the faintest 0.5-2.0 keV fluxes reached by the 4 Ms
are particularly important as cosmic “time machines’, sinc CPF-S (€.., Lehmer et al. 2012). The 7 Ms CDF-S will thus
fainter X-ray sources of a given type generally lie at higher P€ & key resource for examining how the X-ray binary popu-
redshifts and thus earlier cosmic epochs. Furthermore, at a2tions of starburst and normal galaxies evolve over most of
given redshift, such ultradeep surveys are capable of prob-cOSMiC time, both via studies of the directly detectgd SERIrC
ing objects with lower observable X-ray luminosities thet a  2nd Via stacking analyses (e.g., Lehmer et al. 2016; Vitd et a
generally more typical members of source populations. Addi 2916)- Owing to its unique combination of great depth and
tionally, some intrinsically luminous X-ray sources mayéa  high angular resolution, the 7 Ms CDF-S should serve as a
low observable X-ray luminosities owing to strong obscura- Multi-decadeChandralegacy. For example, evehthena
tion (e.g., Compton-thick AGNs), and ultradeep X-ray sur- & next-generation X-ray observatory aiming for launch in
veys are one of the key ways of identifying and characteriz- <~ 2028 (€.g., Barcons et al. 2015), may not be able to reach

ing such important sources (e.g., see Section 3.3 of Brandt &N€ flux levels probed in the central region of the 7 Ms CDF-S.
Alexander 2015). X-ray missions capable of substantially surpassing theisen

The deepest X-ray surveys to date have been conducted ifVity of the 7 Ms CDF-S, such as the-ray Surveyor(e.g.,
the ChandraDeep Field-South (CDF-S), which is arguably Weisskopf et al. 2015), are presently not funded for comstru
the most intensively studied multiwavelength deep-survey ton-

region across the entire sky. Currently, published CDF-S  'Ne structure of this paper is the following. In Section 2
X-ray catalogs exist for the 4 MEhandraexposure (cov- we present the neZhandraobservations and the reduction

ering 465 arcmif e.g., Xue et al. 2011) and the 3 Ms details for the full data set. Section 3 describes the wrati

observation images, exposure maps, and the main and supple-
mentary source catalogs. In Section 4, we present the main
Chandrasource catalog in detail. Here we also present key
aspects of the X-ray source characterization and the multi-
ywavelength 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 significance
but align spatially with bright near-infrared (NIR) souscén
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 Se8tion
we present cumulative number counts for the n@andra

XMM-Newtonexposure (covering 830 arcmire.g., Ranalli

et al. 2013). In 2013, we proposed to extend the 4 Ms CDF-S
observations to a tot&thandraexposure of 7 Ms, and the new
observations were conducted during 2014-2016. The ver
small Chandrapoint spread function (PSF) and low back-
ground still allow for significant gains in sensitivity nete
field center, and thus the detection of many new sources
even for such long exposures. Furthermore, all previously d
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, \ari-
ability; variability studies also benefit from the signifitby
lengthened time baseline of sensitive CDF-S X-ray observa-

t|onst (e.g., Yang et .‘;2‘.'- 22I16t)h Tr;]es_e blettedr X-{ay dmeaslytre'source catalog, and in Section 9 we provide a summary of the
ments advance significantly the physical understandingeft iy vegyits. Th€handrasource catalogs and several asso-

sources producing most of cosmic accretion power; e.g., a.; . : -
typical AGN in the CDF-S will have 40 times more counts ciated data products are being made publicly availablegalon

: with this paper’
than the same AGN in the COSMOS Legacy Survey (e.g., . . _ 9.
Civano et al. 2016). We adopt a Galactic column densityl§ = 8.8 x 10*°cm

In this paper, we will present CDF-S point-source cata- along the line of sight to the CDF-S (e.g., Stark et al. 1992).
Iogs derived from the 7 Mé:handraexposure for use by the 26 gee  http://www.astro.psu.edu/xray/docs/TARA/ae_uggrisie.html

community in advancing X-ray deep-survey science projects ., yetails on ACIS Extract.
previous ChandraDeep Fields catalogs of this type have 27 np:/mww.astro.psu.edulusers/nielicdfs/cdfs-chiaridml.
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Coordinates are presented in the J2000.0 system, and magsoftware. Most of the procedures are similar to those per-
nitudes are in the AB system (Oke & Gunn 1983). We formed in Luo et al. (2008) and Xue et al. (2011, 2016), and
quote uncertainties at arlconfidence level and upper/lower the main steps are described below.
limits at a 90% confidence level. A cosmology with = We adopted the CIAO toohCIS_PROCESSEVENTS to
67.8 km s Mpc?, Qv =0.308, and2, = 0.692 (Planck Col- reprocess level 1 event files, applying Charge Transfer In-
laboration et al. 2016) is used. efficiency (CTI) corrections for observations with nominal
focal-plane temperatures efLl20°C (Townsley et al. 2000,
2. OBSERVAT'ONSAND DATA REDUCTION 2002), flagging potential cosmic-ray background events for
2.1. Observations of the 7 Ms CDF-S Very Faint mode dataOHECK_VF_PHA=YES), and imple-
The 7 Ms CDF-S contains observations taken in four sepa-menting a custom stripped-down bad-pixel file instead of the
rate epochs of time. The basic information on these observaStandard CXC one. A large fraction of the bad-pixel loca-
tions, 102 in total, is listed in Table 1. There were 48 recent ions in the standard bad-pixel file appear to contain good
observations acquired between 2014 June 9 and 2016 Marck 0-7 keV events that are appropriate for source searching
24, which constitute the last 3 Ms of exposure of the 7 Ms and characterization; instead of rejecting all eventsrigion
CDF-S. The first 1 Ms of exposure consists of 11 observa-these pixels, we chose to exclude manually those events be-
tions taken between 1999 and 2000 (Giacconi et al. 2002;l0W a row-dependent energy of 0.5-0.7 keV that fall on *hot
Rosati et al. 2002; Alexander et al. 2003), the next 1 Ms of SOft columns (see Section 2.2 of Luo et al. 2008 for details).
exposure consists of 12 observations taken in 2007 (Luo et al This approach allows us to recover a significant number of

2008), and another 2 Ms of exposure includes 31 observation@dditional good eventsy(3.2% of the total) compared to the

in 2010 (Xue et al. 2011).

All 102 CDF-S observations used ti@handraAdvanced
CCD Imaging Spectrometer imaging array (ACIS-I; Garmire
et al. 2003), which is optimized f@Zhandrasurveys. ACIS-I
consists of four CCDs (10-13) with 1024 1024 pixels each;
the size of the CCD pixels is/@92x 0492, and the ACIS-I
array size or the field of view of each observation i$.96&
16.9 = 285 arcmiA. 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 detectibn o
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 larget area
coverage. The total area covered by the 7 Ms CDF-S is
484.2 arcmif, 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 timgs, i
Q320000 — 03*]32”128.527, 6J20000 =-27°4821"8.

2.2. Data Reduction

The data for the 102 observations downloaded from the
ChandraX-ray Center (CXC) have gone through the CXC
pipeline software for basic processing. The software vessi

standard level 2 data products from the CXC pipeline.

We employed the CIAO toodCIS_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 ntsu
falling on the same CCD pixel within 20 s (see Footnote 27
of Xue et al. 2011 for details about this choice). We inspe:cte
the background light curve of each observation utilizing th
EVENT BROWSERtool in the Tools for ACIS Review & Anal-
ysis (TARA,; Broos et al. 2000), and we removed background
flares using the CIAO toadEFLARE with an iterative 3 clip-
ping approach. The 7 Ms CDF-S observations are not signif-
icantly affected by background flares. Only four observatio
(1431-0,16176, 16184, 17542) were affected by flares longer
than 10% of their durations (up te 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 aligme thes
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. Farhea
observation, we created a 0.5-7.0 keV image using the stan-
dardASCAgrade set (grades 0, 2, 3, 4, 5). We then searched
for X-ray sources in the image usiwgavDETECT (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 1. A PSF-size image was sup-
plied to thewAvDETECT run that was created with the CIAO

are listed in Table 1, and the data for the previous 4 Ms CDF-S!00I MKPSFMAP assuming a power-law spectrum with a pho-
observations have been processed with newer versions of thén index of I’ = 1.4 and an enclosed counts fraction (ECF)

software compared to those presented in the previous cat
log papers (Luo et al. 2008; Xue et al. 2011). These data
were then reduced and analyzed utilizDgandralnteractive
Analysis of Observations (CIAO; v4.8)tools, AE (version
2016may25), the MARX ray-tracing simulator (v5.3) that is
used in AE to model th€handraACIS-1 PSF?° and custom

28 See hitp://cxc.harvard.edu/ciao/ for details on CIAO.

29 http://space.mit.edu/CXC/MARX/; this version of MARX fide
a PSF issue affecting the PSF simulations of off-axis saurfeee
https://github.com/Chandra-MARX/marx/pull/21).

30f 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 thes&VvDETECT 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 registeeed th
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 M 35
CDF-S were used. This NIR catalog was chosen as its
trometric frame is consistent with those of other optic#RN
catalogs (e.g., see the listin Section 4.2 befSahd the frac-
tions of X-ray sources with a bright NIR counterpart are hi 40
(ranging from~ 50-80%) in the CDF-S observations.

The matching of the X-ray and TENIS sources as well
the World Coordinate System (WCS) update were perforr

Full Band

using the CIAO tooREPROJECTASPECTWith a 3’ match- g 45
ing radius and a 06 residual limit3! ~ 30-110 matches ar
found in the individual observations, and the positiondd ¢
sets were used to obtain the WCS transformation for e -2
observation. The WCS transformation matrices range fi £ %0
0007 to 1’011 in linear translation;0°051 to (014 in ro- g
tation, and 0.9996 to 1.0012 in scaling; the resulting re
trations are accurate t00!’3. Although the astrometric off-_270 55

sets are small, registering the observations and corgefdin

the offsets is a necessary step for detecting very faintyX-
sources and obtaining the best-possible X-ray source |

tions as well as reliable photometric properties. The astr_,g° oo
etry registered event files were produced with the CIAO t
REPROJECTEVENTS. We then projected the event files 1 1
the astrometric frame of observation 240@isingREPRo 03" 33™ 30°  33™ 00°  32™ 30° 32™ 00® 31M 30°
JECT_ASPECTandrREPROJECTEVENTS. Finally, we merged Right Ascension (2000)

these 102 event files into a master event file using the CIAO Figurel. Full-band raw image of the 7 Ms CDF-S in linear gray scale.
tool DMMERGE. We note that X-ray source detection was per- The black outline surrounding the image indicates the @mewf the entire
formed in the merged observation while source characteriza CDF-S. The blue solid, red dash-dotted, and yellow dashgidme show the
tion was carried out mainly using the individual astrometry coverage of the CANDELS 3D-HST fields, GOODS-S survey, and HUDF,

. . - . respectively. The central black plus sign marks the aveeaigepoint. The
reg|5tered observations (e.g., the AE photometrlc extm):t apparent lightening of the area surrounding the black plysis caused by

the relatively low effective exposure in this region duehe ACIS-I CCD
3. IMAGES, EXPOSURE MAPS, AND X-RAY SOURCE DETECTION gaps (see Figure 2). The apparent scarcity of sources nefielth center is

3.1. Image and Exposure Map Creation largely due to the small PSF size at that location, which makeirces diffi-
. . cult to identify visually in this figure (see Figures 4 and b8 ¢larification).
We created X-ray images from the merged event file us-

ing the standardSCAgrade set in three bands: 0.5-7.0 kev 3D-HST survey (Skelton et al. 2014).

(full band; FB), 0.5-2.0 keV (soft band; SB), and 2-7 kev _ Due to the effects of vignetting, gaps between the CCDs,
(hard band; HBJ?® The full-band raw image is shown in Fig- 0ad-pixel filtering, bad-column filtering, spatially dejtemt

ure 1; also illustrated are the fields of view of some of the degradation in quantum efficiency due to contamination on
deepest optical-NIR surveys from titubble Space Tele- the ACIS optical-blocking filters, and slightly differenina
scope(HST) within the CDF-S, including the Hubble Ultra  POints between observations, the effective exposure tifme o
Deep Field (HUDF; Beckwith et al. 2006), the Great Observa- the combined observation cannot reach the total cleaned ex-
tories Origins Survey Southern field (GOODS-S; Giavalisco Posure of 6.727 Ms, and it varies across the CDF-S field.
et al. 2004), and the combined field of the Cosmic Assem- Therefore, we constructed effective-exposure maps in the
bly Near-infrared Deep Extragalactic Legacy Survey (CAN- three bands following the basic approach described in Sec-

DELS; Grogin et al. 2011; Koekemoer et al. 2011) and the tion 3.2 of Hornschemeier et al. (2001), taking into account
the above effects. A power-law spectrum with a photon index
%0 The astrometry of the Xue et al. (2011) 4 Ms CDF-S observatisas of I' = 1.4 was assumed when creating the exposure maps,
registered to the frame of the Very Large Array catalog ofédietal. (2013),  which is approximately the slope of the cosmic X-ray back-
and there arex 07’2 offsets in right ascension and declination betvvee_n this ground spectrum in the full band (e.g., Marshall et al. 1980:
frame and those of the optical/NIR catalogs, medianfRfs —RAvia) = . .
-0"7193+0//012 and median(Dggnis — Dedya ) = 0268+ 0/014. There- Gendreau et al. 1995; Hasmger et al. 1998) The full-band
fore, the X-ray source positions in the current 7 Ms CDF-Siloas have effective-exposure map is shown in Figure 2, with a maxi-
the same systematic offsets from the 4 Ms source positidmeribed from mum effective exposure time of 6.651 Ms.

the different choices of the astrometric systems. We cautat the TE- ; ;
NIS astrometric frame is off from that of }tlhe first Gaia datlease (Gaia From. the eﬁectlve-expos_ure maps, V\.Ie. can derive .the sur-
Collaboration et al. 2016) by median(Réis — RAgaia) = —0” 154- 0004 vey solid angle as a function of the_ minimum effe_ctwe ex-
and median(Degnis — Desais) = 07290+ 0/005. The Miller et al. (2013)  posure. For the purpose of comparing to the previous 2 Ms
Very Large Array astrometric frame thus agrees better withGaia frame, and 4 Ms CDF-S results (the definition of the full band and
igr%opuagr?sgae.re are not a sufficient number of sources in camfioroa direct hard_ band have changed), We show in Figure 3 such a rela-

31This is a parameter used REPROJECT ASPECTH0 remove source pairs 110N in the soft band. Approximately 49% of the 7 Ms CDF-S
with residual positional offsets larger than the given timi field has> 3.5 Ms effective exposure, while.3 Ms is close

32 The choice of this astrometric frame is to be consistent aithprevious to the deepest effective exposure achieved in the 4 Ms CDF-S
CD';‘]S a”ba'ysest.('-“g et al. tzof(f)s;tXue e}tah'- 2011|)t? choosiedfime of  \yith only 3% of the field having longer exposure times. In
another observation does not affect any of the results. "y .

33 The upper energy bound of the bands has been changed from i keV the 7 Ms CDF-Sx 45%, 39%, a.nd 9.4% of the field have
our previous CDF-S analyses (Alexander et al. 2003; Luo.e2G08; Xue >4 Ms,>5 MS, and> 6 Ms effective exposure, respectively.
et al. 2011) to 7 keV; see Footnote 16 of Xue et al. (2016) fdaitel rea- The survey solid-angle curves for the 4 Ms CDF-S (Xue et al.

soning. 2011) and 2 Ms CDF-S (Luo et al. 2008) are similar to the

CANDELS + 3D—HST

T T T T T T T T [ T T T T [ T T T T | T T T TR
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Figure 2. Full-band effective-exposure map of the 7 Ms CDF-S. Thediine
gray scale bar is shown in the upper right; the displayed:gffe exposure
times are in units of Ms. The maximum effective exposure fisr@651 Ms,
which is smaller than the total cleaned exposure of 6.7273MBeaim points
of individual observations differ. The radial trails anchtral ring-like struc-
ture with relatively low effective exposures are causedhs/ACIS-I| CCD
gaps. The regions and the plus sign are the same as thoseaine Eig
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Figure 3. Survey solid angle as a function of minimum soft-band eifect
exposure for the 7 Ms CDF-S (black solid curve). The vertitatted line
indicates an effective exposure of 3.5 Ms, and 235.9 artif#8%) of the
7 Ms CDF-S and 13.0 arcmr(3%) of the 4 Ms CDF-S have 3.5 Ms ef-
fective exposure. For comparison, the dashed and dastddnitves display
the 4 Ms CDF-S (Xue et al. 2011) and 2 Ms CDF-S (Luo et al. 20083 s
angles, which were derived following the same proceduren #ss paper.
The 7 Ms curve can be roughly rescaled to 4 Ms and 2 Ms curvésseitling
factors of 1.8 and 3.5 in effective exposure (gray solid egjvrespectively.

of reliable sources detected (e.g., Lehmer et al. 2009; Xue
et al. 2011). A candidate source list was initially genatate
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 detestio
caused by background fluctuations. A supplementary source

7 Ms curve in the sense that they are approximately the scaled¢atalog was also produced that contains lower-significance
down versions of the 7 Ms curve with scaling factors of 1.8 X-ray sources with brighti{s < 23) NIR counterparts.

and 3.5 in effective exposure, respectively. The overalida

To generate the candidate source list, we\M8RDETECT

solid angles of the 7 Ms CDF-S compared to the 4 Ms CDF-S 0N the combined raw images in the full band, soft band, and
suggest that we are not only able to detect new sources beloward band, using av'2 sequence” of wavelet scales (i.e., 1,
the 4 Ms CDF-S sensitivity limit, but also detect new sources 1.414, 2, 2.828, 4, 5.656, 8, 11.314, and 16 pixels) and a

above that limit owing to the significantly increased sold a
gle coverage at any given exposure time.

false-positive probability threshold of 70 ThewAvDETECT
process made use of a merged PSF map, created by choos-

We created exposure-corrected smoothed images in théng the minimum PSF size at each pixel location among all

0.5-2.0 keV, 2-4 keV, and 4-7 keV bands following Sec- the PSF maps of individual observations (e.g., see Section
tion 3.3 of Baganoff et al. (2003) using the CIAO tool 2.2.2 of Xue et al. 2016); such a process is optimized for
cSMOOTH The images and effective-exposure maps were point-source detectiotf. We merged the three source lists for
adaptively smoothed with the same scale map in each bandthe three bands into the candidate source list by cross match
and the smoothed images were divided by the corresponding them with a matching radius of’8 for sources within 6
ing smoothed exposure maps. These exposure-correctedf the average aim point and'@ for sources at larger off-axis
smoothed images were combined to produce a color composangles (the distance between the source position and the av-
ite, as shown in Figure 4; an expanded view of the central erage aim point); we also visually inspected all the sources
8 x 8 region is also shown to illustrate the large abundancebeyond 8 of the average aim point and removed nine can-
of sources near the field center. Although many of the X-ray didate sources which are likely the same as their companion
sources are clearly visible in the adaptively smoothed @sag detectionsx 4—-7' away. The X-ray source positions in the
our source searching was performed on the raw images (e.g.merged source list were adopted from, in order of priorits, t
Figure 1), as detailed in Section 3.2 below. @&MOOTH full-band, soft-band, and hard-band positions. The raggylt
processes were not optimized to enhance the visibility ef ex candidate source list includes 1121 sources.
tended sources (which requires external background files fo  The relatively loosevavDETECT source-detection thresh-
proper computation of the source significance), and exténde old of 10 introduces a non-negligible number of spurious
faint color halos which appear in Figure 4b are usually arti- detections. We also performa@vDETECT source search-
facts rather than real extended sources (e.g., Finogueiabv e ing with the more stringent false-positive probabilityetbh-
2015). olds of 10%, 1077, and 108 We then assigned a minimum
) WAVDETECT false-positive probability to each of the 1121
3.2. X-ray Source Detection candidate sources according to the minimwmvDETECT
X-ray source detection for the 7 Ms CDF-S follows the threshold value at which the source was detected. Of the 1121
same two-stage approach as was employed in the Xue et al.

(2011) 4 Ms CDF-S catalog, which maximizes the number 34 See http://cxc.harvard.edu/ciao/threads/wavdeteagedéndex.html#min.
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Figure4. (a) "False-color" image of the 7 Ms CDF-S. The image is a columposite of the exposure-corrected and adaptively sredoiihages in the
0.5-2.0 keV (red), 2—4 keV (green), and 4-7 keV (blue) bamte.smoothed images have uneven weights in the compositesf@urpose of enhanced display,
and thus the source color in the image does not reflect aetyitae X-ray color of the source. The apparent smaller sigklawer brightness of the sources
near the field center are due to the smaller PSF size at thattdnc The CDF-S boundary and the average aim point are sheswvas done in Figure 1. An
expanded view of the central & 8’ region (dashed square region) is displayed in panel (b)eriged faint color halos in panel (b) are usually artifactteiad
of real extended sources.

sources, 644, 58, 102, and 317 have minimuAYDETECT apertures. The AE “BETTER_BACKGROUNDS” algorithm
false-positive probabilities of I8, 1077, 10°®, and 10°, re- was adopted for background extraction (Section 7.6.1 of the
spectively. Candidate sources with smaller minimumyDE - AE User’s Guide), which seeks to obtain a single background
TECT false-positive probabilities are more likely real detec- region plus a background scaling that simultaneously mod-
tions and most of the spurious detections will have minimum els all background components, including the background
false-positive probabilities of I8 (e.g., see Figure 5 below). that arises from the PSF wings of neighboring sources. A

Before filtering the candidate source list with AE, minimum number of 100 counts in the merged background
we improved the source positions through the AE spectrum is required to ensure photometric accuracy, which
“CHECK_POSITIONS” procedure. As was done in our was achieved throughthe AE "ADJUST_BACKSCAL" stage.
previous CDF-S, ExtendedChandra Deep Field-South  The extraction results from individual observations wéert
(E-CDF-S), andChandraDeep Field-North (CDF-N) cata- merged to produce photometry for each source through the
logs (Luo et al. 2008; Xue et al. 2011, 2016), we adopted AE “MERGE_OBSERVATIONS” procedure.
AE centroid positions for sources withirf 8f the average One important output parameter from AE is the binomial
aim point and matched-filter positions for sources located a no-source probabilityps, which is the probability of still ob-
larger off-axis angle®®> We further visually inspected the serving the same number of source counts or more under the
raw and adaptively smoothed images for each source andissumption that there is no real source at the relevanidocat
manually chose centroid or matched-filter positions~£a80 and the observed excess number of counts over background is
sources which align better with the apparent source centergurely due to background fluctuations. The formula to obtain
(mostly sources located within 6-8f the average aim point P is given by:
where the matched-filter positions are preferred). N

We then utilized AE to extract photometric properties of the _ ! X N-X
candidate sources. The details of the AE photometric extrac Pe(X =9 = Z XI(N=X)! Pra-pT ()
tion are described in the AE User’s Guide; a short summary X=S
is presented in Section 3.2 of Xue et al. (2011). Briefly, AE |n this equation,S is the total number of counts in the
performed source and background extractions for eachsourc soyrce-extraction region arRlis the total number of counts
in each observation and then merged the results. A polygo-n the background-extraction regioX;is the sum oSandB;
nal extraction region that approximates taé®0% ECF con- p=1/(1+BACKSCAI, with BACKSCAlbeing the area ratio
tour of the local PSF was utilized to extract source counts; of the background and source-extraction regions. A smaller
smaller extraction regions{40%—75% ECFs) were used in  p; value indicates that a source has a larger probability of be-
crowded areas where sources have overlapgit®% ECF  ing real. For each source, AE computeBsavalue in each of

the three bands, and we adopted the minimum of the three as

35 The matched-filter position is the position found by cotiai the the finalPs ValL_le for the source. o
merged image in the vicinity of a source with the combinedsePSF (see AlthoughPs is a classic confidence level, it is usually not
Section 5.3 of the AE User's Guide). a good indicator of the fraction of spurious sources (e.g., a



cut atPs = 0.01 does not correspond to a 1% spurious ratgy,, : : : 100 :

mainly because the extractions were performed on a biasec? WAVDETECT false—positive | /A 107 77
sample of candidate sources that already survived a fiterin 10-8 96.6% (56,/58)

process bywavDETECT. Furthermore, given its definition, 100 . . 3

the value ofPs also depends on the choices of source and 507 (64375007 10f

background extraction regions. Therefore, we cannot trejeq L

spurious sources simply based on the absolute valig itf

self. Fortunately, from past experience (e.g., Luo et a].OZOvﬂ

Xue et al. 2011), we found that the superb multiwavelength 1} . ZE TE |_|

coverage in the CDF-S allows us to identify counterparts#or ‘ ' ' ‘ - -
the majority & 96%) of the X-ray sources, and the accalO0f 107 17EPA| 10 Zh
rate X-ray and optical/NIR/radio source positions alsaieass 85.3% (87/102) 100 70.3% (223/317)
high-confidence associations (false match ra2%). These €

combined factors indicate that X-ray sources having a m@tiio} 10k

wavelength counterpart (down to the magnitude limits of the

multiwavelength catalogs) are extremely likely to be resl d

tections. Thus we proceeded to choosBsahreshold that | : |
retains a large number of sources with multiwavelength eoun . . . . N 77
terparts while removing most of the sources without coun- 0.94 0.96 0.98 1.00 0.94 096 0.98 1.00
terparts. The multiwavelength catalogs used for identifica 1-Pg 1-Pg

tion and the identification procedure are the same as these de

; ; ; ; ; Figure5. Distribution of 1 minus the AE binomial no-source probaili
scribed in Section 4.2 below. After evaluation of the maighi (Pg) for sources in the candidate-list catalog with differermimum wAvDE-

results at several possibRy threshold values (0.001-0.01), tg(rtaise-positive probabilities. Sources havikg < 0.007 were included
we adoptedPs < 0.007 as the criterion to prune the candidate in the main source catalog, and they are indicated by the redesi bars,
source list and generate a main source catalog, which ieslud \(/)V*(])Kli)h ?ﬁvefa St_llghtbf' Sma"ert\/\fdth than the rlghtmwhbm_ (0.007 vs.
H 0, H i 3 H . . e fraction oI main-catalog sources among eachnmom WAVDE -
1008 sources .Wlth a 97 4) mumwavel(?ngth identification TECT false-positive bin is annotated, with the numbers of saistewn in
rate. The detailed properties of the main-catalog soun@s a the parentheses. The fraction drops from 99.7% at a miniNVATDETECT
presented in Section 4 below. N o false-positive probability of 18 to 70.3% at a minimurwAvDETECT false-
The choice of thés threshold is an empirical decision, op-  positive probability of 10°.
timized to balance the needs of recovering a large number:

f real hiah lot hile keepina the f ities of 10® remain in the main catalog, while a substan-
of real sources (high completeness) while keeping the frac-ii5| fraction ( 30%) of the candidate sources with minimum
tion of potential spurious sources small (high reliabjlitA

slightly different choice of the threshold value will aftthe  \'AYPETECT false-positive probabilities of Idwere rejected

final source catalog as well as the catalog completeness an };?uepélgrfr:girtgr% glgfal?/ogeslr;%rirél;rlolusgd(;tﬁgtgp Sﬁasef tr?ﬂeni-
reliability slightly; in fact, most of the main-catalog sues, , S

929 out){)f tf?e 1)(/)08 (91.5%), ha¥is < 0.001 and arge highly ~MUMWAVDETECT false-positive probabilities of 18, 107,
reliable (> 98% identification rate). Thes threshold value ~ and 107, respectively.

was 0.004 for the 2 Ms CDF-N (Xue et al. 2016) and 4 Ms 4. MAIN CHANDRASOURCE CATALOG

CDF-S (Xue et al. 2011), and it was 0.002 for the 250 ks L .

E-CDF-S (Xue et al. 2016). As reasoned above, the absolute After determining the main and supplementary catalog
Ps values are not directly comparable, but these choices weresources, we performed another AE photometric-extraction
also made based on the multiwavelength identification tesul Procedure on these catalog sources instead of the candidate

to optimize the balance between completeness and refjabili SOUrces; the exclusion of those rejected candidate sources
consistent with our current approach. affected the photometry of several sources slightly, due to

Our adoptedPs threshold will have inevitably rejected changes in the extraction regions and/or background levels
real X-ray sources. To recover some of these real sources] € characterization of the X-ray and multiwavelength seur
we created a supplementary source catalog that contain®roPerties, including X-ray positional uncertainties, ltihu
lower-significance X-ray sources which have bright opti- Wavelength counterparts, redshifts, X-ray photometrittzar
cal/NIR counterparts, as has also been done for the 4 MsSIC Spectroscopic properties, and AGN classificationpfesi
CDF-S (Xue et al. 2011); the chance of a bright optical/NIR Similar approaches as were used in the Xue et al. (2011) 4 Ms
source being associated with a spurious X-ray detection isCDF-S catalog, and these are described in detail in thewello
quite small. A total of 47 candidate CDF-S sources having ing subsections. Asummary of the main catalog data columns
0.007< Ps < 0.1 are associated with brigh¢; < 23, TENIS  can be found in Section 4.8 below.
sources, where the false match rate is only 1.7%, and these X S Positional U .
47 sources constitute the supplementary catalog. The basic 4.1. X-ray Source Positional Uncertainty
X-ray and multiwavelength properties of the supplementary We investigated the accuracy of the X-ray source posi-

catalog sources are presented in Section 5 below. tions by comparing them to the positions of the 6651 bright
The distributions oPg for sources in the candidate-list cata- (Ks < 22) TENIS sources that were used in Section 2.2 to reg-
log with different minimumwAvDETECT false-positive prob-  ister the astrometry of the CDF-S observations. We matched

abilities are displayed in Figure 5. Sources that are dedect the X-ray sources to thKs-band sources using a matching
by WAVDETECT at smaller false-positive probability thresh- radius of 1'5; we removed manually two matches where the
olds are also considered more significant by AE with smaller TENIS positions are significantly affected by source blegdi

Pg values in general. Most (99.7%) of the candidate sourcesThere are 662 matches found, with a median positional off-
detected with minimumvavDETECT false-positive probabil-  set of 0’30. The expected number of false matches is small,
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~ 27 (~ 4.1%) estimated by shifting the X-ray source posi- in cases where multiple counterpart candidates satisfy the
tions manually and recorrelating them to the TENMIShand threshold cut for a single X-ray source: 3% of the total
sources (e.g., see Section 3.3.1 of Luo et al. 2008); suchmain-catalog sources on average), we selected the caadidat
a small false-match rate does not affect our analysis of thewith the highest likelihood ratio. The false-match prolabi
X-ray source positional uncertainties below. TH& Inatch- ity is estimated based on the Broos et al. (2011) shift-and-
ing radius was used here only to obtain X-ray source po-recorrelate Monte Carlo method, and our approach is de-
sitional uncertainties; later we adopt a more sophistitate scribed in detail in Section 4.3 of Xue et al. (2011). This
likelihood-ratio matching technique, which takes the dedli approach does not account for any potential false matches in
X-ray source positional uncertainties as input paramgters  troduced when only the highest likelihood-ratio counterpa
identify multiwavelength counterparts for the X-ray s@sc  was selected in the cases of multiple candidates. For exxampl
(Section 4.2). if the observed X-ray emission comes from a high-redshit ob
The positional offsets between the X-ray aWgd-band scured AGN, and it is gravitationally lensed by a foreground
sources have clear off-axis angle and source-count depenAGN/galaxy, the foreground object could potentially have a

dencies, as illustrated in Figure 6a. The former is causedhigher matching likelihood ratio and would be falsely stdelc

by the broadeChandraPSF sizes at larger off-axis angles, as the counterpart. Lensing has affected the identification
and the latter is due to the fact that locating the centroid of submillimeter galaxies (SMGs), ard 5% of bright SMGs

a faint X-ray source is difficult. As was done in our previ- are lensed (e.g., Blain 1996; Chapman et al. 2002; Simpson
ous CDF-S and E-CDF-S catalogs (Luo et al. 2008; Xue et al.et al. 2015; Danielson et al. 2017). Our X-ray sources are
2011, 2016), we derived an empirical relation for the X-ray located at a smaller median redshit (.6 for AGNs) than

positional uncertainty adopting the basic functional fqmo-
posed by Kim et al. (2007a):

logox = 0.0608) —0.32010gC - 0.064. )

In the above equatiomry is the I positional uncertainty in
units of arcsecond$, is the off-axis angle in arcminutes, an

source position was determined (Section 3.2); an uppet limi
of 2000 was set o as the positional accuracy does not im-
prove significantly with larger numbers of counts. The co-
efficients of Equation 2 were determined so that for a given
sample of X-rayKs matches, the fraction of sources hav-

ing positional offsets smaller than expectatiowé@ +og,,
whereoy, = 01 is the adopted TENIS source positional un-
certainty) is~ 68%3° a few such examples are displayed in
Figure 6a. In Figure 6b, we display the positional offsets in
right ascension and declination. Most of the X-ray sources
with large numbers of counts (e.g,400) or small off-axis
angles (e.g.< 6') have their positions determined reliably to
within = 0/5. Considering the entire X-ray source sample,
there is no systematic offset in right ascension or dedbnat
when compared to thEgs-band sources, as required by our
astrometric registration (Section 2.2). For the main{ogta
sources, the positional uncertainties range frdrhito 1728,
with a median value of M47. Figure 7 presents the distri-
butions of X-rayKg positional offsets in four bins of X-ray
positional uncertainties; the offsets are consistent exiec-
tations from the positional uncertainties.

4.2. Multiwavelength Source Identifications

We searched for optical, NIR, infrared (IR), and radio coun-
terparts for the X-ray sources, following the likelihocatio
matching technique described in Luo et al. (2010). Thistech
nique computes a likelihood ratio for each potential counte
part, taking into account the positional uncertaintieshaf t
X-ray and optical/NIR/IR/radio sources as well as the ex-
pected magnitude distribution of counterparts. A threghol
value for the likelihood ratio that maximizes the matching
completeness and reliability was chosen to determine the fi-

C is number of source counts in the energy band where the?/

typical SMGs & 2.5), and the lensed fraction is likely much
lower. We estimate that such potential false matches have a
negligible contribution to the overall false-match rateiksd

from the likelihood-ratio matching approach.

Multiwavelength identifications were performed with the

g following seven optical-radio catalogs (in order of incieg
avelength®” and a primary counterpart was chosen from
one of these catalogs when available.

1. The Wide Field Imager (WFIR-band catalog, with a
50 limiting magnitude of 27.3 (Giacconi et al. 2002;
Giavalisco et al. 2004).

2. The GOODS-SHST version r2.0zz-band catalog,
with a 5 limiting magnitude of 28.2 (Giavalisco
et al. 2004® This catalog covers a solid angle of
~ 160 arcmir in the center of the CDF-S (Figure 1).

3. The Galaxy Evolution from Morphologies and SEDs
(GEMS)HST zband catalog, with adblimiting mag-
nitude of 27.3 (Caldwell et al. 2008). The GEMS sur-
vey complements the GOODS-S survey and covers the
entire remaining area of the CDF-S that is not covered
by GOODS-S.

4. The CANDELS + 3D-HST HST WFC3
F125WA+F140WAHF160W combined catalog (here-
after the CANDELS catalog; Skelton et al. 2014). The
magnitudes in the F125W band were used, which has a
5¢ limiting magnitude of 28.3.

5. The TENISKs-band catalog, with ad limiting mag-
nitude of 25.0 in the inner 400 arcndimegion (Hsieh
et al. 2012).

6. The Spitzer Extended Deep Survey (SEDS) Infrared
Array Camera (IRAC) 3.6.m catalog, with a 3 limit-
ing magnitude ofz 26 (Ashby et al. 2013).

37 We also examined the GOODS-S MUlticolour Southern Infra@ed-

nal matches (See Section 2.2 of Luo et al. 2010 for dGta'ls);alog (MUSIC) v2K-band catalog (Grazian et al. 2006) and the Multiwave-

36 Based on similar practices, the 90% and 95% confidence-jmvsit
tional uncertainties are approximately 1.6 and 2.0 times1th positional
uncertainties.

length Survey by Yale-Chile (MUSYQ&-band catalog (Taylor et al. 2009).
These two catalogs do not provide any additional useful part informa-
tion, and thus we do not list them here.

38 See http://archive.stsci.edu/pub/hisp/goods/cataRig_
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Figure6. (a) Positional offset vs. off-axis angle for the 662 maitafzy sources that have a briglits(< 22) TENIS counterpart with a matching radius of
1”75, The gray circles, blue triangles, green squares, andtaeslrepresent X-ray sources with70, 70-400, 400—2000, and 2000 counts, respectively. The

magenta solid curve displays the running median of the iposit offsets for all these sources in off-axis angle bin§’ofThese data were used to derive the
1o positional uncertainties of the X-ray sources (see Eqnatjo The blue, green, and red solid curves represent theafimdum of the & positional errors

(4 /cr>2< +cr§s, whereogs = 0/'1) for sources with 70, 400, and 2000 counts, respectivebretare still broad ranges of counts for sources markediagfidngles

(70-400) and green squares (400-2000), and thus the blugraad curves are lower limits on the expectedpbsitional offsets. Approximately, 68% ).

of the blue triangles, green squares, and red stars lie klewcorresponding solid curves, respectively. (b) Ohsiion of the positional offsets in the right
ascension (RA) vs. declination (Dec) plane for the 662 neati@log sources having a bright TENIS counterpart. The sysrtiave the same meaning as in panel
(a); in addition, filled and open symbols represent soureeil an off-axis angle ok 6’ and > €', respectively. The majority of the sources, especiallys¢ho
that are on axis and have a large number of counts, lie witigimtack circle, which has a radius df®. For each of the four groups of sources in different count
bins, the mean positional offsets in right ascension antindgion are consistent with zero within the uncertainties
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Figure7. Histograms of the distributions of positional offsets fhet662
main-catalog sources that have a bright TENIS counterpétese sources
were divided into four bins according to their positionakartainties, and
each bin contains approximately the same number of souides.vertical
dashed line in each panel indicates the expected positaffs#t for each
group of sources, which is the quadratic sum of the mediaayXpositional

. - . 2
uncertainty and the TENIS source positional uncertalrv/gﬁ,medianﬂrm,

whereoks = 0/’1), and~ 68% (Io) of the sources have a positional offset
smaller than this value.

7. The Very Large Array (VLA) 1.4 GHz catalog from
Miller et al. (2013), with a & limiting flux density of
~ 40 pJy.

ing; the systematic offsets were negligible except for th&V
catalog, wherex 0’2 shifts in right ascension and declina-
tion were required (see Footnote 30). Compared to the multi-
wavelength catalogs used for source identification in thes4 M
CDF-S catalog (Xue et al. 2011), additional deep NIR and
IR survey catalogs have become available, including the TE-
NIS, CANDELS, and SEDS catalogs, which aided greatly
with the 7 Ms source identification. For each X-ray source
that has at least one match from these catalogs, we chose
a primary counterpart from, in order of priority, the CAN-
DELS, GOODS-S, GEMS, TENIS, VLA, WFI, and SEDS
catalogs. This order was empirically determined based on
the combined factors of positional accuracy, sensitiatygl
potential source-blending problems (e.g., in the SEDS IRAC
catalog). We identified primary counterparts for 982 (97.4%
of the 1008 main-catalog sources, and 701, 26, 186, 49, 4,
and 16 of them are from the CANDELS, GOODS-S, GEMS,
TENIS, WFI, and SEDS catalogs, respectively. There were
no primary counterparts selected from the VLA catalog. The
false-match probabilities for the matches found in the seve
catalogs range from 0.14% (VLA) to 4.0% (WFI). For each of
982 matched X-ray sources, we consider its false-match prob
ability to be the minimum one among the false-match proba-
bilities of the optical through radio catalogs where theay-r
source has a match. For example, if the counterpart of an
X-ray source is in the WFI catalog only, its false-match prob
ability is 4.0%; if the counterpart is in both the WFI and VLA
catalogs, its false-match probability is 0.14%; if the coun
terpart is in all seven catalogs, its false-match probigtii

The absolute astrometry for each of the above catalogs wa®.14%. The mean false-match rate for the entire sample, de-
registered to the TENIS astrometric frame before the match-rived by averaging the false-match probabilities of indial
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sources, is 1.6%.

We examined the 26 X-ray sources which lack counter- . . . . . . ™
parts, and manually assigned multiwavelength matches to 400F ]
10 of them. Six of these X-ray sources have a CAN- :
DELS companior~ 170-1'6 away, and their likelihood ra-
tios fell slightly below our threshold value for matches.eTh
other four X-ray sources are within the extenf {24'7) of
low-redshift galaxiesZ= 0.038—0.215) upon visual inspec-
tion, and they are probably off-nuclear sources associated
with the galaxies (e.g., ultraluminous X-ray sources; U).Xs
that arex 4-12 kpc away from the nuclei (e.g., Lehmer et al. ]
2006). These 10 manually matched sources are noted irF 100F 1 5 3
Column 20 of the main-catalog table. In total, multiwave- £ ]
length counterparts were identified for 992 (98.4%) of the 2 1
main-catalog sources. The false-match rate is around 1.6% ot ! . . . . . ]
or slightly higher, considering any possible additiondtéa -14 -12 -10 -8 -6 -4 -2
matches in the 10 manually matched cases, and it could be log Pg
as large asv 2.5% in the extremely unlikely case that all the  rigures. Distribution of the AE binomial no-source probabilitf) for
10 manual matches are incorrect. For the 16 X-ray sourceshe main-catalog sources; sources with Bgg< —15 are plotted in the
without counterparts, we expect that a significant raction  o9% _ 3 e, o, T Shaes coom st oniess i ove o
even most O.f th‘?m are spurious detections, as dIS_CUSSGd In Oqﬂe top of eacgh bin. A sigrr)ﬂfica{nt fraction of the 16 sourcesctvitack coun-

AE source-filtering stage (Section 3.2). The locations 6t terparts are likely spurious detections.

16 sources in th&s distribution for the main-catalog sources ) .

are shown in Figure 8, and they indeed have l&gealues  (2011), (14) Feruglio et al. (2011), (15) Xia et al. (2011),
in general, indicating less-significant detections. Weutis ~ (16) Cooper et al. (2012), (17) lwasawa et al. (2012), (18)
the one source that is detected significantly Bggz —13) but ~ Mao etal. (2012), (19) Kurk et al. (2013), (20) Le Fevre et al.

There are three pairs of X-ray sources (XIDs 431, 432, (23) Hsu et al. (2014), (24) Morris et al. (2015), (25) San-
556, 558, 649, 653) that were matched to the same counfini et al. (2015), and (26) Tasca et al. (2016). The spectro-
terparts, which are galaxies at redshifts of 0.038, 0.078, a Scopic redshifts were flagged as “Secure” or “Insecure” de-
0.579, respectively. The pair sources further away from thePending on whether they were obtained from several reliable
galactic centers could be off-nuclear sources associaithd w SPectral features witky, 95% confidence level. The spectro-
the galaxies (e.g., Lehmer et al. 2006). For one pair of scopic redshifts for Galactic stars were set to zero; theré
sources (XIDs 556 and 558), a strong radio counterpart is ob-Stars in our catalog. The spectroscopic redshifts, quitdiys,
served (1.4 GHz flux density 452]y), and the two X-ray and the catalogs that the redshifts were collected from ¢num
sources could be X-ray emission associated with extended raPered 1-26 as cited above) are presented in Columns 42-44
dio jets/lobes. These pair sources are noted in Column 20 ofof the main-catalog table. We collected photometric reftishi
the main-catalog table, and we further noted another plessib from the following public catalogs: (1) Luo et al. (2010),

For the 992 main-catalog sources with primary counter- ton et al. (2014), (5) Santini et al. (2015), and (6) Strastma
parts, we further searched for their multiwavelength photo et al- (2016). Unlike spectroscopic redshifts, photoroegd-
metric properties by matching the primary counterpartiéo t shifts from different catalogs sometimes do not agree with
other optical—radio catalogs above with a matching radfus o €ach other, and thus we present all the available photomet-
075 or 1’0 (for the VLA catalog only). The multiwave- 'iC redshifts in Columns 45-50 of the main-catalog table. In
length information for the 992 sources in the WFI, GOODS-S, total, 985 of our gna|n-catalog sources have at least one pho-
GEMS, CANDELS, TENIS, SEDS, and VLA catalogs are tometric redshift

W
o
o
|
1

Shaded: no multiwavelength counterparts

f sources

[9]

200 F

umber

presented in Columns 21-41 of the main-catalog table. For each source, we adopted a preferred redshift from, in or-
_ ) ) der of priority, (1) a secure spectroscopic redshift, (2ee-
4.3. Spectroscopic and Photometric Redshifts cure spectroscopic redshift that agrees with at least oits of

The superior multiwavelength data in the CDF-S allow col- Photometric redshifts to within 15%znot—Zsped / (1+Zsped <
lection of spectroscopic and photometric redshifts forttee~~ 0-15; an empirical choice driven by experience), (3) a Hsu
jority of the identified X-ray sources. We matched the pri- €tal- (2014) photometric redshift, (5) a Luo et al. (20109ph
mary counterparts to spectroscopic and photometric gggalo tometric redshift, (5) a Straatman et al. (2016) photoroetri
using a matching radius of'@ or 075 (if the primary coun-  redshift, (6) a Skelton et al. (2014) photometric redsliff}.a
terpart is from the SEDS IRAC catalog). Spectroscopic red- Santini et al. (2015) photometric redshift, (8) a Raffertle
shifts were searched for i 30 public catalogs including  (2011) photometric redshift, and (9) an insecure specbquisc
a few x_ray Spectroscopic redshift resultsy and redshdts f redshift (When It |S_ the Only redshift aVa||ab|e). The Hsakt
665 of our main-catalog sources were collected from 26 of (2014) photometric redshifts were preferred in generalregno
these catalogs, listed below: (1) Colless et al. (2003), (2) all the photometric redshifts because of the combined facto

gtz (a)‘:(o(lgo?)ts?l(éicl)\gﬁ )ﬁtj(l?)etz 2|e rzgoe(.\)tSz);lI.(gog:\)i,k?%;oehtear}y 39 The counterpart of XID 679 is blended with a brighter opfigéR
: ! 9 : ! * source= 176 away; the two sources are only resolved in the CANDELS

(2097): (7) Kriek et al. (2008), (8) Vanzella et al. (2008) ( catalogs among the optical through radio catalogs we exaifthe spec-
Treister et al. (2009), (10) Wuyts et al. (2009), (11) Bakest troscopic and photometric redshifts collected for XID 678 likely based on

et al. (2010), (12) Silverman et al. (2010), (13) Casey et al. the spectroscopic and photometric properties of the corapabject.
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that (1) Hsu et al. (2014) is a dedicated study of the CDF-S largerKs-band magnitudes (see also, e.g., Section 3.4 of Luo

photometric redshifts, (2) it utilized intermediate-baufebto-

metric data, (3) the resulting photometric redshifts havedy
accuracy overall, (4) the details of the SED fitting of indivi
ual sources are publicly available, and (5) the highestifrac

et al. 2010). Among the 333 sources with adopted photomet-
ric redshifts (322 AGNSs), 93 haw&, < 22 (=~ 5% outlier frac-

tion according to Figure 11), 146 have 22X < 24 (=~ 13%
outlier fraction), and 94 hav&; > 24. There is not a sufficient

(94%) of our main-catalog sources have matches in this cat-number of spectroscopic redshiftdat> 24 for assessing the

alog. In addition, for 16 sources, we adopted the Luo et al.

quality of these photometric redshifts. Assuming arbilyar

(2010) photometric redshifts instead of the Hsu et al. (2014 a 15% (30%) outlier fraction for sources wiky > 24, the

photometric redshifts after reviewing the SED fitting plots
Out of the 992 main-catalog sources with a primary

counterpart, 986 (99.4%) have final adopted redshifts, and
we present these preferred redshifts and their origins in

average outlier fraction for the 333 sources with adopted ph
tometric redshifts isz 11% (16%).

4.4. X-ray Photometric and Basic Spectroscopic Properties

Columns 51-52 of the main-catalog table. For those adopted The aperture-corrected net source counts were derived from

photometric redshifts, we also quote their dncertainties in

the AE extraction results. For each source in each of the

Columns 53-54 of the table, although we caution that thesethree X-ray bands, if th®s value is less than our adopted

uncertainties often underestimate the real errors (eg.$gc-
tion 3.4 of Luo et al. 2010). The redshift distributions fbet

threshold (0.007), we consider it as being detected anéptes
in the main catalog the number of source counts along with

main-catalog sources are shown in Figure 9a. The mediarthe associateddl statistical uncertainties computed by AE

redshift for all the X-ray sources is12+ 0.05 with an in-
terquartile range of 0.67-1.95, where the Uncertainty on
the median value was derived via bootstrapgihgn Fig-
ure 9b we display the distributions of spectroscopic rdtshi
in fine redshift bins Az = 0.02); there are some prominent
redshift spikes indicative of X-ray large-scale structufeg.,

following Gehrels (1986), otherwise it is considered unde-
tected and we present the 90% confidence-level upper limit on
the source counts following the Kraft et al. (1991) Bayesian
method. The aperture-correction factors were derived from
the energy-dependent correction factors estimated by AE fo
individual observations (see Section 3.2 of Xue et al. 2011

z=0.67,0.74,1.62,and 2.57; e.g., Gilli et al. 2003; Silverman for details), and the median correction factors for the, full
et al. 2010; Dehghan & Johnston-Hollitt 2014; Finoguenov soft, and hard bands are 0.885, 0.907, and 0.843, respec-
et al. 2015). In the main catalog, there are two sources hav-ively. The net source counts and their uncertainties age pr

ing z > 5, and both are photometric redshifts. XID 172 is at
z~ 5.2 from Hsu et al. (2014), and it hasx 5.7 from Luo
etal. (2010) and~ 7.7 from Straatman et al. (2016); it is out-
side the CANDELS region and has TENIS, SEDS, and VLA
counterparts. XID 238 is &t~ 5.8 from Skelton et al. (2014);

it only has CANDELS and VLA counterpartd. XID 172 is
likely X-ray absorbed (e = 1.1), and XID 238 appears to
be a soft X-ray sourcelts = 2.3). It is probable that both
sources are high-redshift AGNs.

sented in Columns 8-16 of the main-catalog table. Sources
near the edge of the CDF-S field have relatively low effec-
tive exposure times, large PSF sizes, non-uniform locat-bac
ground, and sometimes substantially varying (up to a factor
of a few) effective exposure times within the extractionrape
tures. Additional photometric uncertainties for thesersesi
might arise besides the statistical uncertainties presleint

the current catalog, especially for faint sources. We ndted
such sources in Column 17 of the main-catalog table (marked

Of the 986 final adopted redshifts, 653 are spectroscopicwith “E”) that are covered by less than 20 of the 102 CDF-S
redshifts (including the 12 Galactic stars) and 333 are pho-observations (4-19 observations); these sources all heye |

tometric redshifts. Most (284/333) of the photometric red-

off-axis angles (9-124) and relatively low effective expo-

shifts are from Hsu et al. (2014). We assess the quality of thesure times (37—847 ks). We also noted in Column 17 another
Hsu et al. (2014) photometric redshifts by comparing them to 34 sources that are in crowded regions (marked with “C") and

the available secure spectroscopic redshifts for our gsurc

were extracted using: 40%—74% ECF apertures instead of

The comparison was performed for the 290 AGNs and 256the standards 90% ECF apertures; the photometry of these

galaxies (see Section 4.5 below for AGN classification) & th

sources might still have some mild contamination from the

main catalog which have both photometric redshifts from Hsu companion sources.

etal. (2014) and secure spectroscopic redshifts. We eaéull
the fraction of outliers defined as havifBpnot — Zsped /(1 +

Zsped > 0.15, and we estimated the accuracy of the photo-

The distributions of the source counts in the three bands are
displayed in Figure 12. Table 2 summarizes the basic statist
of the source counts in the three bands; the median numbers of

metric redshifts by computing the normalized median abso-detected counts in the full, soft, and hard bands ar@-98.1,

lute deviation of the redshift differences, definedbagap =
1.48 x median(|Zphot= Zspec— Mediangpnot— Zsped| /(1 + zspa)g
(e.g., Luo et al. 2010). The results are presented in Figire 1
The photometric redshifts are of high quality in general, es
pecially for the galaxies. Note that some of the spectrascop

4774+ 2.0, and 946 + 6.0, respectively, where thesluncer-
tainties on the median values were derived via bootstrgppin
In Table 3, we provide the numbers of sources detected in one
band but not another; there are 22 sources detected only in
the full band, 84 only in the soft band, and 8 only in the hard

redshifts were used to train the SED templates in Hsu et al.band. There are 456 sources withL0O full-band counts, al-
(2014), which may bias the results toward better accuracy.lowing basic spectral analyses, and there are 90 sourcks wit
The quality of the photometric redshifts also appears to de-> 1000 full-band counts.

pend on source brightness; Figure 11 shows that the outlier While detailed spectral analyses of the X-ray sources are

fraction for the AGN photometric redshifts increases talvar

40 See hitp://www.stat.wisc.edu/~larget/math496/boagstitml.

41 The VLA counterpart is 13 away from the CANDELS counterpart,
farther than our adopted’D matching radius. We manually assigned the
match.

beyond the scope of the current study and will be presented
in additional papers (e.g., Yang et al. 2016; T. Liu et al., in
preparation), we still derived basic spectroscopic priger

for the catalog sources. Assuming the 0.5-7.0 keV spectra
of the X-ray sources are power laws modified by only Galac-
tic absorption, we derived the effective power-law photon i
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and 274 galaxies with final adopted spectroscopic redshifitns of Az=0.02. Some of the prominent redshift spikes are noted.
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dicate @yhot—Zsped/(1+Zsped Values of 0, 0.15, and0.15, respectively. The
outlier fraction of the photometric redshifts increasesanl largerKs-band
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dices ('eff) from the hard-to-soft band ratios. The band ratio
is defined as the ratio between the hard-band and soft-band
count rates, and the count rate was computed by dividing the
aperture-corrected net counts by the effective exposme. ti

For the 502 sources detected in both the soft and hard bands,
we computed thed uncertainties of the band ratios using the
Bayesian codeEHR (Park et al. 2006). For the 479 sources
detected in either the soft or hard band, but not both, we
adopted the mode values of the band-ratio probability den-
sity distributions calculated usingeHR as the band ratios;
these are not upper or lower limits but best-guess estirftates
These band ratios were only used for estimalipg source
fluxes, and intrinsic absorption column densities, and thei
certainties were not calculated. For the 22 sources detecte
only in the full band, the band ratios cannot be constrained,
andT'ef = 1.4 was adopted for them. For each source, we
calibrated the relation between the effective photon irafek
band ratio using simulated spectra produced byrkieeIT
command in XSPEC (version 12.9.0; Arnaud 1996) with the

42 Although considerably uncertain, these values appear @opeopri-
ate for computing the source fluxes than assuming simplyfaramispectral
shape (e.gI'esf = 1.4) for all such sources.
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Figure12. Distributions of source counts for the main-catalog sasitice Figure 13. Band ratio vs. full-band count rate for the main-catalogrses.
the full (top), soft (middle), and hard (bottom) bands. Theck-solid his- Sources having upper limits on the count rates are indicayethe arrows.
tograms show the count distributions for all the sourcehi@@DF-S field, Sources detected only in the full band (22 sources) are htded in this

while the red-dashed histograms show the distributionsh®isubgroups of plot. Red, blue, and green symbols represent AGNs, galaxmesstars, re-
sources within 6of the average aim point. Sources with upper limits on the spectively. Filled symbols indicate newly detected sosireéhile open sym-

counts are not included in the plots. The vertical dotteeldimdicate the me- bols are sources that were present in the Xue et al. (2011) @MsS cat-
dian numbers of counts for every distribution, and the gpoading median alogs. The horizontal dotted lines show the band ratiosesponding to
values are listed. given effective photon indices; these were computed usie@verage of the

XSPEC-derived ¢-to-band-ratio conversions. The tegaxis displays the

_ : ; ull-band fluxes at the corresponding count rates, derigsd@ingl’ef = 1.4.
AE generated merged spectral response files for this sourc he cyan plus signs represent the stacked count rates add-dt#os for all

The band-ratio-td“e conversion factors differ slightly for  the sources within logarithmic count-rate bins of 0.4, wtitie black dia-
different sources. The uncertainties Bgy were calculated  monds and triangles are the stacked values for the AGNs dadigm re-

following the error propagation method in Section 1.7.3 of spectively. The error bars for the stacked AGN data poirgsshown to il-

Lyons (1991). The band ratios and effective photon indices {ﬂ;ﬁfg?;ﬁy&fﬂ;;fne[ff‘g'ﬂtt'%sugztrgf:%frfg‘:ked vathey become smaller
are presented in Columns 58-63 of the main-catalog table.

Figure 13 illustrates the band ratio as a function of fulitba  gion where the soft-band and hard-band sensitivity diffeee
count rate for the main-catalog sources; the correspondings small, the average band ratio does not appear to drop below
averagel'e and full-band flux values are also shown. We the count rate of 18 counts 5. This bias should also be
split the sources into several count-rate bins and prekeitt  responsible, at least partially, for a similar trend obeerfor
stacked count rates and band ratios, and we investigatsel the galaxies in the low count-rate regime in Figure 13.
average values for the AGN and galaxy populations respec- Using XSPEC and the AE-generated merged spectral re-
tively (see Section 4.5 below for source classification)r Fo sponse files for each source, we converted the count rate or up
the AGNs, the average band ratio rises when the count ratger limit on the count rate to the corresponding flux or flux up-
declines from~ 1072 to ~ 107 counts &', and it drops as  per limit, assuming that the spectrum is a power law having a
the count rate decreases further beksvit0° counts §t. A photon index of ¢ modified by Galactic absorption. The dis-
similar trend is present if we compute the average band ra-tributions of the source fluxes in the three bands are display
tios using the median values instead of stacking. The rise inin Figure 14; the median fluxes in the full, soft, and hard sand
band ratio (decrease Ifyy) toward lower fluxes (harderwhen are 31 x 107%6, 6.5 x 107, and 57 x 106 erg cm? 572, re-
fainter) at high count rates has been observed in previoes de spectively. In Figure 15, we present the soft-band flux distr
surveys (e.g., Alexander et al. 2003; Lehmer et al. 2005; Luobutions for the 7 Ms CDF-S, 4 Ms CDF-S (Xue et al. 2011),
et al. 2008; Xue et al. 2011), and it is caused by an increaseand 2 Ms CDF-S (Luo et al. 2008), respectively. It is clearly
in the fraction of absorbed AGNs detected at lower fluxes. visible that significant numbers of new and fainter sources a
The decline at the lowest count rates (softer when fainter) detected with increased exposure times.
was also weakly present in the 4 Ms CDF-S (Figure 18 of Applying theK correction assuming a power-law spectrum
Xue et al. 2011), and it is likely due to the bias of prefer- and also correcting for Galactic absorption, we computed th
entially detecting soft-band sources at the lowest fluxlieve apparent rest-frame 0.5-7.0 keV luminosity) from, in or-

At high count rates (high fluxes), the numbers of soft-band der of priority, the observed full-band, soft-band, or khethd
and hard-band detected sources are comparable, while at #iux; the luminosities derived from the fluxes in different en
count rate of 1 counts &%, the CDF-S area that is sensitive ergy bands are actually consistent with each other as the sam
for detecting such a soft-band sourcesdd.5 times the area  spectral shapes were adopted throughout all these calcula-
that is sensitive for detecting a hard-band source (see Sections. These X-ray luminosities have not been corrected for
tion 7 below for the sensitivity analysis), and a similaigat any intrinsic absorption and hence are referred to as “ap-
is observed between the detected numbers of soft-band an@arent”. We further used the Portable, Interactive, Multi-
hard-band sources. The sensitivity difference is more pro-Mission Simulator (PIMMSY¥ to estimate intrinsic absorp-
nounced at even lower count rates, and thus it could causdion by assuming that the intrinsic power-law spectrum has
the apparent softer-when-fainter trend. If we stacked only a fixed photon index of 1.8 and any effective photon index
sources that are detected in both the soft and hard bands, or

if we stacked only sources within the innermost&dius re- * http://cxc.harvard.edu/toolkit/pimms.jsp.
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Figure 14. Distributions of X-ray fluxes for the main-catalog sourcestie
full (top), soft (middle), and hard (bottom) bands. The kigolid histograms
show the flux distributions for all the sources in the CDF-$lfievhile the
red-dashed histograms show the distributions for the sulpgr of sources
within 6’ of the average aim point. Sources with upper limits on theeux
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Figure 15. Soft-band flux distribution for the 7 Ms CDF-S compared tcstho
for the 4 Ms CDF-S (Xue et al. 2011) and 2 Ms CDF-S (Luo et al.800
showing the improvement of source detection from deepeosxgs. The
same flux binning was used for all three histograms.

smaller than this value is caused by intrinsic absorptian. |
this manner, we estimated intrinsic absorption column idens
ties (Nn.ine) for 701 sources, which range fronB82« 10'° cm

to 1.9 x 1074 cm? with a median value of 8 x 10?2cm™. For
sources with effective photon indices greater than 1.8irthe
trinsic absorption column densities were set to zero. With t
estimated intrinsic column densities, the absorptionmrexied
intrinsic 0.5—7.0 keV luminositied § i) were computed, and
the correction factors range from 1-240 with a median value
of 2.8 for the 701 sources haviMg, ine > 0. The distribution

of Lx int @s a function of the source redshift is displayed in Fig-
ure 16. There are 613 sources having,: > 10* erg s* and
108 sources havinigy it > 10* erg s*. The fluxes and lumi-
nosities are presented in Columns 64—69 of the main-catalo
table; we did not compute X-ray luminosities for the 12 stars
or the 22 sources which lack redshifts.
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Figure 16. Intrinsic rest-frame 0.5-7.0 keV luminosity (in erg-svs. red-
shift for the main-catalog sources. Red and blue symbotesept AGNs and
galaxies, respectively; filled symbols indicate newly detd sources, while
open symbols are sources that were present in the Xue et0dllY2 Ms
CDF-S catalogs. Tiny green dots mark sources with spedpiscedshifts.

The horizontal dashed line indicatesg jnt = 3 x 10*? erg s2, which is one
of the criteria utilized to classify AGNs. The 22 sources ethliack redshifts
and the 12 stars are not included in this plot.

4.5. AGN Classification, Source Spatial Distribution, and
Postage-Stamp Images

We classified AGNs from the detected X-ray sources by se-
lecting sources having X-ray and/or multiwavelength prepe
ties significantly different from those of typical normalae:
ies. Besides AGNs and Galactic stars, the other X-ray seurce
are considered to be normal galaxies, although it is passibl
that some of these galaxies host low-luminosity and/or heav
ily obscured AGNs where the AGN signatures are not evident
based on our selection criteria; some of these missed AGNs
could be identified by other means such as X-ray variability
(e.g., Young et al. 2012; P. Shao et al., in preparation).

We classified an X-ray source as an AGN if it satisfies one
of the following six criteria: (1)Lx int > 3 x 10*? erg s (lu-
minous X-ray sources), (Qer < 1.0 (hard X-ray sourcesY,

(3) X-ray-to-optical flux ratio of logfx/fr) > -1, wherefx

is, in order of priority, the full-band, soft-band, or havdnd
detected flux, andg is the R-band flux, (4) spectroscopi-
cally classified as AGNs, (5) X-ray-to-radio luminosityicat
of Ly int/L1.4cHz > 2.4 x 108, (6) X-ray-to-NIR flux ratio of
log(fx/fks) > —1.2. The first five criteria were described in
detail in Section 4.4 of Xue et al. (2011). For the last crite-
rion, we chose an empirical threshold to classify X-ray ex-
cess sources as AGNs with the available AGN sample clas-
sified from the previous five criteria and the X-ray and TE-
NIS Ks-band flux information (see Figure 17b); 12 new AGNs
were classified based on this additional criterion.

In total, we identified 711 AGNs from the main catalog,
and most (86%) of them were classified based on two or
more criteria. There are only five AGNs (XIDs 416, 494,
517, 523, 718) classified solely based on the first criterion
(Lx.int > 3 x 10*? erg s1). We caution that it is probable that

44 For the 479 sources detected in either the soft or hard bantbbboth,
the mode values of the band ratios fremHR were adopted which were then
converted td . To ensure reliable AGN identification, we did not use these
I'esf Values for the AGN selection. Instead, for a source to besiflad as an

GAGN based on it e, we required the source to be detected in the hard band

and the 90% confidence-level upper limit Bgy to be less than 1 which was
derived from the lower limit on the band ratio.



the X-ray emission from some of these five sources could in-
stead come from intense star formation (star-formatioa rat
>300M, yr't; e.g., Lehmer et al. 2016); however, their esti-
mated star-formation rates are ony0.1-70M, yr™* (Skel-

ton et al. 2014). Excluding the 12 stars, the remaining 285
sources are considered as normal galaxies (including the fe
off-nuclear sources). The distributions of the X-ray fluxes

sus WFIR-band magnitudes and TENKs-band magnitudes
(the third and sixth classification criteria) for the maatalog
sources are displayed in Figure 17, and the regions expected
to be occupied by AGNs are highlighted. The X-ray source
classification is presented in Column 70 of the main-catalog
table.

Figure 18a shows the spatial distribution of the
main-catalog sources, which are color-coded as AGNSs,
galaxies, and stars. Figure 18b displays the observedeourc
sky density as a function of the off-axis angle. These appar-
ent source densities have not been corrected for detection
incompleteness or Eddington bias; the number-count ssult
taking into account these effects, are presented in Se8tion
below. The source densities decrease at larger off-axiesang
due to the sensitivity degradation in the outer regions.(e.g
see Section 7). In Figure 19, we show “postage-stamp”
images for the main-catalog sources overlaid with adalgtive
smoothed X-ray contours. The images are color composites
of the MUSYCB-band, WFIR-band, and TENIS +Ks-band
images. The X-ray contours were created using, in order
of priority, the full-band, soft-band, or hard-band smaath
X-ray image in which the source is detected, and the
wide range of source sizes represents the PSF broadening
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(within 3.5-1¢) which is detected in the 7 Ms CDF-S
(i.e., two X-ray sources in the 4 Ms CDF-S and only
one in the 7 Ms CDF-S). They have 16-130 de-
tected counts in the 4 Ms CDF-S catalog, and two of
them have no multiwavelength counterparts. None of
these seven off-axis sources were detected in the 250 ks
E-CDF-S catalogs (Xue et al. 2016). Most of these
sources are likely false detections in the 4 Ms CDF-S
introduced when a single off-axis source was detected
in two X-ray bands at different positions (separated by
3.5-10) and was treated as two sources. A few of them
might be real sources that are blended with the compan-
ion source in the 7 Ms CDF-S.

. Eight sources have faint counterparts (GOODS-S

Zgs0 ~ 24-27) in the 4 Ms catalog, and they have
~ 8-40 detected counts. They are not detected in the
7 Ms CDF-S probably due to source variability and/or
background fluctuation. A few of these sources could
also be false detections considering their counterparts
are faint and the probability of a chance association is
relatively high.

. Two sources were detectedWwyvDETECT in the 7 Ms

CDF-S, but they did not pass tifg threshold cut, and
their counterparts are not sufficiently bright to be in-
cluded in the 7 Ms supplementary catalog. They have
26 and 34 detected counts in the 4 Ms catalog, respec-
tively. Their nature is similar to those sources in cate-

gory (3).

with off-axis angle. The source classification, adopted In total, ~ 16 of the 26 missing 4 Ms CDF-S main-catalog
redshift, and net source counts are also indicated in eactsources are probably spurious detections, which corsstitut
image. In Figure 20, we show postage-stamp images for thex~ 2% of the 4 Ms CDF-S main catalog. The expected to-
main-catalog sources that have GOODS-S and CANDELStal number of spurious detections wasl2 in Section 6.2 of
coverage. The images are color composites of the GOODS-SXue et al. (2011), consistent with our assessment here.eOf th
b-band, GOODS-S~-band, and CANDELS F160W-band 23 (36-13=23) missing 4 Ms CDF-S supplementary catalog
images. sources, one is included in the 7 Ms CDF-S supplementary
) _ catalog, and the other 22 are likely real sources that fédhvbe
4.6. Comparison with the 4 Ms CDF-S and Other Source  the 7 Ms CDF-S detection threshold due to source variability
Catalogs and/or background fluctuations (e.g., affected by Eddimgto

We matched the main-catalog sources to sources in the 4 M&ias); a minor fraction of them could be spurious detections
CDF-S main and supplementary catalogs (Xue etal. 2011). A There are 291 sources in the main catalog that are new de-
matching radius of 4was used, and we visually inspected the tections compared to the 4 Ms CDF-S catalogs. The new
X-ray images for the unrecovered 4 Ms sources and includedsources are distributed over the entire CDF-S field (Fig-
two additional matches at large off-axis angles where the po ure 18), and they are noted in the postage-stamp images (Fig-
sitional offsets are- 4-8’. The 7 Ms CDF-S main source cat- ure 19). Three of the new sources (XIDs 528, 996, 1008)
alog recovered 704 of the 740 4 Ms main-catalog sources andi€ outside the footprint of the 4 Ms CDF-S; they are all lumi-
13 of the 36 4 Ms Suppiementary Cataiog sources. Of the 36N0US AGNs and were detected in the 250 ks E-CDF-S CatalOgS
4 Ms CDF-S main-catalog sources that are not present in theLehmer et al. 2005; Xue et al. 2016). We present the frac-
7 Ms main catalog, 10 are included in the 7 Ms CDF-S sup- tions of new sources at different off-axis angles in Figute 2
piementary Cata|og_ We inspected the remaining 26 missingGXC'Udlng the three new sources outside the 4 Ms CDF-S foot-

4 Ms sources in detail, and they belong to one of the following Print. The fraction of new sources4s40% in the field center,
four categories: and it decreases to 20% at large off-axis angles; this behav-

) . ior is likely due to the greater sensitivity improvementfiet
1. Nine sources have no multiwavelength counterparts,central region from the 4 Ms CDF-S to the 7 Ms CDF-S (see
and they are weak X-ray sources with8—60 detected  Section 7.3 of Xue et al. 2011). Beyond an off-axis angle of
counts in the 4 Ms CDF-S cataldg. These are likely  ~ 10, there is a weak rise of the new-source fraction toward
false detections in the 4 Ms CDF-S. larger off-axis angles. Most of the new sources in this outer
%]egion are detected in the hard band(28= 86%), while the
ard-band detection fraction among all the 291 new sources
is only 42%. One possible explanation is that the new sources
detected in the outer region are largely due to the more sen-
sitive 2—7 keV band adopted in the 7 Ms CDF-S rather than
the 2-8 keV band in the 4 Ms CDF-S (see Footnote 16 of

2. Seven sources are located at large off-axis angle
(7-11), and have a companion X-ray source nearby

45 The source withre 60 counts from 0.5-8.0 keV is at an off-axis angle
of ~ 9, and it is a weak detection considering the large PSF sizecintter
region of the CDF-SHKj3 ams = 0.002).
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Figure 17. X-ray flux vs. (a) WFIR-band magnitude or (b) TENIBs-band magnitude for the main-catalog sources. We usedgdgr off priority, the full-band
(91%), soft-band (8%), or hard-band (1%) detected fluxesirc®s having limits on the magnitudes are indicated by trevar Red, blue, and green symbols
represent AGNs, galaxies, and stars, respectively. Fjeabols indicate newly detected sources, while open sysrdrel sources that were present in the Xue
etal. (2011) 4 Ms CDF-S catalogs. The diagonal lines shovetemih X-ray toR- or Ks-band flux ratios. We adopted lofy(/ fr) > -1 or log(fx / fks) > 1.2 as
two of the six criteria to classify AGNs; the AGN regions ahaded in both panels.

Xue et al. 2016 and our sensitivity discussion in Section 7 The new AGNs appear to be more X-ray absorbed than the
below). Although there are also such new sources detectedld AGNs. The median absorption column density estimates
at smaller off-axis angles, the source number is smaller tha for the new and old AGNs are @+ 1.8) x 10?2 cm2 and

the number of new sources detected due to improved sensif4.2+0.6) x 10?>cm™?, respectively. A Kolmogorov-Smirnov
tivity (increased exposure). They only become a dominant (K-S) test suggests that the two column-density distrimsi
population at large off-axis angles where the number of new differ significantly, with a K-S probability of 0.009. We cau
sources detected due to increased exposure is small, @ad thtion that the absorption column densities were estimatéid wi
extra population of new sources causes the rise of the newsimplistic assumptions (Section 4*&and may be not reliable
source fraction. for such statistical comparisons.

In terms of source classification, a smaller fraction of the We matched the main-catalog sources to sources in the
new sources are AGNs (18291 = 63% 5%) compared to 250 ks E-CDF-S main and supplementary catalogs (Xue et al.
that for the entire catalog (711008 = 71%t3%), indicating ~ 2016) using a matching radius of 40ne additional off-axis
the rise of galaxy population toward lower X-ray fluxes (e.g. match with an offset of 59 was found via visual inspec-
Bauer et al. 2004, Ranalli et al. 2005; Lehmer et al. 2012; tion. In total, 307 main-catalog sources were detecteddn th
Section 8 below). There are also two new stars detected. Th&E-CDF-S main and supplementary catalogs. We also matched
Ps distribution for the new sources is shown in Figure 22. the main-catalog sources to sources in the 3MEVI-Newton
Compared to the distribution for the entire catalog (Fifilke =~ CDF-S catalogs (Ranalli et al. 2013). For each main-catalog
the new sources are less significantly detected with ldfger source, aXMM-Newtoncounterpart was searched for within
values overall. Most of the sources without multiwaveléngt a radius that is three times the quadratic sum of th€han-
counterparts (14 out of the 16) are new sources and are likelydra and XMM-Newtonpositional errors. In total, 292 main-
to be spurious detections. catalog sources havéMM-Newtoncounterparts. There are

The redshift distributions for the new AGNs and galaxies cases where multipl@handrasources were matched to a sin-
are displayed in Figure 23. The median redshifts for the gle XMM-Newtonsource (i.e., th&MM-Newtoncounterpart
new sources do not differ from those for the entire AGN and IDs for different 7 Ms CDF-S sources are the same), proba-
galaxy samples (Figure 9a) after accounting for the uniterta  bly due to source blending in tBVIM-Newtorcatalogs. The
ties. The source-count and flux distributions for the 291 new counterpart IDs in the 4 Ms CDF-S, 250 ks E-CDF-S, and
sources are shown in Figure 24. Compared to the distribsition 3 Ms XMM-NewtonCDF-S are presented in Columns 71-73
for the entire catalog (Figures 12 and 14), the newly detecte of the main-catalog table.
sources have fewer source counts and lower X-ray fluxes, re- There have also been specialized searches for faint X-ray
gardless of their location in the field. The new sources andsources in the CDF-S using optical/NIR source positions as
the sources already present in the 4 Ms CDF-S catalogs (“oldpriors (e.g., Fiore et al. 2012; Giallongo et al. 2015; Cédlpfie
sources”) are represented by different symbols in the lumi- et al. 2016). We do not compare our source catalogs to those
nosity versus redshift plot (Figure 16). The new sources ap-detections due to the significantly different source-dtac
pear to be less luminous overall. To better compare the X-rayapproaches adopted.
fluxes and luminosities between the new and old sources, we There are 19 main-catalog sources havigM-Newton
present flux and luminosity histograms for the new and old counterparts but no 4 Ms CDF-S or 250 ks E-CDF-S coun-
AGNs and galaxies in Figure 25. The new AGNs in the main terparts. Most (15) of theséMM-Newtoncounterparts were
catalog have a lower median flux and median luminosity than
the old AGNs. The new galax-ies ha-ve a Sl-ightly Iqwer_r_nedian 46 The spectral shapeB ) and thus intrinsic absorption column densities
flux than the old gaIaX|es, while their median luminosities a are especiglly uncertaF;n fgfrf)the 479 sources detectegh'erahe soft or hard

comparable. band but not both, where the best-guess estimates of therhtind were
adopted.
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Figure 18. (a) Spatial distribution of the main-catalog sources. Rde,
and green symbols represent AGNs, galaxies, and stargctesly. Filled
symbols indicate newly detected sources, while open sysnén@ sources
that were present in the Xue et al. (2011) 4 Ms CDF-S catalbge.average
aim point, CDF-S boundary, and GOODS-S region are shown,aasdene
in Figure 1. (b) Observed X-ray source sky density as a fanatif off-axis
angle in off-axis angle bins of 1 The error bars are therlPoisson uncertain-
ties (Gehrels 1986) on the source density in each bin. The A@dNgalaxy
density distributions are also shown.

also matched to otheZhandrasources (i.e., multipl€han-
dra sources matched to a singM-Newtonsource), and
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factor of ~ 1-2%" The other source, XID 954, is at an off-
axis angle of @ and detected with: 70 full-band andx~ 60
soft-band counts in the 7 Ms CDF-S. The effective expo-
sure time in the 4 Ms CDF-S at the source location: i$5%

of that in the 7 Ms CDF-S, which likely explains the non-
detection of this weak off-axis source in the 4 Ms CDF-S.
However, in the 7 Ms CDF-S, XID 954 was not detected in
the hard band with an upper limit on the 2—7 keV flux of
2.5x 10 erg cm? s, while in theXMM-Newtorcatalog, it

has no signal in the 0.5-2.0 keV band and the 2—10 keV mea-
sured flux is 30 x 107%% erg cm? s, It was not classified

as an AGN in the 7 Ms CDF-S, and the X-ray emission likely
originates from &= 0.129 galaxy with_yx = 1.6 x 10*°erg s*.

The substantial hard X-ray signal in the 3 M8&M-Newton
data probably came from some outburst phenomenon, for ex-
ample, an obscured stellar tidal disruption event or a heav-
ily obscured AGN revealing temporarily some of its hard
X-ray emission due to reduced absorption. The nature of this
source is worth further investigation. Two other candidate
new sources proposed in the 3 MMM-NewtonCDF-S cat-
alogs (Section 8.4 of Ranalli et al. 2013), witiMM-Newton

IDs 85 and 1149, remain undetected in the 7 Ms CDF-S.

4.7. Notes on Individual Objects
4.7.1. Variable Sources

One of the main-catalog sources, XID 725, was discovered
as a fast X-ray transient shortly after the relevant obsemwa
was taken (Luo et al. 2014a). Most @0%) of the source
counts & 120) arrived within a timespan ot 5 ks during
observation 16454 on 2014 October 1. The source did not
produce any detectable X-ray emission before or after this
transient event in the 7 Ms CDF-S. The counterpart is a faint
galaxy (F125W = 271) at a photometric redshift of 2.1.

The nature of the source is unclear and detailed investigati

is presented in F. E. Bauer et al. (in preparation). Our sourc
catalog was constructed using the merged 7 Ms data, and thus
the X-ray properties (e.g., flux and luminosity) of this smaur
were averaged over the entire dataset.

Another main-catalog source, XID 403, was discovered as
a highly variable X-ray source during the first half of the new
CDF-S observations (Luo et al. 2014b). It was not detected
in the 4 Ms CDF-S, yet it was significantly detected in the re-
cent 3 Ms CDF-S observations with 250 full-band counts,
brightening by a factor of 13. The counterpartisR=24.4
galaxy at a photometric redshift ef 1.5. The X-ray source is
very soft and it was not detected in the hard bdng & 3.0).

The X-ray light curve shows a gradual decline over the times-
pan of years. This X-ray source is probably associated with
a stellar tidal disruption event. If confirmed, it is the high
est redshift tidal disruption event discovered so far, gntim

the exceptionally deep exposure of the 7 Ms CDF-S. Another

they were detected in the 4 Ms CDF-S or 250 ks E-CDF-S possibility is that it is an AGN that varies strongly on long
(i.e., not new sources detected ¥M-Newton. However, timescales (e.g., PHL 1092; Miniutti et al. 2012). Detailed
there are four main-catalog sources (XIDs 4, 571, 942, 954)investigation of this source is presented in W. Wang et al. (i
havingXMM-Newtorcounterparts that appear to be missed by preparation). The X-ray properties provided in the maim<cat
the 4 Ms CDF-S and 250 ks E-CDF-S catalogs. Three of themlog (e.g., flux and luminosity) are the average values over th
(except XID 954) are hard X-ray sources withs ~ —1.5— entire 7 Ms dataset.

0.3, and they are at large off-axis angles{—11) detected
with 66—156 full-band counts in the 7 Ms CDF-S; these qual-
ities help to explain why they were missed by previQien-
dra surveys but were detected BYMM-Newton The 7 Ms 47 Considering statistical uncertainties, cross-calibratincertainties, and
CDF-S hard-band (2—7 keV) fluxes for these three sources arene difference in the energy bands, there is no significard Karay flux
consistent with the 2-10 keXMM-Newtonfluxes within a  variability for these objects.

4.7.2. Sources Without Multiwavelength Counterparts
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Figure19. Postage-stamp images for the main-catalog sources avevith adaptively smoothed X-ray contours. The images aler @mmposites of the
MUSYC B-band (blue), WFR-band (green), and TENI$+Ks-band (red) images. Each image is’®5 a side, with the X-ray source located at the center.
The X-ray contours were created using, in order of priotitg full-band, soft-band, or hard-band smoothed X-ray ieng@¥’ x 25”) in which the source is
detected, and they are logarithmically scaled. If a sowsdaint (thus not apparent in the smoothed image) or if the@ebrighter source nearby (the contour
levels centered on the brighter source), there may be ng/Xeatours around the image center. The main-catalog ID earfabletter “N” is attached if the
source is newly detected compared to the 4 Ms CDF-S catal¥gsly band, and source classification (AGN, galaxy, or)steg given at the top of each image;
the numbers at the bottom are the adopted redshitt’(if not available; marked with “s” if it is a spectroscopiedshift or “p” if a photometric redshift) and the
net source counts in the corresponding X-ray band. Only thegdage is shown here for illustrative purposes; the esétef 16 pages of images is available in
the online version of the journal.
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kEZs  B104

Figure 20. Postage-stamp images for the main-catalog sources thea3@®DS-S and CANDELS coverage. The images are color coiepagithe GOODS-S
b-band (blue), GOODS-&band (green), and CANDELS F160W-band (red) images. Eaelgénis 12 on a side, with the X-ray source indicated by a small
central circle of radius equal to ther X-ray positional uncertainty. The main-catalog ID numteeletter “N” is attached if the source is newly detected comgpa
to the 4 Ms CDF-S catalogs), X-ray band, and source classificéAGN, galaxy, or star) are given at the top of each image;numbers at the bottom are
the adopted redshift €1” if not available; marked with “s” if it is a spectroscopiedshift or “p” if a photometric redshift) and the net sourcits in the
corresponding X-ray band. Only the first page is shown herdlistrative purposes; the entire set of 11 pages of imégas=ailable in the online version of the

journal.
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Figure21. Fraction of new sources as a function of off-axis angle iR off
axis angle bins of "1 excluding the three new sources outside the 4 Ms
CDF-S footprint. The error bars are the Poisson uncertainties (Gehrels
1986). The horizontal dashed line represents the totaidraof new sources
(291/1008 = 29%). The rise of the new-source fraction beyond amaff
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 TME-S
rather than the 2—8 keV band in the 4 Ms CDF-S.
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Figure 22. Similar to Figure 8 but for the 291 new sources, showing tke di
tribution of the AE binomial no-source probabiliti{). The shaded regions
indicate sources that have no multiwavelength countespaith 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 detectedtwi
a minimum wWAVDETECT false-positive probability of 16
and an AE no-source probability B ~ 10713 (Figure 8); itis

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 index4$2.9, and a simple
power-law fit to the X-ray spectrum resulted in a photon in-
dex of 31+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 fBgvalue

for each observation individually, the source would be @bns
ered detected in observations 582 and 8596 but not in the othe
observations. We inspected the multiwavelength images (Se
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 butitis close to the edge of that field,
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Figure 23. Similar to Figure 9a but for the new sources, showing thehiéds
distributions. The vertical dotted lines indicate the naediedshift for every
distribution, and the corresponding median values and theiuncertain-

ties (derived via bootstrapping) are listed. The mediashits for the new

AGNs and galaxies are consistent with those for the entir&l ABd galaxy

samples (Figure 9a) within the uncertainties.

and it lies outside the GOODS-S footprint. We examined the
SEDS IRAC 5.8um and the Far-Infrared Deep Extragalac-
tic Legacy Survey (FIDEL) MIPS 24m and 70uzm 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’® away from this uniden-
tified X-ray source. The X-ray photometry of the two sources
is not affected significantly as the separation allow85%
ECF source-extraction apertures to be used for both saurces
The nature of this unidentified X-ray source remains unclear
One possible explanation is that it is an off-nuclear soasze
sociated with the nearby galaxy, approximately 15 kpc from
the center, although thdST CANDELS image does not re-
veal such a large extent of the galaxy. Another possibitity i
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 sensitiverabs
vations (e.g., ALMA) for a detection. The soft observed X-ra
spectral shape is inconsistent with the latter scenariothiau
limited X-ray photon statistics cause significant uncettas

in the estimated spectral shape.

4.8. Main-Catalog Details

We present the mai€handrasource 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.

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

. Column 4: the logarithm of the finds value. We
set logPs = =99 whenPs; = 0. The threshold for be-
ing included in the main catalog B < 0.007. See
Section 3.2.

. Column 5: the logarithm of the minimumwAvDETECT
false-positive probability, witk8, -7, -6, and-5 rang-
ing from most significantly detected to least signifi-
cantly detected. See Section 3.2.
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Figure24. (a) Similar to Figure 12 but for the new sources, showing ftis&idutions of detected source counts. The black-solafogirams show the count
distributions for all the sources in the CDF-S field, while tied-dashed histograms show the distributions for thersupg of sources within’6f the average
aim point. The vertical dotted lines indicate the median bera of counts for every distribution, and the correspandiredian values are listed. (b) Similar
to Figure 14 but for the new sources, showing the distrilmstiof X-ray fluxes. The black-solid histograms show the flstributions for all the sources in the
CDF-S field, while the red-dashed histograms show the Wigtdns for the subgroups of sources withind® the average aim point. The vertical dotted lines
indicate the median fluxes for every distribution, and theesponding median values are listed.
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Figure 25. Distributions of (a) full-band fluxes and (b) intrinsic 058 keV luminosities for the newly detected main-catalogrses. In each panel, the
inset displays the corresponding distributions for themwaitalog sources that were present in the Xue et al. (20M3 €DF-S catalogs. The red and blue
histograms indicate the distributions for AGNs and galexiespectively. The vertical dashed lines show the mediares of the corresponding distributions,
and the numbers display the corresponding median valuesheirdls uncertainties (derived via bootstrapping). Sources witheu limits on the full-band
fluxes (92 sources; 9%) are not included in panel (a). The @&sse which lack redshifts and the 12 stars are not includg@amel (b).

5. Column 6: the & (=~ 68% confidence-level) positional Sources covered by less than 20 of the 102 CDF-S ob-
uncertainty in units of arcseconds derived using Equa- servations are marked with “E”, and sources in crowded
tion 2. The 90% and 95% confidence-level positional regions are marked with “C”. The other sources have
uncertainties are approximately 1.6 and 2.0 times the this column set to “...”. See Section 4.4.

1o positional uncertainty. See Section 4.1. . )
9. Column 18: the catalog from which the primary coun-

6. Column 7: the off-axis angle in units of arcminutes, terpart was selected, being, in order of priority, one
which is the separation between the source position and of the following six catalogs: CANDELS, GOODS-S,
the average aim point of the 7 Ms CDF-S (Section 2.1). GEMS, TENIS, WFI, and SEDS. There are 710, 26,

187, 49, 4, and 16 primary counterparts from these six

7. Columns 8-16: the aperture-corrected net source catalogs, respectively. The right ascension, declination
counts and the corresponding Iower and upper un- and magnitude of the primary counterpart are included
certainties in the full, soft, and hard bands, respectively in Columns 21-41 below. Sources with no counterparts
For sources undetected in a given band, the source- have this column setto “...". See Section 4.2.

count column lists the 90% confidence-level upper limit
on the source counts while the two associated uncer- 10. Column 19: the positional offset between the X-ray
tainty columns are set to-1.0”. See Section 4.4. source and the primary counterpart in units of arcsec-
onds. Sources with no counterparts have this column
8. Column 17: photometric notes on individual sources. set to “-1.00".
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11.

12.

13.

14.

15.

16.

17.

18.

19.

Column 20: counterpart notes on individual sources. 20. Columns 61-63: the effective power-law photon index
Sources with their counterparts selected manually are (T'ex) and its I lower and upper uncertainties. Sources
marked with “Manual”, sources matched to the same detected in either the soft band or the hard band but not
counterparts are marked with “Pair”, sources that are both have their uncertainty columns set t1:00”. We
candidates for being off-nuclear sources are marked adoptedles = 1.4 for sources detected only in the full
with “Off-nuclear”, and sources that are candidates band, and the uncertainty columns are set-tt.00".

for being extended jet/lobe emission are marked with See Section 4.4.

“Jet”. There are six sources marked as “Manual”, .

three as “ManualOff-nuclear”. one as “Off-nuclear” 21. Columns 64—66: the X-ray fluxes in the full, soft, and
one as “PaifOff-nuclear’. two as “Pair’. one as hard bands, respectively. Negative values indicate 90%
“Pair+ManuakOff-nuclear”. one as “Paitet’. and confidence-level upper limits on the fluxes which were
one as “Pa'rFOff-nucIear/Jét”. The other sourées have derived from the upper limits on the source counts. See
this column set to “...”. See Section 4.2. Section 4.4.

Columns 21-41: the right ascension, declination, and 22. Column 67: the apparent rest-frame 0.5-7.0 keV lumi-
magnitude of the counterparts in the WFI, GOODS-S nosity, which has not been corrected for any intrinsic
GEMS, CANDELS, TENIS, SEDS, and VL’A catalogs, ' absorption. Sources which lack redshifts or are identi-
respectively. The AB magnitudes for the VLA 1.4 GHz fied as stars have this column set t1:00". See Sec-
sources were converted from the radio flux densities tion 4.4.

(m=-2.5logf, -486). Sources with no counterparts 53
in a given catalog have the corresponding columns set timated based on the deviation between the effective
to “~1.00". See Section 4.2. photon index and the assumed intrinsic photon index

the redshift was collected (numbered 1-26; see Sec- .
. . 4. Column 69:
tion 4.3 for the references). The spectroscopic red- 0.5-7.0 keV luminosity. Sources which lack redshifts
shifts for stars were set to zero. Sources without or are identified as stars have this column set to
spectroscopic redshifts have these three columns set to “_1 00". See Section 4.4
“-1.0007,“...", and “-1", respectively. See Section 4.3. T o

. Column 68: the intrinsic absorption column density es-

the absorption-corrected intrinsic

Columns 45-50: the photometric redshifts from Luo 25. Column 70: the X-ray source type: "AGN", “Galaxy",

et al. (2010), Rafferty et al. (2011), Hsu et al. (2014), or*Star’. See Section 4.5.
Skelton et al. (2014), Santini et al. (2015), and Straat- 26. Column 71: the matched 4 Ms CDF-S source ID num-

man et al. (2016), respectively. Sources which lack ber (Xue et al. 2011). A letter “S” is added to the ID
photometric redshifts in a given catalog have the cor- number if the matched source is from the supplemen-
responding column set te-1.00". See Section 4.3. tary catalog. Sources which lack 4 Ms CDF-S counter-
Column 51: the adopted redshift. Sources which lack parts have this column set to “...”. See Section 4.6.
redshifts have this column set to-1.00". See Sec- 27. Column 72: the matched 250 ks E-CDF-S source ID
tion 4.3. number (Xue et al. 2016). A letter “S” is added to the

. - ; ; ID number if the matched source is from the supple-
“Colum,r,\ 52: the origin of the adopted r“edsr,1,|fE, belpg mentary catalog. Sources which lack 250 ks E-CDF-S
zSpec” for spectroscopic redshifts and “L10”, “R11”, counterparts have this column set to “." See Sec-
“H14”, “S14", and “S16” for photometric redshifts tioﬁ4 6p v ' u

from Luo et al. (2010), Rafferty et al. (2011), Hsu

etal. (2014), Skelton et al. (2014), and Straatman etal. 28. Column 73: the matched 3 MéMM-NewtonCDF-S
(2016), respectively. Sources which lack redshifts have source ID number (Ranalli et al. 2013). Sources which
this column set to “...". See Section 4.3. lack 3 MsXMM-NewtonCDF-S counterparts have this

Columns 53-54: thesllower and upper uncertainties column setto £1". See Section 4.6.

on the adopted photometric redshifts. Sources which 5. SUPPLEMENTARY NEAR-INFRARED BRIGHTCHANDRA
lack redshifts or have adopted spectroscopic redshifts SOURCE CATALOG

have these columns set t61.00". See Section 4.3. The supplementary source catalog contains information for

Columns 55-57: the effective exposure times derivedN€ 47 X-ray sources that have007 < Ps < 0.1 and also

from the exposure maps in the full, soft, and hard bands, Pright (s < 23) TENIS counterparts (Section 3.2). We cre-
respectively. See Section 3.1. ated the supplementary catalog following the same proesdur

as for the main catalog, except that in the supplementaay cat
Columns 58-60: the X-ray band ratio and itsl@wer log, a source is considered to be detected wheRsitgalue

and upper uncertainties. Band ratios for sources de-is less than 0.1 (instead of 0.007 as in the main catalog).
tected in either the soft band or the hard band but not The X-ray positional uncertainties were calculated follogv
both are the mode values froBEHR (not upper or Equation 2. The primary counterparts of the X-ray sources
lower limits but best-guess estimates) and the corre-were setto be their TENIS counterparts, and we then searched
sponding uncertainty columns were set tel.000". for their optical through radio counterparts in the othed-mu
Sources detected only in the full band have these tiwavelength catalogs (see Section 4.2). Thirty supplemen
columns set to+1.000". See Section 4.4. tary sources have spectroscopic redshifts, and anothexves h
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lated 7 Ms CDF-S observations with an input catalog of sim-
ulated sources; each observation has the same exposuye 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 rarwAVDETECT on the images at a false-positive
probability threshold of 1® to obtain a candidate source list.
We subsequently utilized AE to compute photometric proper-
ties andPg 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 ratic 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 &g threshold cut during the second stage of
our source-detection approach, the completeness andikelia
o/> New/0ld Golaxies ity also have a dependence on the adoptethreshold value,

pome—— A L denoted aBy. Figure 27 shows the completeness and reliabil-
03" 337 30° 337 00° 327 30 32700 317 30° ity as a function ofP, within the central 6radius region and

Right Ascension (2000) over the entire CDF-S field, for sources with at least 15 and 8
Figure 26. Spatial distribution of the supplementary catalog sourdeed f:ounts in the full, soft, and hard ba_nds, reSpeCt'Vely; tie m
and blue symbols represent AGNs and galaxies, respectivilgd symbols imum number of detected counts in the soft and hard bands
indicate newly detected sources, while open symbols aressuhat were for our main-catalog sources4s8 (Table 2).

35

45

50~

Declination (2000)

-27° 55'

-28° 00 — o/> New/Old AGNs

present in the Xue et al. (2011) 4 Ms CDF-S catalogs. The gea#n point, ; ; ; AL
CDF-S boundary, and GOODS-S region are indicated, as wasiddfigure Accordlng to Flgl’!re .27‘ the detection completeness In
1 creases and the reliability decreases whenRhehreshold

) ) value is raised, as expected. For a larger source-courtt limi
photometric redshifts from Hsu et al. (2014) or Straatman (15 vs. 8), the completeness and reliability are both hetter
ﬁ}teanli a(r20)1<?[))- 3Thdeo(r§rrr1]égtmr?§ 2u§$é%r2§_?ttaergf§no;trgeé SSl_Jtplpéi“aIthough the difference in reliability is negligible whemet

lary ' v It esti » @S LNIBS by threshold value is small (e.gR = 107°). Within the cen-

outside the GOODS-S and CANDELS regions and it does notyra| g-radius region, our source detection achieves a better
appear to have any optical counterparts despite having a TE¢ompleteness overall compared to that in the entire CDF-S
NIS counterpart wittKs = 22.9. The median redshift of the = fig|q. At our adopted main-catalogs threshold value of
entire supplementary sample i41+0.10, similar to thatfor g 007, the completeness levels within the centrab@iius re-
the main-catalog sources. There are 25 AGNs classified iNgion are 100.0% and 74.7% (full band), 100.0% and 90.5%
the supplementary catalog, and the other 22 sources alg like (5oft hand), and 95.3% and 62.8% (hard band) for sources
normal galaxies. The fraction of AGNs in the supplementary yjith > 15 and> 8 counts, respectively. Across the entire
catalog (2347 = 53%) is smaller than that in the main cata- cpfr-s field, the completeness levels are 78.6% and 46.4%
log (711/1008 = 71%), because fainter X-ray sources gener- || pand), 94.2% and 59.5% (soft band), and 71.1% and
ally ha_ve a higher galaxy fraction (e.qg., Bauer et al. 2004; 42 304 (hard band) for sources with15 and> 8 counts, re-
Ranalli et al. 2005; Lehmer et al. 2012; Section 8 below) gpectively. At our adopteBs threshold, the reliability levels
and our selection of supplementary sources is biased towar ange from 98.7% to 99.5% for all the cases (the central 6
galaxies by requiring bright TENIS counterparts for thea§-r  54jys region or the entire field; 15 or> 8 counts, in one of
sources (e.g., see the sixth criterion of AGN classification e three X-ray bands) in Figure 27, suggesting that there ar
Section4.5). ... ~7,6,and 5 spurious detections with15 counts in the full,

The spatial distribution of the supplementary sourcesss di  goft and hard bands, and 7, 7, and 5 spurious detections
played in Figure 26. Compared to the Xue et al. (2011) 4 Ms ity > 8 counts in the full, soft, and hard bands, respectively.
CDF-S catalogs, 36 sources were newly detected, includingrpe total number of spurious detections estimated from simu
21 AGNs and 15 galaxies. We present the supplementaryjations s thusw 19. Most of these spurious sources should not
Chandrasource catalog in Table 5; the details of the table paye 3 multiwavelength counterpart; there are 16 such esurc
columns are the same as those for the main catalog (SecCi qur main catalog (Section 4.2).
tion 4.8). At our adopted main-catalogs threshold value of 0.007,
6. COMPLETENESS AND RELIABILITY ANALYSIS the detection completeness as a function of source flux is pre

o _ sented in Figure 28. The completeness versus flux curves are

Given the nature of our two-stage source-detection ap-consistent with the survey solid angle versus flux-limitvesr
proach, it is not straightforward to assess the complegenes (Figure 30 below) derived in Section 7 below, indicatingttha
and reliability of our main source catalog. Therefore, we re the completeness at a given flux is dominated by the CDF-S
sorted to simulations for such an assessment, as done rougrea fraction that is sensitive for detecting sources atftik

tinely among previous X-ray surveys (e.g., Cappelluti et al |imit. In Table 6 we list the source fluxes at four specific com-
2007, 2009; Puccetti et al. 2009; Xue et al. 2011, 2016). We pleteness levels (90%, 80%, 50%, and 20%) in the full, soft,
followed Section 6.1 of Xue et al. (2011) to generate simu-
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Figure27. Completeness (leff-axis; solid and dashed-dot curves) and reliability (riglatxis; long-dashed and short-dashed curves) as a fundtithe &5
threshold valuePy, for sources with> 15 counts (red solid and long-dashed curves) ar8icounts (blue dashed-dot and short-dashed curves) in ithedft,

and hard bands, respectively. The top panels show the ctemplkes and reliability curves for the centrélrédius region and the bottom panels show those for
the entire CDF-S field. The vertical dotted lines indicate aiopted main-cataloBs threshold of 0.007.
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Figure 28. Completeness as a function of source flux in the full (bluedill
circles), soft (green open diamonds), and hard (red opearss) bands,
given our adopted main-cataldg threshold value of 0.007. The solid lines
link the corresponding completeness data points. Ovedeédthe survey
solid angle vs. sensitivity curves (dashed curves) nomedlito the maxi-
mum solid angle (see Figure 30 below). The horizontal dditest denote
five specific completeness levels (100%, 90%, 80%, 50%, a#g).20

and hard bands, respectively.

7. BACKGROUND AND SENSITIVITY ANALYSIS

We created background and sensitivity maps following the

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 itm
required for a source to be selected by our Rfcriterion.
Given the background level at each pixel location, we dérive
the minimum number of source counts required for a detec-
tion using Equation 1 and our adoptBgl threshold value of
0.007. Utilizing the exposure maps (Section 3.1) and assum-
ing a simple power-law model with = 1.4, we converted the
limiting count rates to limiting fluxes and produced sengifi
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 ditl no

receive any X-ray photons over the 7 Ms exposure. Indeed, in
the full-band, soft-band, and hard-band raw image$9%,
84%, and 68% of the pixels have zero counts. The mean back-
ground count rate in the soft band (0.055 countsitixel™)

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) *® and the increased sensitivity of the 7 Ms CDF-S that

48 For example, the ACIS-1 soft-band effective area has drdjnyes 10%

procedure described in Section 7 of Xue et al. (2011). Briefly from Chandra Cycle 11 (proposal cycle for the 4 Ms CDF-S) tale5
we masked out the main and supplementary catalog SOUrCegroposal cycle for the 7 Ms CDF-S). The 7 Ms CDF-S observatispan a
from the raw |mages in the three X-ray bands, and we filled broad range in time and not all the background componentafteeted by
in the masked regions with random counts that are consistenthe decline of the ACIS effective area.
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resolves a larger fraction of the cosmic background, ai 35
variations of the particle and instrumental background <
ponents over the past several years. The ratio between-

tal numbers of background and source counts in the soft

is approximately the same=(4.2) for the 2 Ms, 4 Ms, an 20
7 Ms CDF-S. Inthe fulland hard bands, the mean backgr
count rates are smallexs(25%) than those for the 2 Ms a
4 Ms CDF-S, mainly because we adopted a smaller t
energy bound of 7 keV (instead of 8 keV) here. The
between the total numbers of background and source ¢
in the hard band~ 14; 2—7 keV) is significantly lower th¢
those & 20; 2—-8 keV) for the 2 Ms and 4 Ms CDF-S, confit
ing that it is advantageous to search for sources in the 2¢
band instead of the 2—8 keV band where the backgroun
a larger contribution.

We are able to achieve unprecedented X-ray sensitiv
the 7 Ms CDF-S. The lowest estimated flux limits achiev-27° 55
are~ 1.5x 107, 48 x 1078 and 21 x 10" erg cm? s?
in the full, soft, and hard bands, respectively, and the-i
age achievable flux limits over the centrall arcmirf regior
are~ 1.9x 107Y, 6.4 x 10718 and 27 x 10°Y" erg cm? s, -28° 00’
The lowest detected fluxes in the main catalog are aci
around these limits, being 1.7 x 10717, 7.7 x 10718, anc
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3.5x 101 erg cm? s in the three bands. Comparec Right Ascension (2000)

the average soft-band flux limit in the centrall arcmir? re-

gion of the 4 Ms CDF-S (4 x 10718 erg cm? s; Xue et al. Figure29. Full-band sensitivity map for the main source catalog. The

2011), the 7 Ms CDF-S sensitivity has been improved by q 9ray-scale I(le;/els, fr0n117black t01|i79ht gray,l;epresentlcgegiwith fllgx Iimliés
factor of 142. The full-band and hard-band sensitivities are 3 4161 o et s e e blus Sigw e the
not directly comparable, as the energy ranges are diffelfent  same as those in Figure 1.

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 Table 6. o
hard (2—7 keV) bands assumingla= 1.4 power-law spec- We also compared the 7 Ms CDF-S soft-band sensitivity—
trum, the full-band sensitivity has been improved by a fac- area curve to the one for the 4 Ms CDF-S (Xue et al. 2011)
tor of 1.52 (29 x 107 vs. 19 x 1017 erg cnt? s1) and the  In Figure 30. The 4 Ms CDF-S curve can be approximately
hard-band sensitivity has been improved by a factor of 1.76Scaled to the 7 Ms one by dividing the flux limits by a scaling
(4.8 x 10717 vs. 27 x 1077 erg cm2 s°1). The sensitivity im- factor of~ 1.38, indicating that the 7 Ms CDF-S sensitivity
provement due to increased exposure in the full or hard band'@S Peen improved by a factor &f 1.38 on average. Such
should be smaller than that in the soft band, because of thé? iImprovementin sensitivity is expected given the facfor o
lower background level in the soft band (e.g., Table 7). The ~ 1.75 increase in exposure (see Section 7.3 of Xue et al.
larger full- and hard-band improvement factors obtained fo 2011) and the decrease of the ACIS-I soft-band effectiva are
the 7 Ms CDF-S are due to the more sensitive 0.5-7.0 kev©OVer the pastyears (see Footnote 48).

and 2—7 keV bands adopted for source detection where the
background levels are lower compared to the 0.5-8.0 keV and 8. NUMBER COUNTS _FOR THE 7MS CDF-S

2-8 keV bands (see Footnote 16 of Xue et al. 2016 and our We computed the cumulative number of sourde§; S),
comparison of the background-to-source count ratios in thebrighter than a given intrinsic fluxS for the soft and

previous paragraph). hard bands following the procedure described in Sec-
Beyond the small central region, the sensitivity drops with tion 2 of Lehmer et al. (2012). Simulations based on
increasing off-axis angle. The full-band sensitivity maylis- our source-detection method were performed to obtain the

played in Figure 29; flux limits in different ranges are sttade source recovery functions, which account for detection in-
with different gray-scale levels. Itis possible to deteatrses ~ completeness (see the Appendix of Lehmer et al. 2012 for
with fluxes somewhat smaller than the sensitivity limits at details). A Bayesian approach was employed to obtain the
their locations, due to the difference between g values  flux-probability distributions, which account for Eddiogt
of the sources and the assumed value of 1.4 when computbias (see Section 2.1 of Lehmer et al. 2012 for details).Kenli
ing the flux limits. There are 11 soft-band, 28 full-band, and the creation of the sensitivity maps (Section 7) where sim-
2 hard-band sources with fluxes1%—13% below their cor-  ple count-rate-to-flux conversion factors were used, we con
responding flux limits. Given the spatial dependence of the Sider here the conversion to be probabilistic. A Bayesizorpr
sensitivity, we display in Figure 30 the survey solid anglev ~ based on the differential number-count modelis (d Smoge)

sus flux limit in the full, soft, and hard bands. The flux limits S utilized in determining the flux-probability distribotis,
for ~ 50% of the CDF-S area are 2.0 x 10716, 6.5 x 1077, and following Lehmer et al. (2012), we adopted double or sin-

and 25 x 10726 erg cmi2 7% in the full, soft, and hard bands, ~9le power-law forms for the number-count models of AGNs,
respectively, approximately an order of magnitude largant ~ normal galaxies, and Galactic stars:

those for the centrat 1 arcmirf region, and these values are dNACN { AGN

KACN(S/Se) ™ (S< fHeN)

AGN_ﬁfGN (S/S,ef)_ﬁZAGN (S> fBAGN)

consistent with the 50% completeness flux limits presemtedi — =
KACN(fy/Seer) %2

ds
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Figure 30. Survey solid angle as a function of flux limit in the full (topft

(middle), and hard (bottom) bands. For comparison, thelsofd relation
for the 4 Ms CDF-S (Xue et al. 2011) is displayed as the dottetecin the
middle panel (the full-band and hard-band results are mettdy comparable
due to the different choices of the energy bands). The 4 Ms-SErve can
be approximately scaled to the 7 Ms one by dividing the fluxtinby a

scaling factor ok 1.38.

?ngi K9S/ Se) ™"
d Nstar
ds

whereSes = 1014 erg cmi?2 s71. As shown later in Figure 31,

=K(S/Ser) ™, 3)

vey in which sources with fluxes below the sensitivity lim-
its quoted in Section 7 could be detected. The flux lim-
its for ~ 10 arcmirt effective areas derived from this ap-
proach are £ x 107 erg cm? s in the soft band and
2.0x 1017 erg cm? s1 in the hard band. Unlike the AGN
number counts, where a break flux around*t@rg cm? st

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 (393 —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 AGNSs, galaxies, and stars to the total num-
ber counts. The contribution from galaxies increases tdwar
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 x 10718 erg cm? s1. At the soft-band flux limit
(4.2x 108 erg cm?s1), the AGN density is< 23900 ded?,
47%-+ 4% of the total X-ray source densityg (0500 ded?),
while the galaxy density reaches26 600 ded?, 52%- 5% of
the total, indicating that normal galaxies start to dornrerthe
X-ray source population at the faintest flux levels. At thisfl
limit, the entire sky contains: 1.0 billion AGNs and~ 1.1
billion galaxies. We caution that due to cosmic variance, th
CDF-S field might not be a representative patch of the en-
tire sky, and small field-to-field variations of the X-ray sog
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) witlks < 22, which constitute
4.0%=+ 0.2% of the 6651Ks < 22 TENIS sources within the
7 Ms CDF-S field of view. The fraction of X-ray detected

these power-law models provide acceptable descriptions ofdalaxies increases toward better X-ray sensitivity; witifiie
the overall shapes of the cumulative number counts. innermost 2radius region, there are ¥k < 22 X-ray galax-

To derive the best-fit model parameters in Equation 3, al€s, 24%t 4% of the 129Ks < 22 TENIS sources in this
maximum-likelihood technique was utilized to maximize the region. With the number-count results, we further investi-
total likelihood of obtaining the main source catalog arsd it 9ated the fraction of galaxies that are detectable in deegyX-
source-count distribution (see Section 2.2 of Lehmer et al.Surveys as a function of the X-ray limiting flux, account-
2012 for details). The best-fit parameters and the correspon ing for detection incompleteness and Eddington bias. At the
ing 1o uncertainties are listed in Table 8. After determining Soft-band flux limit (42 x 1078 erg cm? s°), the density of
the Bayesian prior for the flux-probability distributiorthe Ks < 22 X-ray galaxies isc 22300 ded (derived similarly
cumulative number counts for the soft and hard bands wereto those in Figure 31). The TENIS catalog is complete at
computed based on the main-catalog sources, broken dowis < 22, and we verified its completeness by comparing its
into AGNs, galaxies, and stars. In Figure 31, we present theKs-band galaxy number counts to previous number-count re-
cumulative number counts for the three source populatiens a sults (e.g., Saracco et al. 2001). Excluding 295 stars from
well as all the X-ray sources in the soft and hard bands, re-the 6651 TENIS sources identified from spectroscopic cata-
spectively. The number-count models derived from the best-logs, theKs < 22 galaxy density isc 47300 ded. There-
fit differential models (Equation 3 and Table 8) are also dis- fore, the X-ray detectels < 22 galaxies account for 47%
played, showing general agreement with the data. of all Ks < 22 galaxies at the soft-band flux limit. The fraction

Our number-count calculations implement a probabilis- of Ks < 22 galaxies detected in the X-rays decreases rapidly
tic approach, in which we calculated, at each location in with increasing soft-band limiting flux, beirrg 20% at a lim-
our images, the probability of detection as a function of iting flux of 1077 erg cm? s and~ 2% at a limiting flux of
flux and photon index (see Section 2.1 of Lehmer et al. 5 1017 erg cn2 s72.

2012). As such, there are sufficiently large areas of the sur-



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 (8.154+0.58) x 10?2 erg cm? s and (149+ 0.20) x
107 erg cm? st in the soft and hard bands, respectively
(Hickox & Markevitch 2006; Kim et al. 2007b). The re-

solved CXRB fractions, after including the contributionsrh
the relatively rare X-ray bright-source population (Kimadt
2007b), are 8®%-+ 4.4% and 927/%-+ 13.3% in the soft and

hard bands, respectively. For comparison, the resolvedBCXR
fractions at the 4 Ms CDF-S flux limit (Lehmer et al. 2012)
are 757%+ 4.3% and 824%+ 13.0% in the soft band and
the 2-8 keV band, respectively.

We have presented X-ray source catalogs for the deepest

9. SUMMARY

ChandraX-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 arcnifihe
cleaned net exposure time is 6.727 Ms. See Section 2.

. The mainChandrasource catalog contains 1008 X-ray

sources that were detected byavDETECT with a
false-positive probability threshold of-110™ and fil-
tered by AE with a binomial no-source probability
(Ps) 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.

. The supplementaghandrasource catalog contains 47

X-ray sources that were detected\wywDETECT with
a false-positive probability threshold of<1107°, have
0.007< Ps < 0.1, and are matched to brighk{ < 23)
NIR counterparts. See Section 3.2.

. 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 4 positional uncertainties range from
011 to 1”28, with a median value of/@7. See Sec-
tions 2.2, 3.2, and 4.1.

. We identified optical/NIR/IR counterparts for 992

(98.4%) of the main-catalog sources, with an average
false-match rate ok 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.

. 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 isl2+ 0.05 with an
interquartile range of 0.67-1.95. See Section 4.3.

7.

10.

12.
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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 areBx 10716, 6.5 x 1077, and 57 x
107 erg cm? s71, respectively. There are 613 sources
with absorption-corrected intrinsic 0.5-7.0 keV lumi-
nosities above 18 erg s! and 108 sources above
10" erg s*. See Section 4.4.

. We identified 711 AGNSs (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.

. 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.

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 ‘éradius 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.

. The mean numbers of background counts per pixel

are still small (0.17-0.60 in the three bands) in the
7 Ms Chandraexposure; 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 arcmirf region reachr 1.9 x 107, 6.4 x 10728,
and 27 x 107" erg cm? st in the full, soft, and hard
bands, respectively, and the flux limits fer 50% of
the CDF-S area arez 2.0 x 107%6, 6.5 x 10/, and
25x 1071 erg cm? s1. Compared to the average
soft-band flux limit in the centrad 1 arcmirf region

of the 4 Ms CDF-S, the 7 Ms CDF-S sensitivity has
been improved by a factor 0f42. See Section 7.

We computed cumulative number counts down to the
soft-band flux limit of 42 x 1078 erg cm? s and
hard-band flux limit of 20 x 1077 erg cm? s, 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 de® (47%+ 4% of the total
source density) and the galaxy densityi26 600 ded?
(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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Figure31. Cumulative number counts (number of sources brighter thgivem flux) for the main source catalog (filled circles) in {ag soft band and (b) hard
band. The number counts are further broken down into AGNer{(gpd triangles), normal galaxies (open blue squares)Gataktic stars (open green stars)
with their corresponding 4 errors displayed. The red long-dashed, blue dotted, arehgsbort-dashed curves represent the number-count maakesl lon
the best-fit differential number-count models (Equatiom8 &able 8) for AGNSs, galaxies, and stars, respectively,thadlack curves show the number-count
models for all X-ray sources (sum of the three componentie Hottom panels show the fractional contributions from AGghlaxies, and stars to the total
number counts. Galaxies provide significant contributitmthe total number counts near the soft-band flux limit arey thvertake AGNSs at soft-band fluxes

smaller tharrs 6.0 x 10718 erg cm2 571,

flux levels (< 6.0 x 1028 erg cm? s1). The resolved  SLHO006 (Y.Q.X., M.S., J.X.W.), STFC grant ST/L0O0075X/1
CXRB fractions computed using the number-count es- (D.M.A., 1.S.), CONICYT-Chile grants Basal-CATA PFB-
timates are 80@%+ 4.4% and 927%-+ 13.3% in the 06/2007 (F.E.B.), FONDECYT Regular 1141218 (F.E.B.),
soft and hard bands, respectively. See Section 8. "EMBIGGEN" Anillo ACT1101 (F.E.B.), the Ministry of
. . Economy, Development, and Tourism’s Millennium Science
The 7 Ms CDF-S will serve as a multi-deca@®andra  |pitiative through grant IC120009, awarded to the Millen-
legacy for advancing deep-survey science projects, ovang t nium Institute of Astrophysics, MAS (F.E.B.), ERC Ad-

its unique combination of great depth and high angular res-yanced grant DUSTYGAL 321334 (1.S.), and the Royal Soci-
olution. Detailed science results for the 7 Ms CDF-S are ety/Wolfson Merit Award (1.S.).

presented in additional papers (e.g., Lehmer et al. 2016; Vi
etal. 2016; Yang et al. 2016). REFERENCES
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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. Pipelin

um) Time (ks) « (J2000.0) § (J2000.0) (deg) Mode Version
1431-0 1999 Oct 15, 17:38 25.1 03 32 29.3%27 48 22.2 47.3 VF 8.4.5
1431-1 1999 Nov 23, 02:30 93.2 03 3229.3+27 48 22.2 47.3 F 8.4.5
441 2000 May 27, 01:18 53.5 033226.91:274819.4 166.7 F 8.4.5
582 2000 Jun 03, 02:38 127.6 03 32 26.9727 48 18.5 162.9 F 8.4.5
2406 2000 Dec 10, 23:35 28.7 03 32 28.3327 48 36.5 332.2 F 8.4.5
2405 2000 Dec 11, 08:14 56.3 03 3228.8227 48 43.5 331.8 F 8.4.5
2312 2000 Dec 13, 03:28 123.7 03 32 28.2827 48 36.9 329.9 F 8.4.5
1672 2000 Dec 16, 05:07 95.0 03 32 28.7327 48 44.5 326.9 F 8.4.5

Note. — The 7 Ms CDF-S consists of 102 observations, with a toehméd exposure time of 6.727 Ms.
The average aim point for the merged observations, weigihyethe individual exposure times, 8320000 =
03"32M28527, 8320000 = —27°4821//8. The observations were performed using Faint (F) or VeigtRy'F)
modes. (This table is available in its entirety in the onjm#&nal. A portion is shown here for guidance regarding
its form and content.)

Table 2
Summary ofChandraSource Detections
Number of Detected Counts Per Source
Band (keV) Sources Maximum  Minimum Median NMAD? Mean
Full (0.5-7.0) 916 56916.2 11.2 98+ 6.1 104.4  5716+932
Soft (0.5-2.0) 871 38817.0 6.1 aH-2.0 47.6 343%+659
Hard (2-7) 622 18137.8 9.2 BH 6.0 90.6 3560+46.1

aNormalized median absolute deviation, definedN&AD = 1.48 x median(counts-
median(counts).

Table 3
Sources Detected in One Band but not Another

Detection Band Nondetection Energy Band

(keV) Ful 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.
Table4
Main ChandraSource Catalog
XID RA Dec logPs  WAVDETECT PosErr Off-axis FB  FBLowEr FBUppEr SB  SBLowErr SBUppEr
(Y @ ©) 4) ®) (6) ™ ® © (10 (€] (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 12.3 135
3 52.917119 -27.796253 -99.0 -8 0.66 10.67 245.2 22.0 231 152.6 14.9 16.1
4 52.919726 -27.773984 -45 -5 1.01 10.69 65.6 18.2 194 298 -10 -1.0
5 52.920710 -27.743110 -144 -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 th@08 X-ray sources. (This table is available in its entiretythe online journal. A portion is shown here for

guidance regarding its form and content.)
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Table5

Supplementary NIR Brigh€handraSource Catalog
XID RA Dec logPs WAVDETECT PosErmr Off-axis FB FBLowEr FBUppErr SB SBLowErr SBUppEr
1) 2 3 4 (5) (6) (7 (8) ) (10) (11) (12) (13)
1 52.925294 -27.763536 -1.8 -5 1.09 10.53 479 20.4 21.6 205 -10 -1.0
2 52.936641 -27.790331 -15 -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 27.3 240 -10 -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 -19 -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 thesupplementary X-ray sources. (This table is availablésientirety in the online journal. A portion is shown
here for guidance regarding its form and content.)

Table 6
Flux Limits and Completeness Levels
Completeness  fo5-7 kev fos5-2 kev f2-7 kev
(%) (ergem?s™)y  (ergcm?sl) (ergcm?s?)
90 21x 1071 9.1x 10716 3.0x 10718
80 91x 10716 37x10716 12x10%
50 20x 10716 6.6 x 1077 3.2x 10716
20 59x 10Y7 21x10Y 8.7x10°Y
Table7
Background Parameters
Band (keV) Mean Background Total Background Count Ratio
(counts pixetl)  (counts MsT pixel™) (10° 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 backgrounts per pixel
averaged across the background map (Section 7). Column 8&n menber of background
counts per pixel (Column 2) divided by the mean effectiveosxpe time averaged across the
exposure map (Section 3.1); the mean effective exposurestame 3.26 Ms, 3.18 Ms, and
3.37 Ms for the full, soft, and hard bands, respectively. uguoi 4: total number of back-
ground counts measured from the background map. Columrtib: afethe total number of
background counts (Column 4) to the total number of sourcatsoin the main and supple-
mentary catalogs.

Table8
Differential Number-Count Prior Best-Fit Model Paramseter
Band (keV) AGNs Galaxies Stars
KA4GN BAGN BAGN ftﬁSNk ngl Bgal Kszar pstar
() ¢ ©) (&) 5 ® %) ®) ©)

Soft (0.5-2.0) 161.967.10 1524+003 245+030 7.I35 2.01+£0.10 2244006 4.14+0.30 1.45_§;i§
Hard (2—-7) 453.70: 20.61 1464003 2724024 89+17 0.75:£0.09 2564015 0.73£0.13 1.88538

Note. — Column 1: X-ray band. Columns 2-5: normalization in unftd0** deg? [erg cmi? s1] %, faint-end slope,
bright-end slope, and break flux in units of 10erg cm? s for the AGN double power-law differential number-count
model. Columns 6-7: normalization in units of*t@eg? [erg cm? s*]™* and power-law slope for the galaxy power-
law differential number-count model. Columns 8—9: normeion in units of 18 deg? [erg cm? s]™ and power-law
slope for the star power-law differential number-count elod



