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ABSTRACT

We report on the first 10 identifications of sources serendipitously detected by the Nuclear Spectroscopic Telescope
Array (NuSTAR) to provide the first sensitive census of the cosmic X-ray background source population at 10 keV.
We find that these NuSTAR-detected sources are ~100 times fainter than those previously detected at 210 keV and
have a broad range in redshift and luminosity (z = 0.020-2.923 and L p—40kev & 4 X 10*-5 x 10% erg s71); the
median redshift and luminosity are z &~ 0.7 and Lig—okev & 3 x 10* erg s™!, respectively. We characterize these
sources on the basis of broad-band ~0.5-32 keV spectroscopy, optical spectroscopy, and broad-band ultraviolet-
to-mid-infrared spectral energy distribution analyses. We find that the dominant source population is quasars
with Lig—sorey > 10* erg s=!, of which ~50% are obscured with Ny > 10?> cm~2. However, none of the
10 NuSTAR sources are Compton thick (Ny > 10%* cm™2) and we place a 90% confidence upper limit on the
fraction of Compton-thick quasars (Ljp—sokev > 0% erg s71) selected at =10 keV of <33% over the redshift
range z = 0.5-1.1. We jointly fitted the rest-frame ~10—40 keV data for all of the non-beamed sources with
Lio—sokey > 10% erg s~! to constrain the average strength of reflection; we find R < 1.4 for I' = 1.8, broadly
consistent with that found for local active galactic nuclei (AGNs) observed at 10 keV. We also constrain the
host-galaxy masses and find a median stellar mass of ~10'' M, a factor &5 times higher than the median stellar
mass of nearby high-energy selected AGNs, which may be at least partially driven by the order of magnitude
higher X-ray luminosities of the NuSTAR sources. Within the low source-statistic limitations of our study, our
results suggest that the overall properties of the NuSTAR sources are broadly similar to those of nearby high-energy
selected AGNs but scaled up in luminosity and mass.
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1. INTRODUCTION

The cosmic X-ray background (CXB) was first discovered in
the early 1960s (Giacconi et al. 1962), several years before the
detection of the cosmic microwave background (CMB; Penzias
& Wilson 1965). However, unlike the CMB, which is truly
diffuse in origin, the CXB is dominated by the emission from

23 NASA Postdoctoral Program Fellow.

high-energy distant point sources: active galactic nuclei (AGNs),
the sites of intense black-hole growth that reside at the centers
of galaxies (see Brandt & Hasinger 2005; Brandt & Alexander
2010 for reviews). A key goal of high-energy astrophysics is
to determine the detailed composition of the CXB in order to
understand the evolution of AGNSs.

Huge strides in revealing the composition of the CXB
have been made over the past decade, with sensitive surveys
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undertaken by the Chandra and XMM-Newton observatories
(e.g., Alexander et al. 2003a; Hasinger et al. 2007; Brunner
et al. 2008; Luo et al. 2008; Comastri et al. 2011; Xue et al.
2011). These surveys are so deep that they have resolved
~70%—-90% of the CXB at energies of ~0.5-8 keV (e.g.,
Worsley et al. 2005; Hickox & Markevitch 2006; Lehmer
et al. 2012; Xue et al. 2012), revealing a plethora of obscured
and unobscured AGNs out to z &~ 5-6. However, although
revolutionary, Chandra and XMM-Newton are only sensitive
to sources detected at ~0.5-10 keV, far from the peak of
the CXB at ~20-30 keV (e.g., Frontera et al. 2007; Ajello
et al. 2008; Moretti et al. 2009; Ballantyne et al. 2011). Until
recently, the most powerful observatories with sensitivity at
~20-30 keV have only resolved &1%—2% of the CXB at these
energies (e.g., Krivonos et al. 2007; Ajello et al. 2008, 2012;
Bottacini et al. 2012) and therefore provide a limited view of
the dominant source populations (e.g., Sazonov & Revnivtsev
2004; Markwardt et al. 2005; Bassani et al. 2006; Treister et al.
2009b; Bird et al. 2010; Tueller et al. 2010; Burlon et al. 2011).

A great breakthrough in resolving the peak of the CXB is the
Nuclear Spectroscopic Telescope Array (NuSTAR) observatory.
NuSTAR was successfully launched on 2012 June 13 and is
the first >10 keV orbiting observatory with focusing optics
(Harrison et al. 2013). NuSTAR’s focusing optics provide a
~1 order of magnitude improvement in angular resolution and
a &2 orders of magnitude improvement in sensitivity over
previous-generation >10 keV observatories, a revolutionary
leap forward in performance. One of the primary objectives
of NuSTAR is to complete a sensitive extragalactic survey
and identify the source populations that produce the peak of
the CXB.

The NuSTAR extragalactic survey comprises three compo-
nents (see Table 6 of Harrison et al. 2013): a deep small-area
survey in the Extended Chandra Deep Field-South (E-CDEF-S;
Lehmer et al. 2005) field, a medium wider-area survey in the
Cosmic Evolution Survey (COSMOS; Scoville et al. 2007) field,
and a large area (typically shallow) serendipitous survey con-
ducted in the fields of other NuSTAR targets, including ~100
Swift-BAT identified AGNSs. In this paper we report on the first
10 spectroscopically identified sources in the NuSTAR serendip-
itous survey. In Section 2 we present the NuSTAR observations
of the serendipitous sources, the multi-wavelength data, and the
details of our data processing approaches, in Section 3 we de-
scribe our analysis of the X-ray and multi-wavelength data, in
Section 4 we present our results, and in Section 5 we outline our
conclusions. We adopt Hy = 71 km s~' Mpc~!, Q) = 0.27
and Q, = 0.73 throughout.

2. NuSTAR OBSERVATIONS
AND MULTI-WAVELENGTH DATA

NuSTAR is the first high-energy (>10 keV) orbiting obser-
vatory with focusing optics and has a usable energy range of
3-79 keV (Harrison et al. 2013). NuSTAR consists of two co-
aligned X-Ray Telescopes (XRTs; focal length of 10.14 m)
which focus X-ray photons onto two independent shielded focal
plane modules (FPMs), referred to here as FPMA and FPMB.
Each FPM consists of four CdZnTe chips and has a =12’ x 12/
field of view at 10 keV; the pixel size is 2”46. The focusing optics
provide NuSTAR with a ~1 order of magnitude improvement
in angular resolution over previous observatories at >10 keV;
the full width at half-maximum (FWHM) of the point-spread
function (PSF) is ~18” and the half-power diameter is ~58”.
The absolute astrometric accuracy of NuSTAR is £5” (90%

ALEXANDER ET AL.

confidence) for bright X-ray sources and the spectral resolution
is ~0.4 keV (FWHM) at 10 ke V.

2.1. The NuSTAR Serendipitous Survey

The NuSTAR serendipitous survey is the largest-area compo-
nent of the NuSTAR extragalactic survey program. The serendip-
itous survey is built up from NuSTAR-detected sources in the
fields of NuSTAR targets, similar in principle to the serendipitous
surveys undertaken in the fields of Chandra and XMM-Newton
sources (e.g., Harrison et al. 2003; Kim et al. 2004; Watson et al.
2009). A major component of the NuSTAR serendipitous sur-
vey are ~15-20 ks observations of ~100 Swift-BAT identified
AGNSs, which provide both high-quality high-energy constraints
of local AGNs and ~2-3 deg? of areal coverage to search for
serendipitous sources. However, the serendipitous survey is not
restricted to these fields and the NuSTAR observations of targets
not in the E-CDF-S, COSMOS, and Galactic-plane surveys are
used to search for serendipitous NuSTAR sources; the exposures
for these targets are also often substantially deeper than the
NuSTAR observations of the Swift-BAT AGNs (up to on-axis
exposures of 177.1 ks in the current paper). The expected areal
coverage of the NuSTAR serendipitous survey in the first two
years is ~3—4 deg?.

Using the NuSTAR data processing and source detection
approach outlined below, at the time of writing we have
serendipitously detected ~50 sources in the fields of ~70
NuSTAR targets. Here we present the properties of the first
10 spectroscopically identified sources; see Table 1. These
10 sources were selected from NuSTAR observations taken
up until 2013 January 31. The selection of these sources
for spectroscopic follow-up observations was based on their
visibility to ground-based telescopes and they should therefore
be representative of the overall high-energy source population.

2.1.1. Data Processing and Source Searching

The level 1 data products were processed with the
NuSTAR Data Analysis Software (NuSTARDAS) package (v.
0.9.0). Event files (level 2 data products) were produced, cal-
ibrated, and cleaned using standard filtering criteria with the
nupipeline task and the latest calibration files available in the
NuSTAR CALDB. The NuSTAR observations of the Geminga
field comprised 15 separate exposures, which we combined us-
ing XIMAGE v4.5.1;>* the other NuSTAR observations reported
here were individual exposures.

We produced 3-24 keV, 3-8 keV, and 8-24 keV images us-
ing bMcoPY from the Chandra Interactive Analysis Observa-
tions (c1a0) software (v4.4; Fruscione et al. 2006) for both
NuSTAR FPMs.”> We also produced exposure maps in each en-
ergy band for both FPMs, which take account of the fall in
the effective area of the mirrors with off-axis angle and are
normalized to the effective exposure of a source located at the
aim point.

We searched for serendipitous sources in all of the six images
(i.e., the three energy bands for each FPM) using WAVDETECT
(Freeman et al. 2002) with an initial false-positive probability
threshold of 10~° and wavelet scales of 4, 5.66, 8, 11.31, and 16
pixels. To be considered a reliable NuSTAR source we require a
detection to satisfy at least one of two criteria: (1) to be detected
in at least one of the three images for both FPMA and FPMB;

24 See http://heasarc.gsfc.nasa.gov/docs/xanadu/ximage/ximage.html for
details of XIMAGE.

25 See http://cxc.harvard.edu/ciao/index.html for details of c1a0.
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or (2) to be detected in at least one of the three images in a
single FPM but to have a lower-energy X-ray counterpart (e.g.,
detected by Chandra, Swift-XRT, or XMM-Newton). Following
Section 3.4.1 of Alexander et al. (2003a), we also ran
WAVDETECT at a false-positive probability threshold of 10~*
to search the six images (i.e., the three energy bands for each
FPM) for lower significance counterparts of sources already de-
tected at a false-positive probability threshold of 107° in any of
the three energy bands.

See Tables 1 and 2 for the details of the X-ray data for the first
10 spectroscopically identified serendipitous NuSTAR sources.
All of the NuSTAR sources are detected at >8 keV in at least
one FPM.

2.1.2. Source Photometry

‘We measured the number of counts for each source at 3—24,
3-8, and 8-24 keV using either a 30", 45", or 60” radius circular
aperture centered on the 3-24 keV WAVDETECT position for
each FPM; the encircled-energy fractions of these apertures
are ~(0.50, ~0.66, and ~0.77 of the full PSF, respectively, for
a source at the aim point. The choice of aperture is dictated
by the brightness of the source and how close it lies to another
source; see Table 2 for the adopted aperture of each source.
These measurements provide the gross source counts, which
we correct for background counts to provide the net source
counts. To obtain a good sampling of the background counts
while minimizing the contribution to the background from
the source counts, we measured the background in source-
free regions using at least four circular apertures of 45” or
60" radius at least 90” from the source. The gross source
counts are corrected for the background counts to give the net
source counts, rescaling for the different sizes of the source
and background regions. Errors on the net source counts are
determined as the square root of the gross source counts. Upper
limits are calculated when a source is not detected in one
of the six images or if the net counts are less than the lo
uncertainty; 3o upper limits are calculated as three times the
square root of the gross source counts. See Table 2 for the source
photometry.

2.1.3. Source Fluxes

The source fluxes are calculated using the net count rates
(i.e., the net counts divided by the source exposure time) and the
measured X-ray spectral slope, following a procedure analogous
to that used in the Chandra Deep Field surveys (e.g., Brandt
et al. 2001; Alexander et al. 2003a). The X-ray spectral slope
is determined from the band ratio, which we define here as the
8-24 keV/3-8 keV count-rate ratio. To convert the band ratio
into an X-ray spectral slope we used XsPEC v12.7.1d (Arnaud
1996) and the response matrix file (RMF) and ancillary response
file (ARF) of the detected NuSTAR sources; we produced the
RMF and AREF following Section 2.1.5. We also used XSPEC and
the RMF and ARF to determine the relationship between count
rate, X-ray spectral slope, and source flux in each of the three
energy bands: 3-24 keV, 3-8 keV, and 8-24 keV. We calculated
the source fluxes in the three energy bands using the observed
count rate and the derived X-ray spectral slope; for the faint
NuSTAR sources with <100 net counts summed over the two
FPMs, we set the X-ray spectral slope to I' = 1.8, consistent
with the average X-ray spectral slope of the overall sample (see
Section 4.3). The source fluxes in each band were then corrected
to the 100% encircled-energy fraction of the PSF and averaged
over the two FPMs.

ALEXANDER ET AL.
2.1.4. Source Positions

To provide the most accurate NuSTAR source positions and
assist in source matching, we calculated a counts-weighted
source position. This is determined from the 3—24 keV net counts
and the 3-24 keV source position in each FPM. If a source is
only detected in one FPM at 3-24 keV then the position of the
source in that FPM is used.”®

2.1.5. Extraction of the X-Ray Spectral Products

We extracted the NuSTAR data to be used in the X-ray spec-
tral fitting analyses. The NuSTAR data were extracted using the
NuSTAR-developed software nuproducts. nuproducts ex-
tracts source and background spectra and produces the RMF
and ARF required to fit the X-ray data; the source and back-
ground spectra were extracted from each FPM using the same-
sized apertures and regions as those adopted for the source
photometry.

For the serendipitous source in the Geminga field (NuSTAR
J063358+1742.4) we combined the source and background
spectrum from each of the 15 observations (see Section 2.1.1)
to produce a total source and background spectrum. We also
produced an average AREF file for NuSTAR J063358+1742.4 by
combining the individual AREF files, weighted by the exposure
time for each ARF, and we used the RMF produced from the
first observation when fitting the X-ray data.

2.2. Lower-energy X-Ray Data

To extend the X-ray spectral fitting constraints and assist
in the identification of optical counterparts, we searched for
<10 keV counterparts for each NuSTAR-detected source using
Chandra, Swift-XRT, and XMM-Newton observations. Since the
NuSTAR serendipitous program targets fields containing well-
known Galactic and extragalactic targets, they all have lower-
energy X-ray coverage. However, the only lower-energy X-ray
data available in the IC 751 field is a short (2.3 ks) Swift-
XRT observation in which the serendipitous NuSTAR source
is detected with only 10 counts by XRT, which is insufficient
to provide useful <10 keV constraints. For all of the other
NuSTAR sources there are good-quality <10 keV data and, in
some cases, there was more than one observation available.
When selecting suitable lower-energy data we preferentially
chose contemporaneous observations (i.e., observations taken
within ~1 week of the NuSTAR observations), which was the
case for three sources in our sample (NuSTAR J032459-0256.1,
NuSTAR J121027+3929.1, and NuSTAR J183443+3237.8). In
the absence of contemporaneous observations we used existing
lower-energy data where the 3-8 keV flux agreed to within a
factor of two with the 3-8 keV flux measured from the NuSTAR
data; see Section 2.3 for more details.

2.2.1. Chandra, Swift-XRT, and XMM-Newton Observations

The archival Chandra observations are analyzed using CIAO.
The data were reprocessed using the chandra_repro pipeline
to create the new level 2 event file, and the Chandra source
spectra were extracted from a circular region with a radius
of ~5"-10". The background spectra were extracted from

26 We derive the NuSTAR source name from the counts-weighted NuSTAR
source position, adjusted to an appropriate level of precision (based on the
NuSTAR positional accuracy), using the International Astronomical Union
(IAU) approved naming convention for NuSTAR sources: NuSTAR
JHHMMSS+DDMM.m, where m is the truncated fraction of an arcminute in
declination for the arcseconds component.
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several source-free regions of ~40” radius, selected at different
positions around the source to account for local background
variations.

The Swift-XRT data are reduced using the HEAsoft (v.6.12)
pipeline xrtpipeline, which cleans the event files using ap-
propriate calibration files and extracts the spectra and ancillary
files for a given source position;>’ the source extraction regions
had radii of ~20”. Since the background in the Swift-XRT ob-
servations is very low, no background spectra were extracted.

For the XMM-Newton EPIC data we used the Pipeline Pro-
cessing System products, which are a collection of standard pro-
cessed high-quality products generated by the Survey Science
Center. For our analysis we used the Science Analysis Soft-
ware (SAS v.12.0.1), released in 2012 June.”® After filtering
the event files for high background intervals, we extracted the
source spectra from a circular region with a radius of ~20”. The
corresponding background spectra have been extracted using
circular source-free regions in the vicinity of the corresponding
source (~30"-60" radius regions). Using the SAS tasks rmfgen
and arfgen we also produced the response matrices for each
source in each of the three EPIC cameras separately (pn, MOS1,
and MOS2).

2.3. Counterpart Matching

To provide reliable source identification we matched the
NuSTAR sources to the <10 keV and multi-wavelength data;
see Sections 2.2 and 2.4, and Table 3 for the description of the
data. We searched for multi-wavelength counterparts within 10”
of the NuSTAR source positions using on-line source catalogs
and multi-wavelength images; the latter approach is required
for faint counterparts or for recent data not yet reported in
on-line source catalogs. The 10” search radius is motivated
by the absolute astrometric accuracy of NuSTAR (5", 90%
confidence, for bright X-ray sources; Harrison et al. 2013) and
the low count rates for the majority of our sources.

A lower-energy X-ray counterpart is found within 10” for
each of the NuSTAR sources; see Table 2. To provide further
confidence that the X-ray source is the correct lower-energy
counterpart to the NuSTAR source, we compared the 3-8 keV
fluxes of the lower-energy source and the NuSTAR source. We
selected and extracted the lower-energy X-ray data following
Section 2.2 and we calculated the 3-8 keV fluxes using a power-
law model in XSPEC (the model component is POW in XSPEC); see
Table | for details of the low-energy X-ray data selected for
each source. The average source flux was calculated for the
XMM-Newton data when multiple detectors were used (i.e., pn,
MOS 1 and MOS 2). In Figure 1 we compare the 3-8 keV
fluxes from the lower-energy X-ray data to the 3-8 keV flux
from the NuSTAR data. In all cases the fluxes agree within a
factor of two, demonstrating that we have selected the correct
lower-energy X-ray counterpart.

An optical counterpart is also found within 10" of each NuS-
TAR source; see Table 3. Given the larger intrinsic uncertainty in
the NuSTAR source position when compared to the lower-energy
X-ray source position, we also measured the distance between
the lower-energy X-ray source position and the optical position.
An optical counterpart is found within 3” (and the majority lie
within 1”) of the lower-energy X-ray source position for all of
the sources. See Figure 2 for example multi-wavelength cut-out
images of NuSTAR J183443+3237.8 in the 3C 382 field.

27 See http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/ for details of
HEAsoft.
28 See http://xmm.esa.int/sas/ for details of the SAS software.
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Figure 1. Comparison of the measured fluxes in the 3-8 keV band be-
tween NuSTAR and lower-energy X-ray observations (Chandra, Swift-XRT, or
XMM-Newton); see Table 1 for details of the data used for each source. The
filled circles indicate sources where the lower-energy observations were ob-
tained within 1 week of the date of the NuSTAR observations and the unfilled
circles indicate sources where the lower-energy observations were obtained
more than 1 week after the NuSTAR observations. The solid line indicates
agreement between the fluxes while the dotted lines indicate a factor of two
disagreement between the fluxes.

(A color version of this figure is available in the online journal.)

2.4. Ultraviolet—Radio Data

To further characterize the properties of the NuSTAR sources
we used ultraviolet (UV) to mid-infrared (MIR) data. Table 3
presents the broad-band UV-MIR photometric properties of
the NuSTAR sources, primarily obtained from existing, publicly
available all-sky or large-area surveys, including the Galaxy
Evolution Explorer (GALEX; Martin et al. 2005), the Digitized
Sky Survey (DSS; Minkowski & Abell 1963; Hambly et al.
2001), the Sloan Digital Sky Survey (SDSS; York et al. 2000),
the Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006),
and the Wide-field Infrared Survey Explorer (WISE; Wright et al.
2010). The source photometry is provided in its native format for
all of the sources. The DSS data, provided for sources outside
of the SDSS, were obtained from the SuperCOSMOS scans of
the photographic Schmidt plates (Hambly et al. 2001). As rec-
ommended by the SuperCOSMOS Sky Survey, all photometric
uncertainties are set to 0.30 mag for those measurements. Where
publicly available, we also provide Spitzer photometry from the
Infrared Array Camera (IRAC; Fazio et al. 2004), obtained from
the post-basic calibrated data (PBCD) products. To avoid the
effects of source confusion, photometry was measured in 274
radius apertures on the 06 pixel ™' resampled PBCD mosaics,
and then corrected to total flux density using aperture correc-
tions from the IRAC Instrument Handbook (v.2.0.2).%° Several
sources were observed during the post-cryogenic Warm Spitzer
phase, and thus only the two shorter wavelength bandpasses
from Spitzer-IRAC are available.

2 See http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/ for details of
Spitzer-IRAC.
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