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ABSTRACT

We present the mid-infrared colors of X-ray-detected AGNs and explore mid-infrared selection criteria. Using a
statistical matching technique, the likelihood ratio, over 900 IRAC counterparts were identified with a newMUSYC
X-ray source catalog that includes �1000 published X-ray sources in the Chandra Deep Field–South and Extended
Chandra Deep Field–South. Most X-ray-selected AGNs have IRAC spectral shapes consistent with power-law slopes,
f� / ��, and display a wide range of colors,�2 � � � 2. Although X-ray sources typically fit to redder (more nega-
tive�) power laws than non-X-ray-detected galaxies, more than 50% do have flat or blue (galaxy-like) spectral shapes
in the observed 3–8 �m band. Only a quarter of the X-ray-selected AGNs detected at 24 �m are well fit by feature-
less red power laws in the observed 3.6–24 �m, likely the subset of our sample whose infrared spectra are dominated
by emission from the central AGN region. Most IRAC color selection criteria fail to identify the majority of X-ray-
selectedAGNs, findingonly themore luminousAGNs, themajority ofwhich have broad emission lines. In deep surveys,
these color selection criteria select 10%–20% of the entire galaxy population and miss many moderate-luminosity
AGNs.

Subject headinggs: infrared: galaxies — quasars: general — X-rays: galaxies

1. INTRODUCTION

Theoretical arguments and observational evidence indicate that
active galactic nuclei (AGNs) may play an important role in gal-
axy evolution (Fabian et al. 2003, 2006; Croton et al. 2006; Kriek
et al. 2007; Sijacki et al. 2007; Schawinski et al. 2007). The study
of this mutual feedback requires a complete sample of AGNs,
their host galaxies, and comparable inactive galaxies at the same
epochs. To discover these populations, surveys with deep multi-
wavelength coverage are necessary.

Today, AGNs are identified at many wavelengths, each of
which selects a slightly different sample. For example, radio sur-
veys preferentially find radio-loudAGNs (Brinkmann et al. 2000),
while optical and ultraviolet-excess surveys find luminous un-
obscured AGNs (Richards et al. 2004; Mazzarella & Balzano
1986). Because they detect all but the most heavily obscured
AGNs, hard X-ray surveys efficiently select relatively unbiased
and complete samples of AGNs (Brandt &Hasinger 2005), even
if X-ray background models predict a still-hidden population of
Compton-thick AGNs (Treister et al. 2004;Worsley et al. 2005).
For obscured AGNs (roughly three-fourths of the total popula-
tion), the rest-frame optical light is dominated by the host galaxy
(e.g., Treister et al. 2004; Treister & Urry 2006). This obscuring
gas and dust eventually reemits the absorbed X-rays at infrared
wavelengths. In general, the optical /infrared spectral shapes of
AGNs contain two broad components of thermal emission: the

‘‘big blue bump’’ seen at optical and ultraviolet wavelengths,
often attributed to emission from a hot accretion disk and visible
only in unobscured AGNs, and an infrared excess attributed to
reradiation from circumnuclear dust on larger scales visible in all
AGNs in the far-infrared (Sanders et al. 1989; Sanders 1999; Pier
& Krolik 1992).
Mid-infrared diagnostic studies have found strong continuum

emission originating in dust heated by the intense nuclear radia-
tion field, an important indicator of AGN emission (Laurent et al.
2000). Indeed, surveys with the Spitzer Space Telescope Infrared
Array Camera (IRAC; Fazio et al. 2004) are finding AGNs via
color selection techniques by targeting strong red power-law con-
tinua (Alonso-Herrero et al. 2006; Hickox et al. 2007;Donley et al.
2007). This emission can be used to find even Compton-thick
AGNs (Polletta et al. 2006). However, many color selection tech-
niques developed with Spitzer data have been based on the infra-
red colors of optically selected AGN samples in shallow surveys
(e.g., Lacy et al. 2004; Stern et al. 2005; Hatziminaoglou et al.
2005). The ideal AGN selection technique is both highly reli-
able, meaning most objects selected are indeed AGNs, and highly
complete, meaning most AGNs are identified. To evaluate and
improve infrared selection of AGNs, it is important to investigate
how themid-infrared colors of X-ray-selectedAGN samples com-
pare to those of optically selected samples.
Finding high-redshift AGNs in multiwavelength surveys re-

quires both a large area and sensitive detection limits. TheMulti-
wavelength Survey byYale-Chile (MUSYC;8Gawiser et al. 2006)
is a square-degree survey of four fields to limiting depths of
RAB ¼ 26 and KAB ¼ 22 (KAB ¼ 23 in the central areas; Quadri
et al. 2007) with extensive follow-up spectroscopy. One MUSYC
field, the Extended Chandra Deep Field–South (ECDF-S), has
been surveyed by theChandra X-RayObservatory (Giacconi et al.
2002, hereafter G02;Alexander et al. 2003, hereafter A03; Lehmer
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et al. 2005, hereafter L05; Virani et al. 2006, hereafter V06). The
sensitivity of the Chandra data allows for detection of luminous
AGNs out to large redshifts9 and more modest luminosity AGNs
(�1042–1044 ergs s�1) back to the quasar era (z � 2; Brandt &
Hasinger 2005). Recently, the existing MUSYC data in the
ECDF-S were augmented with very deep IRAC Spitzer data in
the SIMPLE10 survey (M.Damen et al. 2008, in preparation) and
by GOODS and the Spitzer Wide-area InfraRed Extragalactic
survey (SWIRE) at 24�m (Dickinson et al. 2003; Lonsdale et al.
2003). These two surveys are among the deepest Spitzer observa-
tions. This results in a large sample of X-ray-selected AGNswith
mid-infrared coverage, unique in the combination of area and
X-ray and infrared depth.

In this paper we evaluate mid-infrared selection techniques
using the X-ray-selected sample of AGNs in the ECDF-S. In x 2
we describe the X-ray and infrared data, detail the likelihood
ratio–matching technique used to find Spitzer counterparts for each
X-ray source, and present the infrared identifications. We inves-
tigate the mid-infrared colors of these X-ray sources in x 3. In x 4
we compare our sources to published IRAC selection criteria and
assess the impact of adding the 24 �mdata to the IRAC bands. In
x 5we discusswhy themajority of ourX-ray-selectedAGNswould
be missed by current infrared selection criteria. Conclusions are
given in x 6. Throughout this paper we assume H0 ¼ 71 km s�1

Mpc�1, �m ¼ 0:3, and �k ¼ 0:7.

2. OBSERVATIONS AND ANALYSIS

2.1. Chandra Data

ThreeX-ray surveys have overlapping coverage of the same re-
gion of the sky: the very deep central Chandra Deep Field–South
(CDF-S; G02; A03), the deep ECDF-S (L05; V06), and the shal-
lower XMM-Newton pointing that covers this region (Streblyanska
et al. 2004). For this study, we use only the twoChandra surveys
because the higher resolution ofChandra allows for fainter point-
source detections. In contrast, the XMM-Newton data are better
suited for X-ray spectroscopy of the brighter sources because of
the larger effective area (Streblyanska et al. 2006; Dwelly& Page
2006). The CDF-S consists of 1 Ms of data reaching a limiting
on-axis flux of 5:2 ; 10�17 ergs s�1 cm�2 (2:8 ; 10�16 ergs s�1

cm�2) in the 0.5–2.0 keV (2.0–8.0 keV) band (A03). The 11 indi-
vidual pointings of theCDF-S cover a central area of�300 arcmin2

(G02). The four 250 ks Chandra pointings of the ECDF-S over-
lap the deep central region, covering a total area of�1100 arcmin2.
On axis the ECDF-S reaches a limiting flux of 1:7 ;10�16 ergs s�1

cm�2 (3:9 ; 10�16 ergs s�1 cm�2) in the0.5–2.0 keV (2.0–8.0 keV)
band (V06).We combine published point-source detections from
these fields into a new unifiedMUSYCX-ray point-source catalog.

We begin with themost conservative detection catalogs for the
CDF-S and ECDF-S, A03 and V06. Since the CDF-S goes signif-
icantly deeper in flux than the ECDF-S and covers a much smaller
area between the four ECDF-S pointings, we expect that only a
fraction of sources will be common to both surveys. Both catalogs
use similar detectionmethodologies: first filtering the data to elim-
inate periods of high X-ray background, then using wavdetect
(Freeman et al. 2002) for source selection, which is robust in
detecting individual sources in crowded fields. The MUSYC
X-ray catalog first adopts the 326 sources presented in Table 3 of
A03.We next search for new sources in Tables 4 and 5 of V06, as

described in what follows. Table 4, the primary catalog in V06,
uses the same conservative false-positive probability threshold
for detection (pthresh ¼ 10�7) as A03. Given this detection thresh-
old, we expect no more than two or three false X-ray sources in
either A03 or Table 4 of V06. Table 5 of V06, with pthresh ¼
10�6, allows for a larger percentage of false positives but includes
a greater number of bona fide X-ray sources in the catalog that
would otherwise be missed. In order to improve the absolute
astrometric solutions in the V06 catalogs, small shifts were ap-
plied to the X-ray sources’ right ascension and declination,�100.
The shifts were calculated for each of the four pointings in the
ECDF-S using optical counterparts in the MUSYC BVR image.
No shift was necessary to align the A03 catalog positions. For each
source in V06, we calculated the distance to the nearest X-ray
sources in A03 and defined combined X-ray positional uncertain-
ties for each pair by�¼ (�2

A03 þ �2
V06)

1=2, where �XR is the 1 � er-
ror of a Gaussian based on the positional errors reported in each
catalog.We included in ourMUSYCX-ray catalog the 503 sources
fromV06 that were more than 4 � (�300) from any source in A03.
The choice of 4 � is conservative and was determined by detailed
inspections of both the X-ray and MUSYC BVR images. The
median separation between the reported source positions for the
148 X-ray sources found in both A03 and V06 was 0.5800. A total
of 829 unique X-ray sources resulted from the union of A03 and
V06, the first 771 of which were detected with the conservative
false-positive probability threshold.

We next investigated the other published X-ray catalogs in this
field for the same two data sets. L05 created a larger source cat-
alog for the ECDF-S region by retaining data obtained during
small X-ray background flares and using the same lower sig-
nificance threshold parameter as Table 5 in V06. A very small,
�100, positional shift was applied to the L05 catalog to align the
astrometry to the MUSYC BVR image. Using the X-ray posi-
tional uncertainties, we found 141 additionalX-ray sources in L05.
Finally, G02 used a set of unique detection methods, including a
modified version of SExtractor (Bertin & Arnouts 1996) and run-
ning wavdetect with different selection criteria. Three catalogs
are presented in G02: their Table 2 contains sources common to
both detectionmethods, Table 3 contains SExtractor sources only,
and Table 4 contains wavdetect sources only. A slightly larger
fixed positional shift (�100) was necessary to align the X-ray
sources presented in G02 with our MUSYC BVR image. Using
X-ray positional uncertainties, we found a total of 47 additional
X-ray sources in G02 not previously presented in A03, V06, or
L05: 17 from Table 2, 19 from Table 3, and 10 from Table 4. Al-
though there is a good possibility that some of these additional
X-ray sources may be spurious, those will fail to match to an in-
frared counterpart and thus do not affect the conclusions of this
paper (see x 2.3).

The complete MUSYCX-ray catalog contains 1017 individual
sources whose X-ray properties are given in columns (1)–(5) in
Table 1. Column (1) presents a new unique MUSYC X-ray ID
number for each source. Column (2) presents the original X-ray
catalog and catalog ID for each X-ray source (e.g., V06:323 is
source number 323 fromV06). All X-ray source properties, such
as flux or count rate, are taken from the referenced detection cat-
alog. Columns (3) and (4) present the right ascension and decli-
nation (J2000.0) for each X-ray source, based on the MUSYC
BVR image. They are on a common system incorporating the
small�right ascension and�declination applied to each catalog
to shift the coordinates to agree with the MUSYC BVR image.
Column (5) gives the hardness ratio, defined by (H � S )/(H þ S ),
where H and S are the X-ray counts in the hard (2–8 keV) and
soft (0.5–2 keV) bands, respectively. For sources detected only

9 Luminous AGNs (LX � 1044 ergs s�1) can, in principle, be detected to very
high redshifts in the ECDF-S (z � 10), but the volume sampled is too small to
make such a detection likely.

10 See http://www.astro.yale.edu /dokkum/SIMPLE/.



in the hard band (soft band), the hardness ratio is set equal to 1 (�1).
For sources detected only in the full band (0.5–8 keV), the hard-
ness ratio is set equal to 10.G02 defined the hard band as 2–10 keV.
Therefore, we adjusted the published hard-band counts from G02
to equal those that would have been detected at 2–8 keV, the hard
band defined by the other three authors, using PIMMS (ver. 3.9c;
Mukai 1993) with the average X-ray spectrummeasured by G02
(� ¼ 1:4; H2 8 ¼ 0:9896H2 10).

2.2. Spitzer Data

Considerable Spitzer time has been invested in the ECDF-S
with both IRAC and the Multi-Band Imaging Photometer for
Spitzer (MIPS; Rieke et al. 2004). GOODS, along with addi-
tionalGuaranteedTimeObserver (GTO) time, gathered deep IRAC
and MIPS data on the central region of this field (Dickinson et al.
2003). In addition, SWIRE (Lonsdale et al. 2003) covers a nearly
8 deg2 region around the original CDF-S in a shallow survey mode
with both MIPS and IRAC. Finally, a public deep IRAC survey
was conducted in the region covering the ECDF-S (SIMPLE; PI:
P. van Dokkum).

The IRAC data cover 3–8 �m to 5 � limiting depths of 24.4
(3.6 �m), 24.0 (4.5 �m), 22.2 (5.8 �m), and 22.2 (8.0 �m) in AB
magnitude. In units of flux density, these values are 0.63, 0.91,
4.7, and 4.7 �Jy, respectively. A catalog of more than 60,000
sources was created with SExtractor using a weighted sum of the
3.6 and 4.5 �m data (M. Damen et al. 2008, in preparation). Of
these, we have reliable photometry in all four IRAC bands for
38,755 sources (3 �), which will be used in this study. The as-
trometry was calibrated using the MUSYC BVR detection image
(RAB ¼ 27:1); the resulting positional accuracy for individual
sources is P0.300 (1 �; M. Damen et al. 2008, in preparation).

We also use the SWIRE 24 �m catalog provided in Data Re-
lease 3 (Lonsdale et al. 2003; Surace et al. 2005), which covers
the entire area of the X-ray data to ABmagnitude 18 (0.23 mJy),
and the GOODS data in the central region, which goes �5 mag
deeper (Dickinson et al. 2003).We adopt the aperture fluxes from
the SWIRE catalogwhich agreewith the publishedGOODSfluxes
to better than 5%. The positional accuracy of the 24 �m data is
considerably less than that of the IRAC data; however, all 24 �m
source positions were matched to IRAC sources, decreasing the
positional uncertainties.

2.3. Catalog Matching

Following the work of Brusa et al. (2005, 2007), we use the
likelihood ratio, a statistical matching technique, to find Spitzer
counterparts to the ECDF-S X-ray sources. Although the median
positional accuracy ofChandra is�0.600, off-axis the PSF broadens
and becomes circularly asymmetric, leading to larger positional
uncertainties in faint off-axis sources. The positional accuracy for
each detected Chandra source depends on the number of counts
detected and the distance of the source from the aim point. For
several X-ray sources, this positional uncertainty encompasses
multiple potential infrared counterparts, while for others there
may be no counterpart to the survey detection limits. Due to the
high source density of the faintest IRAC sources, there is a non-
negligible random chance of finding a faint IRAC object near an
unassociated X-ray source. Simulations showed that �60% of
random positions in the field fall within 400 of an IRAC source,
the maximum distance for which we find an IRAC counterpart
for an X-ray source. The likelihood ratio takes into account the
background object density and the positional accuracy of both
the Spitzer and the Chandra data and returns the probability that

TABLE 1

X-Ray and Infrared Properties of MUSYC ECDF-S X-Ray Sources

ID

(1)

Cat. IDa

(2)

R.A.

(J2000.0)

(3)

Decl.

(J2000.0)

(4)

HRb

(5)

3.6 �mc

(�Jy)

(6)

4.5 �mc

(�Jy)

(7)

5.8 �mc

(�Jy)

(8)

8.0 �mc

(�Jy)

(9)

24.0 �md

(�Jy)

(10)

LX
e

(ergs s�1)

(11)

Notesf

(12)

1........... A03:1 52.934208 �27.823917 �0.09 1.52 (0.14) 1.89 (0.15) 1.62 (0.62) 2.31 (0.57) . . . (. . .) . . .

2........... A03:2 52.936333 �27.865639 �0.43 6.69 (0.12) 7.94 (0.14) 5.33 (0.56) 5.98 (0.57) . . . (. . .) . . .
3........... A03:3 52.936875 �27.860889 �0.24 11.95 (0.13) 14.31 (0.15) 17.28 (0.56) 14.77 (0.58) . . . (. . .) . . .

4........... A03:4 52.947083 �27.887028 �0.34 15.15 (0.13) 22.73 (0.14) 32.26 (0.58) 46.54 (0.54) . . . (. . .) . . .

5........... A03:5 52.949917 �27.845972 �0.54 5.48 (0.14) 4.25 (0.16) 3.93 (0.61) 2.71 (0.62) . . . (. . .) 43.53 2 BL

6........... A03:6 52.950083 �27.800528 �0.47 23.38 (0.13) 28.93 (0.15) 30.18 (0.62) 22.41 (0.60) S: 560.34 (28.32) 41.37 5

7........... A03:7 52.955958 �27.776222 �0.37 13.32 (0.13) 16.04 (0.16) 20.63 (0.59) 25.57 (0.63) . . . (. . .) 44.17 5

8........... A03:8 52.956208 �27.842778 �0.28 5.33 (0.14) 7.03 (0.16) 7.80 (0.61) 7.44 (0.62) . . . (. . .) . . .

9........... A03:9 52.959958 �27.845028 0.10 15.81 (0.14) 19.24 (0.15) 15.07 (0.61) 10.65 (0.62) . . . (. . .) . . .
10......... A03:10 52.960125 �27.864389 �0.42 12.34 (0.12) 11.83 (0.15) 8.86 (0.57) 7.60 (0.58) . . . (. . .) . . .

11......... A03:11 52.961000 �27.883583 �0.33 2.42 (0.13) 2.85 (0.15) 2.54 (0.59) 6.24 (0.59) . . . (. . .) . . .

12......... A03:12 52.963167 �27.847667 �0.29 25.68 (0.14) 16.94 (0.16) 13.30 (0.60) 8.44 (0.62) . . . (. . .) 42.57 2 non-BL

Notes.—Units of right ascension and declination are degrees. Table 1 is published in its entirety in the electronic edition of the Astrophysical Journal. A portion
is shown here for guidance regarding its form and content.

a Original detection catalog for X-ray source and X-ray source ID therein. Counts and flux are taken from this catalog.
b Hardness ratio, defined by (H � S )/(H þ S ), where H and S are the X-ray counts in the hard (2–8 keV) and soft (0.5–2 keV) bands, respectively. For sources

detected only in the hard band (soft band), the hardness ratio is set equal to 1 (�1). For sources detected only in the full band (0.5–8 keV), the hardness ratio is set
equal to 10. G02 defined the hard band as 2–10 keV. Therefore, we adjusted the published hard-band counts from G02 to equal those that would have been detected
at 2–8 keV, the hard band defined by the other three authors, using PIMMS (ver. 3.9c; Mukai 1993) with the average X-ray spectrum measured by G02.

c Infrared flux in �Jy followed by 1 � error in parentheses, from the SIMPLE survey (M. Damen et al. 2008, in preparation).
d 24 �m flux in �Jy followed by 1 � error in parentheses. Source of 24 �m flux is indicated by S for SWIRE (Lonsdale et al. 2003) or G for GOODS (Dickinson

et al. 2003).
e Observed luminosity in ergs per second in the 0.5–8 keV band, using references given in col. (12).
f Source of redshift used to calculate the luminosity: 0 for VLT FORS2 spectroscopy, ver. 1.0; 1 for VIMOSVLTDeep Survey, ver. 1.0; 2 for spectroscopic redshifts

from Szokoly et al. (2004); 3 for spectroscopic redshifts from Croom et al. (2001); 4 for spectroscopic redshifts determined from MUSYC spectroscopy (E. Treister
et al. 2008, in preparation); and 5 for photometric redshifts from COMBO-17 (Wolf et al. 2004). Where known, spectra showing broad emission lines (BL) are
distinguished from those without broad lines (non-BL).



a given match is the correct one. A nearest neighbor approach, re-
stricted to a typical search radius of 1.500, would miss 109 IRAC
counterparts that we recover with our technique. Although larger
search radii can return more possible counterparts, a nearest neigh-
bor approach does not indicate which counterparts fall inside the
search area by chance, and it can only distinguish among multi-
ple possible candidates by their distance from the reported X-ray
source position. Our method weights the distance using the posi-
tional errors and adds a prior on the brightness of the prospective
counterpart.

The likelihood ratio is the ratio between the probability of
finding the true infrared counterpart at a given distance from a
particular X-ray source divided by the probability of finding a
background object at that distance (see Sutherland & Saunders
1992; Ciliegi et al. 2003). When matching the ith X-ray source to
a possible jth infrared counterpart, we calculate

LRij ¼
q(mj) f (rij)

n(mj)
; ð1Þ

where q(m) is our empirically determined probability distribu-
tion for infrared counterparts as a function of magnitude, f (r) is
the probability distribution function of the positional errors in
source i and counterpart j [modeled as a two-dimensional Gaussian
defined by �Gaussian ¼ (�2

X; i þ �2
IR; j )

1=2], and n(m) is the surface
density of background objects as a function of magnitude. When
calculating the probability distribution function of the positional
errors, �X; i is unique to each X-ray source depending on its off-
axis angle and brightness, while no such field-dependent distinc-
tion is made for the infrared counterparts. We adopt �IRAC ¼ 0:300

and �24 �m ¼ 0:500 (x 2.2). Both q(m) and n(m) depend on the
depth of the infrared data. This technique is inherently Bayesian,
and the resulting likelihood ratio assumes that the priors q(m),
n(m), and f (r) are known.

When calculating the background counts of infrared sources,
n(m), we correct for the fact that there are actually fewer faint
sources near X-ray objects than near random positions in the
field (Brusa et al. 2007). This follows from the high probability
of finding a bright infrared counterpart near any given X-ray po-
sition and the fact that the fainter sources very close to these
bright counterparts go undetected. To do this we first estimate the
background around a sample of IRAC objects with a magnitude
distribution similar to those IRAC objects located within 100 of
the X-ray source positions; the positional uncertainties make it
highly probable that IRAC objects within this distance are true
counterparts. Subtracting this estimated background magnitude
distribution from the magnitude distribution of the actual IRAC
sources near the X-ray source positions provides a better estimate
of the magnitude distribution of IRAC sources associated with
X-ray sources. Experimentation shows that using this improved
estimate is stable tomultiple iterations.We then estimate the back-
ground around a sample of IRAC sources with this final magni-
tude distribution for objects associated with X-ray source positions;
this is the n(m) used in our likelihood ratio calculations.

Next, we count the total number of infrared objects lying within
a distance r of all X-ray sources, Ntotal(m). Then we multiply the
background distribution by the area searched to find these sources;
the latter is the number of X-ray sources, NX, times the area of
each circle searched, �r 2. The difference between Ntotal(m) and
the expected background, n(m)NX�r

2, is our expected distribu-
tion of real counterparts, Nreal(m). It is important to understand
that this is a statistical quantity; rather than predicting the expected
infrared counterpart for any individual X-ray source, it calculates
the expected magnitude distribution for all NX sources. With our

expected distribution of real counterparts we derive the normal-
ization,Q, as the ratio of the total expected number of real coun-
terparts,

P
Nreal(m), divided by the total number of X-ray sources,

NX. Then we compute our expected distribution of true infrared
counterparts as a function of magnitude,

q(m) ¼ Nreal(m)P
m Nreal(m)

Q: ð2Þ

Finally, we compute the likelihood ratio for each infrared object
located near an X-ray source using equation (1).

When we search for infrared counterparts over a larger radius,
we see more possible counterparts, but the large distance be-
tween these prospective counterparts and the X-ray source drives
down the likelihood ratio. We must then carefully select the best
likelihood ratio which can distinguish between true matches and
falsematches. Because the presence ofmultiple prospective coun-
terparts provides additional knowledge of the likelihood ratio,
we use the reliability (R) to select counterparts (Sutherland &
Saunders 1992). The reliability is the probability that a given
infrared counterpart is the correct infrared counterpart for each
X-ray source. For each possible infrared counterpart j, we calcu-
late the reliability by

R ¼ LRjP
LRi þ (1� Q)

: ð3Þ

Here
P

LRi is the sum over all possible infrared counterparts for
a given X-ray source. The (1� Q) term is the probability of
there being no infrared counterpart. The calculated reliabilities
form a bimodal distribution, clustering at values above R ¼ 0:9
and below R ¼ 0:1, and dividing cleanly at R ¼ 0:6. Therefore,
we accept allmatcheswithR � 0:6. The likelihood ratio approach
assumes exact knowledge of the priors, q(m) and n(m). Because
we estimate these values from the data, the likelihood ratio does
not reflect uncertainties in our estimation of the background.How-
ever, with a threshold value of R¼ 0:6, we find fromMonte Carlo
simulations of the background estimation that fewer than 1% of
our matches are affected by this uncertainty.

2.4. Spitzer Counterparts

We find that more X-ray sources in the ECDF-S are detected
with Spitzer than at any other wavelength. For the full MUSYC
X-ray catalog of 1017 sources, we find 921 Spitzer counterparts
in the IRAC data, a 90% recovery rate. Of the 921 sources, 908
have 3 � detections in all four of the IRAC channels. For many
of the X-ray sources, blending and confusion of IRAC sources,
sometimes due to proximity to a very bright source, are respon-
sible for the lack of IRAC counterparts. Excluding regions where
confusion or bright stars interfere, we recover infrared counter-
parts for 98% of the high-confidence X-ray source detections,
i.e., the subset of the X-ray sources detected in the ECDF-S with
the conservative false-probability threshold. For the remaining
2% of X-ray sources, either an IRAC source is seen on the image
near the X-ray position but is not above the source detection limit
of the IRAC catalog (two cases), or between two and five IRAC
sources are located at larger distances from the X-ray position
(200–400) and no single source has a large enough probability of
being the correct counterpart (14 cases). We find no convinc-
ing case of an undetected high-significance X-ray source in the
IRAC image. That is, essentially all X-ray sources in our catalog
are bright enough in the infrared to be detected in the deep IRAC
data.



There are 453 unique MIPS counterparts combining the re-
sults from the 24 �m surveys in this field. We find 181 X-ray
counterparts in the SWIRE catalog and 318 counterparts in the
GOODS catalog from the central region. Combining the counter-
parts found in the MIPS and IRAC data, we have 428 sources
with complete spectral energy distributions (SEDs) from 3.0 to
24 �m.

All matched counterparts and their mid-infrared fluxes are pre-
sented in Table 1. Columns (6), (7), (8), and (9) give the observed
flux in the 3.6, 4.5, 5.8, and 8.0 �m IRAC bands, respectively.
The flux units are in �Jy and are followed by the 1 � errors in pa-
rentheses. Column (10) gives the MIPS 24 �m flux in �Jy fol-
lowed by the 1 � error in parentheses. The number is preceded by
a G if it comes from the deeper GOODS data and an S if it is
taken from the shallower SWIRE.

2.5. Redshifts

Although themajority of X-ray sources turn out to beAGNs, it
is also possible for deep X-ray surveys to detect Galactic stars, as
well as galaxies that are vigorously forming stars. Luminosities
above 1042 ergs s�1 separate out sources that are primarily pow-
ered by black hole accretion rather than star formation (Persic
et al. 2004; Lira et al. 2002). In order to study intrinsic X-ray
luminosities and to apply a luminosity cut to exclude Galactic
stars and starburst galaxies from our AGN sample, we require
some knowledge of a source’s distance or redshift. To this end,
we are obtaining optical spectra of our X-ray-detected sources
usingMagellan IMACS andVLTVIMOS (E. Treister et al. 2008,
in preparation). Thus far, we have 281 spectra for our X-ray sam-
ple, 110 with secure redshifts and 113 with spectral-type iden-
tifications: 42 broad-line sources (BLAGNs), 47 non-broad-line
luminous (log LX � 42 ergs s�1) X-ray sources (non-BLAGNs),
15 galaxies (log LX � 42 ergs s�1) showing no AGN features in
their spectra, and 9 stars (E. Treister et al. 2008, in preparation).
The BLAGNs are typically referred to as type 1 AGNs, while
sources showing narrow lines are referred to as type 2 AGNs.
However, these spectral signatures are often hidden in obscured
and moderate-luminosity AGNswith large host galaxies (Moran
et al. 2002; Severgnini et al. 2003). Therefore, we define non-
BLAGNs to be all sources showing narrow emission lines sug-
gestive of type 2 AGN emission plus those sources with log LX �
42 ergs s�1 that show galaxy-like optical spectra. To the 110 red-
shifts we obtainedwith IMACS,we add an additional 173 sources
with spectroscopic redshifts published in the literature (Szokoly
et al. 2004; Croom et al. 2001; Le Fèvre et al. 2004; Vanzella
et al. 2005). We further include spectroscopic identifications
from Szokoly et al. (2004), which add 33 BLAGNs and 74 non-
BLAGNs. Another 274 sources have high-quality photometric
redshifts from the COMBO-17 survey (Wolf et al. 2004).We note
that our sample of AGNs spans a range of LX(0:5 8 keV) �
1042 1045 ergs s�1, typical for deep X-ray surveys and different
from the shallower survey sources, which are on average more
luminous. This makes a total of 557 X-ray sources (60% of the
counterpart sample) for which we can calculate the X-ray lumi-
nosity in the observed 0.5–8 keV band: of these, 416 (76%) have
LX(0:5 8 keV) � 1042 ergs s�1 and thus are bona fide AGNs.

In Table 1 we present the X-ray luminosities and spectral iden-
tifications. Column (11) gives the observed 0.5–8 keV luminosity
calculated from the redshift. For sources fromG02, no 0.5–8 keV
fluxwas reported. Therefore, we adjusted the published 2–10 keV
counts from G02 to equal those that would have been detected
at 0.5–8 keV, using PIMMS (ver. 3.9c; Mukai 1993) with the
average X-ray spectrum measured by G02 (� ¼ 1:4; F0:5 8 ¼

1:13F2 10). Column (12) gives the source of the redshift estimate
used to calculate the X-ray luminosity as follows: 0 for VLT
FORS2 spectroscopy, version 1.0; 1 for VIMOS VLT Deep
Survey, version 1.0; 2 for Szokoly et al. (2004); 3 for Croom et al.
(2001); 4 for redshifts determined from theMUSYC spectroscopy
(E. Treister et al. 2008, in preparation); and 5 for COMBO-17
(Wolf et al. 2004). Those counterparts falling into the categories
of BLAGNs and non-BLAGNs are also indicated.

3. THE MID-INFRARED COLORS OF X-RAY SOURCES

From 3.6 to 8.0 �mX-ray-detected sources show a wide range
of colors. In Figure 1, a color-color plot of the infrared counter-
parts to the MUSYC X-ray catalog, sources with blue colors are
in the lower left region and those with red colors are located in
the upper right. A linear relation extends from blue to red along a
track occupied by power-law SED shapes ( f� � ��). Along this
track, asterisks indicate �-values of +1.5 (lower left) to �1.5
(upper right) in steps of 0.5. For each source, X-ray luminosities
are indicatedwhere known: LX � 1042 ergs s�1 plottedwith light
blue crosses, LX � 1042 ergs s�1 plotted with green dashes, and
those with unknown redshifts plotted with black plus signs. It is
clear that the X-ray-selected AGNs, LX � 1042 ergs s�1, extend
along the full range of power-law shapes.We also explore the in-
frared colors of the X-ray counterparts identified as BLAGNs
(dark blue squares) and non-BLAGNs (red circles). For compar-
ison, we plot the mean type 1 quasar SED compiled by Richards
et al. (2006), from redshift 0 to 6 (dot-dashed purple line, counter-
clockwise). Unsurprisingly, the BLAGNs lie near the type 1 qua-
sar track and have the reddest infrared colors. Still, many AGNs
have significantly bluer colors than the type 1 track, falling down
and to the left in Figure 1. In contrast, the sources classified as non-
BLAGNs are roughly evenly split between red (� � 0) and blue
(� � 0) colors. Overall, while the optically identified BLAGNs
tend to have the reddest infrared colors, the X-ray-selected AGN
population is not all red in color.
Next, we compare the IRAC colors of the X-ray sources (908)

to the�40,000 IRAC sources showing no X-ray emission to the
limits of the published X-ray surveys, most of which are inactive
galaxies. In Figure 2 we display two popular IRAC color-color
plots; the outlined regions in the right and left panels correspond
to two different proposed selection techniques (x 4), and the con-
tours enclose 75%, 50%, 25%, and 15%of the IRAC sources. The
left panel shows log (S5:8)/(S3:6) versus log (S8)/(S4:5), where S is
the observed flux in�Jy, and on the right we plotVegamagnitudes,
½5:8� � ½8:0� versus ½3:6� � ½4:5�. For clarity we plot only LX �
1042 ergs s�1 sources and indicate only the BLAGNs. In both
panels, the power-law SED track and type 1 QSO SED track are
repeated fromFigure 1. Although a larger percentage of the AGNs
have red colors than the galaxies, in neither plot are the X-ray-
selected AGNs clearly separated from the rest of the galaxies.
Because the galaxies and AGNs appear to lie along the locus

of power laws, we fit the four observed IRAC fluxes, 3.6–8.0 �m,
to power-law SEDs.Within the short baseline of IRAC, nearly all
of our sources are consistentwith power laws, especially given the
photometric uncertainties. Each source with detections in all four
IRAC channels was fit by f� / ��; 94% of all sources and 97% of
the X-ray-selected AGNs had acceptable fits by power laws (�2,
p � 0:05). In Figure 3 we compare the histogram of the power-
law indices, �, for the X-ray-selected AGNs and other sources.
Both types of sources show a very broad range in�, but the AGNs
tend to be slightly redder than normal galaxies (more negative �).
A K-S test rejects the hypothesis that the two distributions come
from the same population (P ¼ 0:0014). While only 17% of the



galaxy sample has � � 0, 37% of LX � 1042 ergs s�1 sources fit
a negative power law. Optically selected AGN spectra show red
continuum emission at infrared wavelengths, with � ��1 (e.g.,
Elvis et al. 1994). This is consistent with our finding that 100%
of the BLAGNs have acceptable power-law fits, 72%with � � 0
(cross-hatched histogram). As a whole, our power-law fits to the
BLAGNs are consistent with featureless negative power-law slopes
in the mid-infrared. However, we find a broad range of �-values
even for the BLAGNs. Similarly, the non-X-ray-detected galax-
ies are bluer as a whole than the AGN population, even consid-
ering that the sources with the reddest � in the X-ray-selected
AGN histogram may be broad-line objects. Indeed, although the
X-ray-selected AGNs have on average slightly more negative
�-values than galaxies, over half (59%) of X-ray-selected AGNs

are fit by power laws with positive exponents similar to those of
the bulk of the galaxy population. Therefore, we find that most
X-ray-selected AGNs do not show red continuum emission at
observed Spitzer IRAC wavelengths.

4. SELECTING AGNs BY INFRARED COLORS

Although selecting AGNs through X-ray emission is relatively
unbiased, current X-ray surveys may still be missing AGNs that
are heavily obscured by large columns of dust and gas. All AGNs,
whether obscured or unobscured at opticalwavelengths, reprocess
and reemit the absorbed radiation in the mid- and far-infrared
(Granato & Danese 1994; Nenkova et al. 2002). Because AGNs
are expected to be luminous at infrared wavelengths, several
authors have developed infrared selection techniques for AGNs

Fig. 1.—Color-color plot for the MUSYC X-ray sources. Also shown are two SED tracks: (1) the mean type 1 quasar SED from Richards et al. (2006) redshifted from
z ¼ 0 to 6 (dot-dashed purple line, counterclockwise) and (2) the pure power-law SEDs, f� / �� (solid purple line), with asterisks marking power-law exponents of � ¼
þ1:5 to�1.5 (bottom left to top right,�� ¼ 0:5). X-ray-selected AGNs (light blue crosses) have colors consistent with power-law SEDs from the bluest to reddest colors
shown here. The black lines indicate the region suggested by Lacy et al. (2004) for selecting AGNs, which excludes 42% of X-ray-selected AGNs (LX � 1042 ergs s�1).



(e.g., Lacy et al. 2004; Stern et al. 2005). Here, we examine what
fraction of X-ray-selected AGNs would be selected using these
techniques.
Lacy et al. (2004) found that a sample of Sloan Digital Sky

Survey (SDSS) quasars occupied a distinct region of mid-infrared
color-color space (Figs. 1 and 2). Because the selection box was
defined using luminous type 1 quasars from SDSS, we look at the
subset of the X-ray sources that have been identified as BLAGNs.
Indeed, 96% of these sources fall inside the selected Lacy et al.
region. Furthermore, all 61 X-ray sources identified photomet-
rically as quasars in the COMBO-17 survey also fall inside this
box. However, only 58% of all X-ray-selected AGNs fall inside
this region. Thus, the percentage of X-ray-selected AGNs that lie
inside this color selection box depends on the number of lumi-
nous type 1 objects in the sample. That is, this infrared color se-
lection finds the luminous unobscured quasars but misses a high
fraction of the lower luminosity AGNs, many of which look like
optically normal galaxies. The brightest AGNs in our sample,
LX � 1044:5 ergs s�1, are also all located inside the Lacy et al. se-
lection box. In addition, 18% of all sources (�11,000 galaxies)
lie within the Lacy et al. selection box (Fig. 2). This is 20 times
the total number of X-ray sources in this region (529). A reliable
AGN selection criterion should yield a sample of sources contain-
ingmostly active galaxies. Because somany IRAC-detected sources
fall inside this selection box, it is not a reliable method for select-
ing AGNs in deep surveys.
Stern et al. (2005) define a similar selection region using a

deeper sample of spectroscopically confirmed AGNs from the
Bootes field. In Figure 2 (right) we plot X-ray-selected sources
on the Stern et al. (2005) color-color plot. Again, we find that the
majority (76%) of our spectroscopically identified BLAGNs fall
inside this selection box, but only 40% of X-ray-selected AGNs
do. Over 90% of the brightest AGNs, LX � 1044:5 ergs s�1, are

Fig. 2.—Color-color plots for all sources in the MUSYC catalog (contours indicate 75%, 50%, 25%, and 15% of the IRAC sources). The non-X-ray-detected gal-
axies and X-ray-selected AGNs are not well separated in this color space. Left: Region defined by Lacy et al. (2004) includes nearly 20% of all IRAC-detected galaxies.
Therefore, this selection region is not effective at identifying a sample of AGNs. Right: Selection box of Stern et al. (2005) uses a different color-color plot of the IRAC
bands. Only �40% of X-ray-selected AGNs (LX � 1042 ergs s�1) fall into this region. Because it eliminates 90% of the general population of MUSYC sources, this
selection box is more effective at indicating potential AGNs but misses a larger fraction of the X-ray-selected AGNs. X-ray-selected AGNs occupy a far larger region in
mid-infrared color space than optically selected BLAGNs.

Fig. 3.—Histograms of the power-law index,� ( f� / ��), for fits to the Spitzer
IRACphotometry. TheX-ray sources withLX � 1042 ergs s�1 (solid line) and the
subset of X-ray sources spectroscopically identified as BLAGNs (cross-hatched
histogram) have been normalized to the total number of X-ray sources with good
estimates of redshift and good power-law fits (396). Also plotted is the normal-
ized histogram for all MUSYC sources well fit by power laws (38,988; dotted
line). In total, 94% of all galaxies and 97% of the LX � 1042 ergs s�1 sources are
consistent with a power-law SED. AK-S test rejects the hypothesis that these two
distributions come from the same population (P ¼ 0:0014). Although the AGNs
are slightly redder than the galaxies, on average, both the AGNs and the galaxies
are fit by a broad range of power-law slopes. [See the electronic edition of the Journal
for a color version of this figure.]



also located inside the Stern selection box. In this case fewer
galaxies lie inside this box (5163,�8%), but they still outnumber
the 340 X-ray sources by a factor of�15. The Stern et al. (2005)
selection criterion is a slightly more reliable way to select for can-
didate AGNs, but at the same time it misses a larger percentage
of the total AGN population.

Although color selection techniques may work well for shal-
low surveys, where a larger percentage of the AGNs are bright
and show broad lines, they are not as reliable in deep surveys.
These selection boxes correctly highlight the region containing
luminous broad-line quasars but miss most of the AGN popula-
tion, in particular non-BLAGNs and low-luminosity AGNs. It is
possible that some of the galaxies in these selection regions hide
luminous AGNs. However, looking at Figure 2, there does not
appear to be a clear region in color-color space that selects a
complete sample of X-ray-detected AGNs and avoids returning
a large portion of the entire galaxy population. In an effort to find
a more reliable selection technique, we now add the 24 �m band
data to our analysis of infrared colors.

4.1. 24 �m Data

Adding the 24 �m data to a given source’s SED more than
doubles the baseline over which we can determine the AGN spec-
tral shape. For�25% of our X-ray sources, consistent power-law
fits are determined from the 3.6–8 �m and 3.6–24 �m data (e.g.,

Fig. 4, bottom panels). However, for many sources the best-fit
power law to the IRAC data alone is much bluer than one that
includes the 24 �m data (e.g., Fig. 4, top panels). We found a
variety of spectroscopically identified BLAGNs and non-BLAGNs
with 24 �m intensities that confirm the power-law slope from the
IRAC data, as well as those whose 24 �m fluxes imply a distinct
slope. In Figure 4 the sources on the left are identified as non-
BLAGNs from optical spectra, while the sources on the right are
BLAGNs. When adding the 24 �m flux to the fit, the median
non-BLAGN slope changes from a value of �3:6 8 �m ¼ 0:2 to
�3:6 24 �m ¼ �1:0, while the median BLAGN slope changes
from a value of�3:6 8 �m ¼ �0:3 to�3:6 24 �m ¼ �1:2. The non-
BLAGNs appear bluer on average in their 3.6–8.0 �m col-
ors, while the BLAGNs are more likely to show a similar�3:6 8 �m

and �3:6 24 �m. While nearly all X-ray sources show a negative
slope in their 3.6–24 �m spectrum, only for a minority (�25%)
of X-ray sources is it a strictly monotonic rise.

In Figure 5 we directly compare the fitted index �3:6 8 �m with
that of �3:6 24 �m for all 24 �m–detected sources. In this figure
we include all sources whether or not their spectral shape is con-
sistent with a power law. TheX-ray-detected sources span a large
range of �3:6 8 �m, but in their longer wavelength color, �3:6 24 �m,
they are nearly uniformly red. In contrast, all galactic stars detected
in X-rays and at 24 �m are in the upper left corner (�3:6 24 �m �1;
green symbols). The histogram of �3:6 24 �m peaks below �1,

Fig. 4.—X-ray-selected AGNs show a variety of spectral shapes below 8 �m, but nearly all 24 �m–detected AGNs are very red between 3.6 and 24 �m. In the top
panels, a power-law fit to 3.6–8 �m photometry is significantly bluer than a power-law fit including the 24 �m flux. In the bottom panels, the same power-law fits the
3.6–8 �m and the 3.6–24 �m data. Only �25% of the MIPS sample falls into the latter category. The panels on the left are for sources identified spectroscopically as
non-BLAGNs, while the panels on the right are BLAGNs. Thick lines show power-law fits to 3.6–8 �m and thin lines show fits including the 24 �m data point. [See the
electronic edition of the Journal for a color version of this figure.]



with �90% of X-ray-selected AGNs detected at 24 �m having
�3:6 24 �m � 0 (Fig. 5, bottom panel ). This histogram is quite
different than that for the best-fit �3:6 8 �m (Fig. 5, right panel ).
The vast majority of X-ray sources with counterparts at 24 �m
have �3:6 24 �m � 0; we question whether this is because all
AGNs have negative infrared slopes, or whether our shallow
24 �m coverage simply misses those AGNs that would show
blue colors.We indicate sources without a 24 �mdetection in the
cross-hatched portion of the �3:6 8 �m histogram (Fig. 5, right
panel ). The deep GOODS data in the central portion return
24�mmagnitudes even for sources with very blue spectral shapes
in the IRAC bands; we find no significant correlation between
�3:6 8 �m and sources lacking 24 �m detections. Compared to 54%
of all X-ray counterparts, 48% of theX-ray counterparts detected
at 24 �m have blue spectral shapes below 8 �m (�3:6 8 �m � 0).
Only 20% of the X-ray-selected AGNs are consistent with a
power-law SED from 3.6 to 24 �m (�2, p � 0:05), but of those
that fit a power law, nearly all are negative power laws (34 out of
38 sources). This contrasts with only 43% of the X-ray-selected
AGNs with IRAC power-law SEDs that have �3:6 8 �m � 0.
Although they have a large range in color below 8 �m, X-ray-

selected AGNs detected at 24 �m are uniformly red beyond
8 �m. For comparison, we add all 24 �m–detected galaxies in
GOODS to Figure 5 (black symbols) and indicate those that are
consistent with a power-law SED between 3.6 and 24�m ( purple
symbols). Many of these sources may be AGNs not detected at
X-ray wavelengths, but the rest contain significant amounts of
dust that is luminous at the observed 24 �m (Egami et al. 2004).
The 24 �m data are not sufficient to differentiate the X-ray-
selected AGNs from the non-X-ray-detected galaxies.

5. DISCUSSION

If the AGN contribution to an X-ray source SED is a red power
law at infrared wavelengths, the infrared emission from most
AGNs in the MUSYC sample must also include a significant
contribution from the stars and dust in the host galaxy. Stellar
spectra are declining in the infrared, creating a blue continuum
for rest wavelengths k � 1:6 �m. Because the peak of the red-
shift distribution for X-ray-selected AGNs in the ECDF-S is at
z � 1, the AGN host galaxies will typically appear blue in the
observed 3.6–8.0 �m band. For the lowest redshift objects, con-
tributions from cool dust and PAH features can also contribute

Fig. 5.—Comparison of the power-law slope ( f� / ��) from the IRAC bands, �3:6 8 �m, to the power-law slope from all five bands between 3.6 and 24 �m. We
include all sources whether or not f� / �� is a good fit to the data in order to study the approximate shape of the SED. For comparison we plot the GOODS sample of
24 �m–detected sources (black symbols) and indicate those that are consistent with a good power-law fit between 3.6 and 8 �m ( purple symbols). The distribution of
�3:6 24 �m equals peaks below �1.0 (bottom panel), significantly redder than either of the two peaks of the distribution of �3:6 8 �m for all sources (right panel). The
cross-hatched histogram indicates sources lacking 24 �m detections. The deep GOODS data detect the 24 �m flux for sources with a large variety of IRAC spectral
shapes. The median uncertainty in � for the X-ray sources is indicated in the top left corner. In the IRAC bands X-ray-selected AGNs show a wide range of colors, but
beyond the observed 8 �m band, nearly all X-ray-selected AGNs fit very red spectral shapes, ���1:0. However, the 24 �m flux, which highlights cold dust, does not
help separate AGNs from nonactive galaxies.



to the observedmid-infrared light (Laurent et al. 2000). The 24�m
band is sensitive to dust emission in galaxies, making both AGNs
and luminous star-forming galaxies easily detectable (Treister
et al. 2006; Egami et al. 2004; Le Floc’h et al. 2004).

Figure 6 showsX-ray luminosity versus the fitted infrared power-
law slope (�3:6 8 �m, bottom; �8 24 �m, top) for all MUSYC X-ray
sources. Although there is a trend for brighter X-ray sources to
have redder power laws below 8 �m, even some of the most lu-
minous X-ray sources in the ECDF-S (LX ¼ 1044 1045 ergs s�1)
have �3:6 8 �m � 0. Because sources with similar LX fit such a
large range of �3:6 8 �m, it is likely that varying contributions
from the host galaxy (stars and cool dust) determine the different
IRAC slopes. This is in agreement with the large number of non-
BLAGNs that lie outside the infrared color selection box defined
by optically selected quasars, and with what is seen in modestly
obscured AGNs of Seyfert luminosities, where the host gal-
axy starlight can dominate the optical colors (Moran et al. 2002;
Cardamone et al. 2007). In contrast, for infrared power-law-
selected AGNs (�3:6 8 �m � 0), the energetics are dominated by
the central AGNs; thus, the signatures are often visible in the op-
tical. Longward of 8 �m, there is no observed trend of spectral

shape (�8 24 �m) with X-ray luminosity. Our sample agrees with
other studies that find that AGNs selected through IRAC power-
law emission are the most luminous of those detected in X-rays
(Donley et al. 2007) and with studies that look at the most lumi-
nous hard X-ray-detected AGNs and find them to have red mid-
infrared colors (Georgantopoulos et al. 2007).

Supporting the idea that the colors below 8 �m are influenced
by the host galaxy light is the fact that the X-ray spectral shape is
entirely uncorrelatedwith the infrared spectral slope but correlated
with optical AGN signatures. We plot �3:6 8 �m and �3:6 24 �m

versus the X-ray hardness ratio, (H � S )/(H þ S ), whereH is the
count rate in the hard band (2–8 keV) and S is the count rate in
the soft band (0.5–2 keV), in Figure 7. The hardness ratio is set
to�1 or +1 if the source is detected in only one of the two X-ray
bands and is not shown here for detections only in the full band.
The subset of sources with optical spectroscopy is indicated by
squares (BLAGNs) and circles (non-BLAGNs), and sources con-
sistent with power-law SEDs are also indicated (asterisks). There
are fewer sources consistent with power-law spectral shapes be-
tween 3.6 and 24 �m, but there is no trend with X-ray hardness
ratio. This result may indicate that the X-ray and infrared radiation

Fig. 6.—Top: At wavelengths longer than the observed 8�m, there is no observed trend of�8 24 �m with X-ray luminosity. The slope of the best-fit line to the sources
with LX � 1042 ergs s�1 is 0:04 � 0:06 (dashed line). Bottom: More luminous X-ray sources have redder infrared power laws in the IRAC bands, �3:6 8 �m, although in
all cases there is a broad range. The slope of the best-fit line to the sources with LX � 1042 ergs s�1 is �0:6 � 0:05 (dashed line). It is likely that the galaxy influence,
which is proportionally larger for less luminous AGNs, is the origin of this trend.



is produced in vastly different environments. The X-rays pro-
duced near the central black hole are sensitive to obscuration near
the central region, while the infrared reprocessed emission at
wavelengths shorter than the observed 24 �mdepends on the dust
distribution not only around the nucleus but throughout the gal-
axy. In contrast, the optical identifications based on emission lines
are somewhat correlated with hardness ratio: the left side of Fig-
ure 7, i.e., negative X-ray hardness ratios (relatively soft spectra),
is preferentially occupied by BLAGNs. This reinforces the idea
that the observed infrared emission is insensitive to the geometry,
or more likely, includes a substantial contribution from the host
galaxy itself.

Our results are consistent with the findings for other X-ray-
selected samples, where a significant fraction of the X-ray-detected
AGNs have bluer colors indistinguishable from those of galaxies
(e.g., Franceschini et al. 2005; Barmby et al. 2006). Treister et al.
(2006) concluded that a fair fraction of the mid-infrared light in

low-luminosity AGNs arises from the host galaxies, based on the
large overlap in the infrared luminosity distributions of normal
galaxies and lower luminosity AGNs in the GOODS sample.
Hickox et al. (2007) showed that sources were moved into mid-
infrared selection boxes by combining an AGN template with in-
creasing strength with a galaxy template. Mid-infrared selection
techniques can miss a significant fraction of AGNs if the high
column densities significantly dim the central power-law emis-
sion and/or starlight significantly dilutes the AGN continuum.
Mid-infrared selection techniques can uncover sources whose

SEDs are dominated by the central AGN emission. AGNs unde-
tected in Chandra or XMM-Newton surveys because of heavy
obscuration are very likely to be bright infrared sources. Alonso-
Herrero et al. (2006) used the 24 �m–detected sample of sources
in GOODS-South to select IRAC power-law galaxies. Only half
of their sample was individually detected at X-ray wavelengths.
Polletta et al. (2006) effectively used infrared color selection

Fig. 7.—Power-law indices �3:6 24 �m (top) and �3:6 8 �m (bottom) vs. X-ray hardness ratio, (H � S )/(H þ S ), where H represents the counts in the hard Chandra
band (2–8 keV) and S represents the counts in the soft band (0.5–2 keV). Sources that are well fit by a power law over the given wavelength range (asterisks) are
indicated; other sources (crosses) are plotted with a best-fit value of spectral slopes. The sequence of points at �1.0 (+1.0) are from sources detected only in the soft
( hard) band. There is no correlation between observed slopes at X-ray and infrared wavelengths. The X-ray emission is most likely produced close to the black hole,
while the mid-infrared emission likely comes from dust around the nucleus and in the host galaxy. [See the electronic edition of the Journal for a color version of this
figure.]



techniques to uncover a sample of heavily obscured quasars.
Their selection was based on featureless SEDs, and they delib-
erately removed any source that could be fit acceptably by a
galaxy spectral template. A complementary study by Daddi et al.
(2007) examined non-X-ray-detected galaxies, which were not
dominated by power-law continuum emission in the IRAC bands,
and uncovered a detectable contribution from hot dust near an
AGN in 20%–30% of the sample. This emission was discovered
in excess mid-infrared flux above and beyond the amount pre-
dicted from star formation indicators at other wavelengths. These
galaxies lack any detectable signatures of AGN emission at op-
tical wavelengths, but stacking results at X-ray wavelengths point
toward obscured AGN emission (Daddi et al. 2007).

A well-defined subset of the X-ray counterparts detected at
all infrared wavelengths is well-fit by red (negative) power laws
from 3.6 to 24 �m. These sources have similar red power laws
(� � 0), lie inside the standard infrared selection boxes for op-
tically selected AGNs, and show preferentially broad lines in their
optical spectra. About 25% of the whole sample fits into this cat-
egory. This is an upper bound, since the shallow 24 �m coverage
in SWIRE may bias us toward redder X-ray sources. To check
this, we selected a sample of sources in the deeper GOODS area
that are bright enough at 3.6 �m to be detected at 24 �m, even
if they have a blue slope (� ¼ þ1). Of these 26 X-ray sources
with bright 3.6�mmagnitudes (m3:6 � 21:4), 4 have amonotonic
red slope between 3.6 and 24 �m. This is a slightly lower fraction
(15%) but consistent within the statistics with the 25% seen in the
large sample. These mid-infared power-law sources tend to be the
most luminous X-ray sources. Together with their Compton-thick
counterparts undetected at X-ray wavelengths, these are the best
candidates for infrared selection techniques.

6. CONCLUSIONS AND SUMMARY

AGNs are luminous infrared sources, and deep infrared data
from Spitzer potentially provide powerful new methods for se-
lecting AGN samples. In this paper, we examined the infrared

properties of a large sample of AGNs at moderately high red-
shifts selected through their X-ray emission. In the observed
3.6–8.0 �m band, over half of these X-ray-selected AGNs show
infrared colors consistent with those of galaxies. Across the nar-
row wavelength range of the IRAC filters, most galaxies are also
consistent with power-law spectral shapes. As a result, IRAC
data alone are not sufficient for a complete or reliable selection of
(moderate-luminosity) AGNs. At 24 �m, dust from both star-
forming galaxies andAGNs is detected. Unfortunately, observed
IRAC to 24 �m colors do not effectively separate galaxies pow-
ered by AGNs from those experiencing star formation. Previous
studies with IRAS have shown the far-infrared to be valuable for
discriminating active from inactive galaxies (Sanders & Mirabel
1996); to apply similar techniques to present deep surveys re-
quires longer wavelength data, not just at 24 �m but at 70 �m
and, if possible, 160 �m as well.

To develop complete samples of AGNs, we need to under-
stand what kinds of AGNs each selection criterion returns. Infra-
red selection returns a slightly different population than X-ray
selection. Future studies using complete SEDs from the ultra-
violet through infrared will help disentangle the contribution
from the central AGN from that of the host galaxy. We have im-
aged the entire ECDF-S with medium-band filters, which will re-
sult in high-quality photometric redshifts for most of the AGNs
andwill allow us to disentangle the nuclear and host galaxy light.
These data will also reveal the origin of the variety of infrared
colors shown below 8 �m. The large range in color shown by
AGNs below 8 �m potentially holds valuable information about
the star formation processes going on in the AGN host galaxies
and may help us understand the AGN-galaxy connection.

We thank the anonymous referee for constructive comments
that improved this paper. Support from NSF grant AST 04-07295
and Spitzer JPL grant RSA1288440 is gratefully acknowledged.
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