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ABSTRACT

Using large multiwavelength datasets, we study obscured AGN in the distant

universe that have been missed via traditional selection techniques (e.g. UV/

optical/X-ray). To do so, we take particular advantage of the mid-IR, which is

minimally affected by obscuration. We first select as AGN candidates those ob-

jects whose radio emission is significantly brighter, relative to the mid-IR, than

would be predicted by the well known radio/infrared correlation, indicating that

the radio emission originates in the central engine. We find that of the 27 such

sources identified in the CDF-N, 60% lack solid X-ray detections and 25% lack

even 2σ X-ray emission. The absorbing columns of the faint X-ray–detected ob-

jects indicate that they are obscured but unlikely to be Compton thick, whereas

the radio-excess AGN which are X-ray non-detected are Compton-thick candi-

dates.

We similarly use the infrared emission to select IRAC (3.6-8.0 µm) power-law

AGN. In these luminous AGN, the hot dust emission from the AGN fills in the

gap in a galaxy’s SED between the 1.6 µm stellar bump and the long-wavelength

dust emission feature. While sources selected in this way are more luminous

than the radio-excess AGN, we find a similar X-ray detection fraction. Of the 62

power-law galaxies in the CDF-N, only 55% are detected in the X-ray, and 15%

lack evidence for even weak 2σ X-ray emission. A study of their X-ray properties

indicates that ∼ 75% are obscured.

Finally, we test IRAC color-color and infrared-excess selection criteria. We

find that while these selection techniques identify a number of obscured AGN,

they may also select a significant number of star-forming galaxies. By combining

only the secure AGN candidates selected via all methods discussed above, we
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estimate that the addition of Spitzer-selected AGN candidates to the deepest X-

ray selected AGN samples directly increases the number of known AGN by 54-

77%, and implies a total increase to the number of AGN of 71-94%.
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CHAPTER 1

INTRODUCTION

One of the most exciting astronomical breakthroughs of the past decade was the

discovery that supermassive black holes (SMBHs) reside at the center of nearly

all massive galaxies. Even more surprising, however, was the resulting discovery

that the masses of the these SMBHs are tightly correlated to the velocity disper-

sions of their host galaxy’s bulges, via the so-called MBH − σ relationship (Fer-

rarese & Merritt 2000; Gebhardt et al. 2000). Such a correlation was previously

considered unlikely because of the factor of 103 offset in scale between the black

hole’s radius of influence and the size of the host galaxy’s bulge. It had there-

fore been assumed that SMBH growth via accretion in an active galactic nucleus

(AGN) proceeded independently of the large-scale properties of its host galaxy.

It is now clear, however, that AGN activity and feedback are intimately linked

to the formation and evolution of the galaxies in which they reside. If we are to

understand how galaxies form and evolve, we must therefore first constrain the

accretion history of the universe.

An accurate measurement of accretion activity across cosmic time, however,

requires a complete and unbiased sample of AGN and creating such a sample has

been remarkably challenging due to the differing luminosities, accretion rates,

orientations, and intrinsic obscurations of AGN. As an illustration of these dif-

ferences, take as an example the prototypical quasar 3C 273, the first quasar (or

“quasi-stellar radio object”) identified by Maarten Schmidt in 1963. A Type 1

AGN, 3C 273 is a bright optical source with broad emission lines, and was one of

the first extragalactic X-ray sources to be identified. The majority of AGN, how-

ever, do not share 3C 273’s properties. For instance, only 15% emit the strong
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nuclear radio emission seen in 3C 273, and are thus referred to as “radio-loud”

(Kellermann et al. 1989). Furthermore, narrow-line Type 2 AGN in the local uni-

verse outnumber broad-line Type 1 AGN like 3C 273 by a factor of 4:1 (Maiolino

& Rieke 1995), and more than half of Seyfert 2 nuclei are Compton-thick with

X-ray column densities of NH > 1024 cm−2. Finally, while all luminous AGN are

believed to be intrinsically bright in the X-ray, not all AGN are detectable in the

X-ray, even in the deepest X-ray surveys.

Many of the apparent differences between various classes of AGN can be ex-

plained by the unified model. Under this model, Type 1 and Type 2 AGN have

intrinsically identical central engines, but are viewed at different angles with

respect to an orientation-dependent obscuring medium (often visualized as a

torus). When this parsec-sized torus is viewed face-on, as in Type 1 AGN, the

central engine is relatively unobscured by dust and gas and both the broad-line

region and narrow-line region are visible. Alternatively, when viewed edge-on,

the torus blocks the broad-line region from view, resulting in a spectrum domi-

nated by narrow emission lines and a Type 2 classification. This intrinsic obscu-

ration affects not only the optical/UV continuum and line emission, biasing UV

and optical surveys towards unobscured AGN, but the X-ray emission as well.

If the intrinsic X-ray column density is sufficiently high (NH ≥ 1023 cm−2), even

hard (2-10 keV) X-rays are absorbed. Furthermore, in the case of moderate to

strong Compton-thick obscuration where the opacity to Thomson scattering is

τ >> 1, the majority of X-ray photons at all energies are down-scattered and

eventually absorbed.

Because nearly all bright X-ray sources are AGN, and because nearly all AGN

are intrinsically X-ray bright, hard X-ray surveys have long been considered the

most efficient and complete way to select AGN. Due to the intrinsic absorption
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discussed above, however, even hard X-ray surveys can be substantially incom-

plete to obscured Type 2 AGN. This is true even for the deepest X-ray obser-

vations taken to date, the 2 Ms Chandra Deep Fields North and South. In fact,

one need only move local Compton-thick AGN such as NGC 1068, Circinus, and

NGC 4051 out to z ∼> 0.2 − 1 for them to drop below the deep-field detection

limits (e.g., Brandt & Hasinger 2005). Therefore, if heavily obscured AGN are as

common at high redshift as they are in the local universe, even the deepest X-ray

surveys will be substantially incomplete.

Direct evidence for a large population of distant obscured AGN comes from

the cosmic X-ray background (CXRB), whose broad ∼ 1 − 200 keV emission

peaks at ∼ 30 keV. While the CXRB was once thought to be diffuse like the cos-

mic microwave background (CMB), deep X-ray surveys with Chandra and XMM-

Newton have now resolved 70-90% of the CXRB at 2-8 keV into discreet sources

(Muschotzky et al. 2000; Giacconi et al. 2002; Alexander et al. 2003; Bauer et al.

2004; Worsley et al. 2004, 2005). This resolved fraction, however, drops to 60% at

6-8 keV and to 50% at ≥ 8 keV (Worsley et al. 2004, 2005), indicating that we have

not yet individually detected the bulk of the sources collectively responsible for

the hard X-ray background.

Population synthesis models of the CXRB all agree that the missing sources

are heavily obscured AGN, but they differ in their predictions of the numbers and

properties of this missing population. For instance, while Ballantyne et al. (2006)

estimate that deep X-ray surveys miss ∼ 50% of obscured AGN with log Lx >

1044 ergs s−1 and that most of the missing objects are Compton-thick, Worsley

et al. (2005) find that the unresolved sources are likely to lie at z = 0.5 − 1.5,

have column densities of NH > 1023 cm−2 (obscured yet Compton-thin) and have

fainter X-ray luminosities of < 5 × 1043 ergs s−1. Most recently, the joint analysis
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of the CXRB and the soft and hard X-ray luminosity functions and number counts

by Gilli et al. (2007) finds that a population of Compton-thick AGN as large as

that of moderately obscured AGN is required to fit the 30 keV peak in the CXRB

spectrum. In this model, the majority of obscured and Compton-thick AGN lie at

relatively low X-ray luminosities (Lx ≤ 1044 ergs s−1), a trend that has also been

noted in recent observational studies (Ueda et al. 2003; Hasinger 2004; La Franca

et al. 2005; Georgakakis et al. 2006).

Some of the discrepancies in the studies discussed above can be attributed not

to the models, but to uncertainties in the intensity of the CXRB itself. The CXRB

was first measured by the HEAO-1 X-ray observatory in the late 1970’s. Later

observations at E < 10 keV, however, indicate that the HEAO-1 measurements

may be systematically low by ∼ 25 − 40%, leading some authors to renormalize

the CXRB spectrum at high energies. Doing so, however, has a large effect on

the inferred population of Compton-thick AGN, increasing their numbers by a

factor of 2-3 (e.g. Gilli et al. 2007). The most recent results from the high-energy

Integral telescope indicate that a renormalization of the HEAO-1 observations is

necessary, but only by 10% (Churazov et al. 2007).

While population synthesis models of the X-ray background therefore point to

a significant population of distant obscured AGN not yet detected in the deepest

X-ray fields observed to date, the uncertainties in the normalization of the CXRB

and the discrepancies between various theoretical models limit the insights we

can gain from the CXRB alone. If we hope to determine the numbers and nature

of this elusive population of missing AGN, and thus create a far more complete

sample of AGN than is possible via X-ray selection alone, a way must be found

to detect them directly.

In order to select obscured AGN, one must focus on emission from wavebands
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minimally affected by obscuring dust and gas: the radio and infrared. While

deep radio observations of AGN have long been possible, only limited infrared

capabilities existed prior to the launch of Spitzer in 2003. Spitzer samples the mid-

infrared in the following bands: 3.6-8.0 µm (IRAC), 24 µm, 70 µm, and 160 µm

(MIPS), and 5-38 µm (IRS). The shorter of these bands (IRAC and MIPS 24 µm)

probe the hot dust emission from AGN, and thus provide a promising new means

of selecting AGN independently of their optical and X-ray emission. Identifying

the AGN in large infrared samples, however, is not a simple task. Unlike the X-

ray, where nearly all bright sources are AGN, both AGN and star-forming galax-

ies produce bright infrared emission, with the AGN fraction dropping rapidly as

a function of decreasing mid-IR flux. The challenge in selecting AGN on the ba-

sis of their IR emission therefore lies in successfully distinguishing between AGN

and star-formation–dominated sources.

Despite this challenge, a number of IR-based AGN selection methods have

been developed over the past 6 years. Some make use of infrared data alone,

whereas others combine infrared data with other multiwavelength indicators.

In this thesis, I take advantage of deep multiwavelength coverage in the Chan-

dra Deep Fields North and South to develop and test two IR-based AGN selec-

tion methods: radio-excess selection and IRAC power-law selection. The first

of these methods, discussed in Chapter 2, takes advantage of the well-known

radio/infrared correlation for star-forming galaxies, and selects as AGN those

sources whose radio emission significantly exceeds that predicted from the in-

frared. The second method, discussed in Chapter 3, selects as AGN sources in

which hot dust emission from the central engine fills in the dip in a galaxy’s SED

between the 1.6 µm stellar bump and the long-wavelength dust emission feature.

Finally, in Chapter 4, I critically review a number of additional infrared-selection
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criteria including IRAC color-color selection (Lacy et al. 2004; Stern et al. 2005)

as well as infrared-excess selection (Daddi et al. 2007; Fiore et al. 2008, Dey et al.

2008, Polletta et al. 2008). I then combine the reliable AGN candidates selected via

all methods described above to estimate Spitzer’s total contribution to the AGN

population. Chapter 5 summarizes the results of this thesis, and explores possible

avenues for future work.
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CHAPTER 2

UNVEILING A POPULATION OF X-RAY NON-DETECTED AGN

We define a sample of 27 radio-excess AGN in the Chandra Deep Field North by

selecting galaxies that do not obey the radio/infrared correlation for radio-quiet

AGN and star-forming galaxies. Approximately 60% of these radio-excess AGN

are X-ray undetected in the 2 Ms Chandra catalog, even at exposures of ≥ 1 Ms;

25% lack even 2σ X-ray detections. The absorbing columns to the faint X-ray-

detected objects are 1022 cm−2 < NH < 1024 cm−2, i.e., they are obscured but

unlikely to be Compton thick. Using a local sample of radio-selected AGN, we

show that a low ratio of X-ray to radio emission, as seen in the X-ray weakly- and

non-detected samples, is correlated with the viewing angle of the central engine,

and therefore with obscuration. Our technique can explore the proportion of

obscured AGN in the distant Universe; the results reported here for radio-excess

objects are consistent with but at the low end of the overall theoretical predictions

for Compton-thick objects.

2.1 Introduction

Hard X-ray surveys are an efficient means to define AGN samples, as hard X-ray

emission is able to penetrate the dust and gas capable of obscuring an AGN’s

optical, UV, and soft X-ray emission. However, AGN with high columns of ab-

sorbing gas can be missed even in the hard (2-10 keV) X-ray. Many local AGN

have very high absorbing column; Seyfert 2’s are about four times more numer-

ous than Seyfert 1s (Maiolino & Rieke 1995), and more than half of Seyfert 2

nuclei are Compton thick with NH > 1024 cm−2 (Maiolino et al. 1998; Risalti

et al. 1999). X-ray background population synthesis models predict that AGN
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are similarly obscured out to high (z = 2 − 3) redshift; ∼60% of high-redshift

AGN are predicted to have obscuring columns greater than NH = 1023 cm−2 (e.g.,

Comastri et al. 2001, Gilli 2004). If distant AGN are indeed this obscured, the

deep hard X-ray Chandra surveys will be moderately incomplete for obscured

AGN (NH > 1022 cm−2); Treister et al. (2004) estimate 25% incompleteness at

NH = 3 × 1023 cm−2. Such surveys will also miss nearly all of the Compton-thick

AGN, a large population of which are expected both locally and in the high-

redshift Universe (c.f. Ueda et al. 2003).

Quantifying the fraction of AGN missed by current surveys is necessary if we

are to understand the accretion history of the Universe. In addition, the identifi-

cation of heavily obscured AGN is in itself interesting, as such sources are poorly

understood in the distant Universe.

The availability of deep mid-infrared (MIR) and radio images of the Chandra

Deep Field North (CDFN) provides a new way to search for heavily obscured

AGN, as extinction in the MIR and radio is small. Radio-excess AGN are signifi-

cantly brighter in the radio relative to the infrared than are star-forming galaxies,

which fit the well-defined radio/infrared correlation (Helou et al. 1985; Appleton

et al. 2004). With the deep MIR data, we have separated the radio-excess AGN

population from star-forming galaxies by comparing their radio and MIR flux

densities. Because this radio/infrared method of classification is independent of

the optical, UV, and X-ray characteristics of the deep radio sample, we detect via

this selection approach AGN that are missed at other wavelengths, thereby test-

ing the completeness of current AGN samples. We find that a significant number

of radio-excess AGN do not appear even in the deepest available X-ray surveys.

This paper is organized as follows. In §2 we discuss the radio and infrared ob-

servations and data reduction. The X-ray faint AGN population is introduced
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in §3, followed by a discussion of redshifts in §4. We focus in §5 on lower-

significance X-ray detections, along with the X-ray coaddition of undetected AGN.

The discussion follows in §6, and we summarize the conclusions of the paper in

§7.

2.2 Observations and Data Reduction

Our initial sample consists of 371 radio sources detected at 1.4 GHz by the Rich-

ards et al. (2000) VLA survey of the CDFN; this survey has a detection limit of

40 µJy, rms noise of ∼ 7.5 µJy, and is 95% complete to 80 µJy1. We later restrict

this initial sample to those sources with X-ray exposures > 1 Ms; this reduces the

radio sample size to 162, and the effective area of the survey to ∼ 230 arcmin2

(?)(Alexander et al. 2003).

The 24 µm properties of the radio sources are determined from a ∼ 1400s

Spitzer MIPS observation of the CDFN. The MIPS 24 µm image was processed

with the MIPS GTO data analysis tool (Gordon et al. 2004a). The measured count

rates are corrected for dark current, cosmic-rays, and flux nonlinearities, and are

then divided by flat-fields for each MIPS scan-mirror position. Images are then

interpolated to half pixels, corrected for geometric distortion, and mosaicked.

The final mosaic has a pixel scale of 1′′.25 pix−1, with a point-spread function

full-width at half maximum (FWHM) of ≈ 6′′. Source extraction at 24 µm was

performed using the task allstar in the DAOPHOT package of IRAF2 (see Pérez-

González et al. 2005). We detect 1868 24 µm sources in the > 1 Ms field, 1167 of

1A rereduction of the radio data by G. Morrison shows flux density differences from the orig-
inal reduction that are generally no more than ∼ 10%, with the notable exception of source VLA
J123659+621832, where there is a discrepancy by a factor of ten (private communication, F. Bauer
and G. Morrision). Adopting the new value for this source would push it further into the AGN
regime in our selection method but would have no effect on the conclusions of this paper.

2IRAF is distributed by the National Optical Astronomy Observatories, which is operated by
the Association of Universities for Research in Astronomy, Inc. (AURA) under cooperative agree-
ment with the National Science Foundation
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which have flux densities higher than the 80% completeness limit of the MIPS

24 µm image processed in this manner, 80 µJy (Papovich et al. 2004). Systematic

photometric errors in the MIPS photometry are small (∼ 1%), so the measurement

accuracy is determined by statistical errors (about 15µJy rms) and confusion noise

(about 11µJy rms).

The 1.4 GHz and 24 µm sources were matched using a 2′′ search radius, after

adjusting the 24 µm positions to remove any systematic positional offset between

the radio and infrared images. We exclude from our final radio-excess AGN sam-

ple one radio source whose nearest 24 µm counterpart lies between 2′′ and 3′′

of the radio position, as the reliability of counterparts in this region is ambigu-

ous. If a source was not detected because it is blended with a brighter 24 µm

source, we use the flux density of the blended source as a conservative upper

limit. Sources that were not detected at 24 µm were assigned the ∼ 5σ limit of

80 µJy. At the detection limits, there are ∼ 0.7 radio sources and ∼ 5 infrared

sources per square arcmin. Consequently, one expects ∼ 3 false coincidences of

radio and 24µm sources in the entire sample. Since we identify AGN by their

relatively faint 24µm flux densities, the false detections will tend to remove some

AGN from our sample but will not bias our results otherwise.

We also use a 500 s IRAC observation of the CDFN. The IRAC observations

were divided into 4 dithers of 125 s each; the 5σ point source sensitivity limits for

the IRAC 3.0, 4.5, 5.8, and 8.0 µm bands are 1.4, 2.8, 18.4, and 22.7 µJy respectively

(Fazio et al. 2004). The IRAC data analysis is described in Huang et al. (2004).

Source extraction in the IRAC bands was conducted using SExtractor (Bertin &

Arnouts 1996).

Optical and near-infrared (NIR) photometry are measured from datasets pub-

lished for the CDFN by the GOODS team (bviz, Giavalisco et al. 2004) and by Ca-
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pak et al. (2004) (UBVRIzHK). When there is a single optical counterpart within

2′′ of the radio source, the optical and NIR magnitudes are aperture-matched for

consistency as described in Pérez-González et al. (2005). For radio sources with

more than 1 optical or NIR counterpart within a 2′′ radius of the radio position,

we choose the counterpart that is nearest the radio position and use its individual

SExtractor magnitude, measured within an elliptical aperture corresponding to

2.5 times the Kron radius (Kron 1980). The magnitudes measured in the GOODS

dataset in this way are identical to those given by Giavalisco et al. (2004). When

multiple GOODS counterparts are available, we choose the nearest source and

do not use the ground-based optical data, which is likely to be blended.

2.3 The X-ray Faint AGN Population

We use the 1.4 GHz and 24 µm flux densities of our sample, along with the well-

known radio/infrared relation of star-forming galaxies and radio-quiet AGN, to

select a sample of radio-excess AGN independently of their X-ray properties. Ap-

pleton et al. (2004) define q = log (f24 µm/f1.4 GHz). They show for star-forming

galaxies that q is tightly constrained out to z ∼ 1: q = 0.94 ± 0.23 after K-correction.

Galaxies with values of q well below this range (strong radio with respect to

24 µm emission) are unlikely to be dominated by star formation and instead are

radio-emitting AGN (Drake et al. 2003).

2.3.1 Sample Selection

Figure 1 illustrates the selection criteria. We set a selection threshold of q < 0

to classify a galaxy as probably having an AGN and require a Chandra exposure

of > 1 Ms to provide high X-ray sensitivity. This selection identifies 27 radio-

excess AGN in the CDFN, as listed in Table 1. Of these, 16 (60%) have no X-ray

counterpart in the Alexander et al. (2003) catalog.
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Figure 2.1 Relationship between q and redshift. All sources without known red-
shifts have been assigned z = −0.1. Circles represent all radio sources with X-ray
exposures in excess of 1 Ms. Crosses represent the 6 lowest-metallicity galaxies
from the Engelbracht et al. (2005) sample. The lines represent the change in the
observed q with redshift for SEDs with LINER (solid), Seyfert 2 (dot-dashed), spi-
ral galaxy (dotted), or ULIRG (dashed) templates, normalized to the best-fit local
value of q as determined by Appleton et al. (2004). The histogram shows the
distributions of q in the radio-quiet, radio-intermediate, and radio-loud regimes,
where the shaded histogram represents sources for which we have only upper
limits on q, and the clear histogram gives the distribution of q for all sources. We
define as our radio-excess AGN sample all galaxies with q < 0.
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Table 1. Radio, 24 µm, and X-ray Properties

α2000 δ2000 z 1.4 GHz log 1.4 GHz 24 µm log 24 µm X-raya log X-ray q q′ α θ z Ref.

flux Power flux Power flux Luminosity (′′)

(µJy) (erg s−1) (µJy) (erg s−1) (erg cm2 s−1) (erg s−1)

X-ray Weakly-Detected and Non-Detected AGN

12 35 47.96 62 15 29.2 · · · 118 · · · 40.8 · · · <2.28×10
−16 · · · -0.46 >7.1 · · · <2.1 · · ·

12 36 10.57 62 16 51.6 1.5 139 40.4 <80 <44.1 <1.57×10
−16 <42.3 <-0.24 >7.3 · · · 2.7 7

12 36 17.57 62 15 40.7 · · · 200 · · · <80 · · · 1.33×10
−16 · · · <-0.40 7.5 >0.55 <2.0 · · ·

12 36 20.28 62 08 44.1 1.02 123 40.0 <80 <43.7 2.56×10
−16 42.1 <-0.19 7.0 0.01±0.07 <2.1 1,2

12 36 23.54 62 16 42.7 · · · 481 · · · <80 · · · 9.64×10
−17 · · · <-0.78 8.0 0.63±0.07 <1.9 · · ·

12 36 40.15 62 20 37.4 0.8 1840 40.9 <80 <43.5 <3.02×10
−16 <41.9 <-1.36 >8.1 · · · <1.9 7

12 36 40.74 62 10 10.6 1.3 86.8 40.1 <80 <44.0 <1.38×10
−16 <42.1 <-0.04 >7.1 0.44±0.15 3.7 7

12 36 46.34 62 16 29.6 0.50 393 39.7 <80 <43.0 <1.10×10
−16 <41.0 <-0.69 >7.9 >1.62 2.7 1,2

12 37 00.26 62 09 9.8 1.8 324 41.0 203 44.7 <1.57×10
−16 <42.5 -0.20 >7.7 0.89±0.12 <2.0 7

12 37 08.78 62 22 01.9 · · · 170 · · · <80 · · · <6.97×10
−16 · · · <-0.33 >6.7 · · · <2.1 · · ·

12 37 14.96 62 08 23.5 0.9 1380 40.9 255 44.1 5.97×10
−16 42.4 -0.73 7.7 0.15±0.08 <1.9 7

12 37 17.53 62 08 27.7 0.9 126 39.9 106 43.7 <3.00×10
−16 <42.1 -0.08 >7.0 >0.77 2.1 7

12 37 25.73 62 11 28.5 1.2 5960 41.8 <80 <43.9 1.50×10
−16 42.1 <-1.87 9.0 1.35±0.06 5.5 7

12 37 45.73 62 14 56.3 0.9 63.6 39.6 59.4 43.5 <2.64×10
−16 <42.0 -0.03 >6.7 · · · · · · 7

12 37 46.60 62 17 38.4 2.4 998 41.8 192 45.0 <4.22×10
−16 <43.3 -0.72 >7.7 · · · <1.9 7

12 37 51.21 62 19 19.1 1.0 223 40.2 <80 <43.7 <6.25×10
−16 <42.5 <-0.45 >6.9 · · · <2.0 7

X-Ray Detected AGN

12 35 56.05 62 15 55.6 0.44 89.7 38.9 26.8 42.3 1.31×10
−14 42.9 -0.52 5.2 · · · 2.5 3

12 36 40.6 62 18 33 1.14 324 40.5 <205 <44.2 2.13×10
−16 42.2 <-0.20 7.5 > 0.8 <2.0 1

12 36 42.09 62 13 31.4 · · · 467 · · · 197 · · · 2.76×10
−16 · · · -0.37 7.6 0.94 ± 0.06 2.2 4,5

12 36 44.39 62 11 33.1 1.01 1290 41.0 <80 <43.7 2.44×10
−16 42.1 <-1.21 8.1 0.3 ± 0.05 12 1,2

12 36 46.34 62 14 4.7 0.96 179 40.1 162 44.0 2.46×10
−14 44.0 -0.04 5.2 −0.04 ± 0.06 <2.0 1,2

12 36 52.92 62 14 44.0 0.32 168 38.9 <80 <42.5 4.63×10
−16 41.2 <-0.32 6.9 −0.12 ± 0.07 2.5 1,2

12 36 59.15 62 18 32.8 · · · 506 · · · 329 · · · 8.76×10
−16 · · · -0.19 7.1 0.26 ± 0.07 <2.0 · · ·

12 37 1.10 62 21 9.6 0.8 304 <40.1 <289 <44.0 3.22×10
−16 42.0 <-0.02 7.3 · · · <2.0 1,2

12 37 9.94 62 22 58.9 1.23 708 40.9 370 44.6 5.21×10
−15 43.6 -0.28 6.5 · · · <1.9 6

12 37 13.87 62 18 26.5 · · · 595 · · · <80 · · · 1.69×10
−15 · · · <-0.87 6.9 > 0.92 <1.9 · · ·

12 37 21.25 62 11 30.0 1.3 382 40.7 250 44.5 5.09×10
−16 42.7 -0.18 7.2 −0.28 ± 0.06 0.9 7
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Because of the lack of spectral information, we have chosen not to K-correct

our radio and infrared flux densities and instead illustrate in Figure 1 the red-

shift evolution of q for galaxies with LINER, Seyfert 2, spiral galaxy, and ultra-

luminous infrared galaxy (ULIRG) templates, normalized to the best-fit value of

Appleton et al. (2004). Templates were taken from Devriendt et al. (1999). A

spectral index of α = 0.7 (Sν ∝ ν−α) was assumed for the radio continuum. For

the LINER, Seyfert 2, and spiral templates, the observed q is slightly larger than

the intrinsic value out to redshifts of z ≥ 2.7. Redshifting a ULIRG SED causes

the observed q to drop below the intrinsic value as z increases.

Because we have not K-corrected our flux densities, we use the slightly higher

non K-corrected dispersion, σ = 0.28, from Appleton et al. to calculate the sig-

nificance of our selection threshold at z = 0. Our selection threshold of q < 0

is 3.4 standard deviations below the average value of q at z = 0, and therefore

our sample should not be significantly contaminated with normal star-forming

galaxies. The significance of our selection at z > 0 depends on each object’s in-

dividual SED, and will increase slightly for LINERS, Seyfert 2’s and spirals, but

decrease for ULIRGS. We estimate the maximum error on the measured values

of q by assuming both a radio and infrared flux density of 80 µJy, the approxi-

mate limits of our survey. This corresponds to a 5σ 24 µm detection and a 10σ

radio detection and gives an error of 0.1 on q; we therefore do not expect our

sample to be strongly affected by errors in the flux determination. The crowded

nature of several of the fields implies that some of our sources may have blended

24 µm emission. This will cause q to increase, however, and will therefore remove

sources from our radio excess sample instead of introducing contaminants.

Yun et al. (2001) define radio-excess objects as those with radio emission ex-

ceeding the radio/FIR correlation prediction by a factor of ≥ 5 (a behavior here-
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Table 1—Continued

α2000 δ2000 z 1.4 GHz log 1.4 GHz 24 µm log 24 µm X-raya log X-ray q q′ α θ z Ref.

flux Power flux Power flux Luminosity (′′)

(µJy) (erg s−1) (µJy) (erg s−1) (erg cm2 s−1) (erg s−1)

a5σ upper limits are given for all AGN that were not weakly-detected in the X-ray (see §5.3)

References. — (1) Cowie et al. 2004 (Hawaii); (2) Wirth et al. 2004 (TKRS); (3) Barger et al. 2002; (4) Waddington et al. 1999; (5) Barger et al. 2000; (6) Barger et al.

2003 (photometric); (7) our photometric estimate
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after described as a radio excess by a factor of 5). From the measurement of this

correlation by Appleton et al. (2004), the corresponding threshold would be q <

0.24 at z = 0. At z = 1, the radio-excess threshold ranges from q = 0.46 to q = 0.53

for LINER, Seyfert 2, or spiral galaxy templates. For all these cases, our selection

criterion of q < 0 (which corresponds to a radio excess of 8.7) isolates radio-excess

AGN. For a ULIRG template, the radio-excess threshold is -0.30 at z = 1; a q of

0 for such a template at z = 1 corresponds to a radio excess of 2.5, half the AGN

threshold suggested by Yun et al. (2001). As will be discussed in §4, however, a

small fraction of the sources in our sample have ULIRG SEDS, and all are likely

to be AGN.

Following Drake et al. (2003), radio-loud objects would have q < −1.6 at z =

0; since few sources fall in this range, the AGN sample consists almost entirely of

radio-intermediate sources, as illustrated in the histogram inset in Figure 1.

2.3.2 Potential Sources of Contamination

At high redshift, the 24 µm emission of normal star-forming galaxies is domi-

nated by PAH features, which are absent at low metallicity (e.g., Houck et al.

2004, Engelbracht et al. 2005). As Figure 1 demonstrates, however, low metallic-

ity star-forming galaxies also tend to have q > 0 and therefore they should not

contaminate our radio-excess AGN sample.

Nearly all star-forming galaxies in the field fit the radio/infrared correlation.

Even within dense galaxy clusters, where environmental effects might boost the

radio emission, the relation holds well with only a tiny minority of galaxies hav-

ing radio excesses as large as a factor of five (Miller & Owen 2001). Bressan et

al. (2002) show that a radio excess is expected in post-starburst galaxies due to

the slower fading time of the radio emission with respect to the FIR; their models

predict a maximum radio enhancement of ∼ 5 above the radio/FIR correlation.
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As mentioned above, our selection criterion selects AGN whose radio enhance-

ments exceed a factor of ∼ 9 in LINER, Seyfert 2, and spiral galaxy templates. We

therefore expect minimal contamination from post-starburst galaxies.

The strong silicate absorption feature seen in a handful of ULIRGS is another

potential source of sample contamination. This feature is centered at 9.7 µm and

would therefore be redshifted into our 24 µm band at redshifts of z ∼ 1.2 − 1.5,

where it could suppress the observed infrared flux density. Four of the X-ray

non-detected radio-excess sample have redshifts in this range.

It is unlikely, however, that a large fraction of AGN are affected in this way.

The 12 µm flux of AGN provides the best estimate of their bolometric luminosity,

allowing for effective infrared selection (Spinoglio & Malkan 1989). The silicate

absorption feature is within the IRAS 12 µm passband, and evidently has only a

secondary effect on the luminosity estimate. In fact, ∼ 50% of high-luminosity

AGN have silicate emission features (Hao et al. 2005). In such cases, the q of true

AGN will be shifted towards the star-forming range, resulting in incompleteness

in our sample, but not contamination.

2.3.3 Sample Completeness

Because the 95% completeness limit of the radio sample is equal to the upper

limit we can place on the flux densities of non-detected 24 µm sources, 80 µJy,

restricting the radio flux densities to Sν > 80 µJy would provide a 95% complete

radio-excess (q < 0) sample (subject to the cautions mentioned above). While we

do not apply a radio flux-density cut for the sample discussed in this paper, only

one AGN in our sample, an X-ray non-detected source, has a radio flux density

that falls below this limit. In addition, the counterpart uncertainties and 24 µm

blending discussed in §2 only led to the removal of one source that could fall into

such a complete sample. Therefore, if we were to define a complete sample by
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requiring that Sν > 80 µJy, our sample would essentially remain the same. Also,

in §2 we estimated that up to 3 radio-excess AGN would be removed from our

sample due to chance coincidences with 24µm sources; this process will reduce

the sample size but have no other effect. Thus, we can say that for a sample of

27 radio-excess objects in the CDFN (with X-ray exposures in excess of 1 Ms) that

is sufficiently complete to be largely unbiased for this class of AGN, 16 (60%)

sources are previously uncataloged as AGN. The remainder of this paper probes

the characteristics of these objects in more detail.

2.4 Redshifts

Spectroscopic redshifts for 8 AGN, and photometric redshifts for an additional

2, were taken from the literature (Barger et al. 2002, Cowie et al. 2004, Wirth et

al. 2004 (TKRS)). The redshifts are tabulated in Table 1 and Figure 1. All but one

of the AGN for which Team Keck Redshift Survey (TKRS) spectra are available

appear to be early-type galaxies with no obvious signs of nuclear activity in the

optical/UV. The remaining source, VLA 123646+621404, is X-ray detected and

has weak narrow emission lines.

For most of the remaining AGN in our sample, we estimated redshifts pho-

tometrically by fitting the Devriendt et al. (1999) templates to the galaxy optical

through MIR spectral energy distributions (SEDs). SED fitting was conducted

both by an automated fitting routine and by eye; the two methods give results

consistent to within the errors quoted below. The SEDs of all radio-excess AGN

in our sample are shown in Figure 2. Pérez-González et al. (2005) provide fur-

ther details on use of Spitzer and other data to obtain photometric redshifts.

The redshifted SED fits are in good agreement with spectroscopic redshifts in

all cases where spectroscopic data are available. We are able to find or estimate
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redshifts for 12 of the 16 X-ray non-detected AGN and for 8 of the 11 X-ray de-

tected AGN. The typical errors in our photometric redshift determinations are

∆(z)/(1 + z) < 0.1 (see Pérez-González et al. 2005). The mean redshifts of the

X-ray non-detected and X-ray detected AGN samples are z = 1.2 and z = 0.9,

with dispersions of 0.5 and 0.4, respectively.

Source VLA J123642+621331 has a published redshift of z = 4.42, based on a

single emission line believed to be Lyα (Waddington et al. 1999). The validity of

this measurement has been questioned by Barger et al. (2000). In addition, none

of the Devriendt et al. templates are able to fit the global SED, so we do not assign

a redshift to this source.

The Devriendt et al. templates used to obtain photometric redshifts are com-

prised of spirals, LINERS, Seyfert 2’s, starbursts, and ULIRGS. Of the X-ray non-

detected AGN, 9 are best-fit by LINER or Seyfert 2 templates, 2 have ULIRG

templates, and 1 appears to be a spiral galaxy. Six of the X-ray detected AGN are

best-fit by LINER or Seyfert 2 templates; the remaining 2 are ULIRGS.

With redshifts and fitted SED templates for most of the sample, we can test

the robustness of our original q < 0 selection. Using the best-fit Devriendt et al.

SED templates and the radio spectral slopes from Richards et al. (2000), we esti-

mate the K-corrected radio excesses for the 20 sources with estimated redshifts.

All but 1 of the X-ray non-detected AGN (with known redshifts) have radio ex-

cesses well above both the Yun et al. “radio-excess” definition of 5 and our q < 0

selection, which is equivalent to a radio excess of ∼ 9. The remaining source has

a radio excess of 4 and thus should also be dominated by AGN radio emission.

Similarly, 6 of the 8 X-ray detected AGN with known redshifts have radio ex-

cesses greater than 10; an additional source has a radio excess of 4, and therefore

is likely to be AGN-dominated. The remaining source has a radio excess of only
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Figure 2.2 Observed-frame SEDs of the radio-excess AGN. Sources with weak
or non-detected X-rays are plotted in the left panel, and sources with high-
significance X-ray detections are plotted in the right panel. We list VLA source
IDs and photometric (zp) or spectroscopic (zs) redshifts. Templates were taken
from Devriendt et al. (1999). Seyfert 2 and LINER templates are given by solid
lines. Dot-dashed lines represent ULIRG templates, and dashed lines represent
spiral templates. Large ticks along the y-axis represent a interval of 10 in log νFν .
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1.3. This source, VLA 123721+621130, is best-fit by a ULIRG template, has an in-

verted radio spectrum, α = −0.28, a very hard X-ray photon index, Γ = 0.28, and

an absorbed X-ray luminosity of log L0.5−8 keV = 42.7, all of which indicate the

presence of an AGN. We therefore do not remove it from our sample.

2.5 X-ray Detection and Coaddition

Although the X-ray non-detected AGN all fall below the Alexander et al. (2003)

Chandra detection limit, detection to lower significance is possible now that source

positions are known a priori. We test for X-ray emission by comparing the X-ray

counts measured at the positions of our radio sources to the local X-ray back-

ground distributions. Four of the X-ray non-detected AGN were excluded from

this analysis, as they are separated from known X-ray sources by less than 2 times

their 95% encircled energy radii (EER), and are therefore likely to be contami-

nated. We find signals for 7 of the 12 remaining X-ray “non-detected” AGN at

significance levels of 2.5 to 5.2 σ. For the remaining 5 sources, we use a stack-

ing analysis to constrain the average flux. We give details of these measurements

below.

2.5.1 X-ray Detection

To search for X-ray signal from each of the X-ray non-detected AGN, we first ex-

tract the total number of X-ray counts within the 60%, 70%, and 80% EER centered

on the radio position, using the CDFN 2 Ms image provided by Alexander et al.

(2003). The average source exposure time is similarly extracted from the X-ray ex-

posure maps. The EER for the full (0.5-8 keV), hard (2-8 keV), and soft (0.5-2 keV)

X-ray bands were calculated using the MKPSF task in CIAO3, from which we cre-

ated an exposure-weighted average PSF for each source, taking into account the

3Chandra Interactive Analysis of Observations (CIAO), http://cxc.harvard.edu/ciao/
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sources’ positions on the ACIS-I detector during each of the 20 CDFN observa-

tions4. We assume a photon index of Γ = 1.4 when calculating the EER, though

we have verified that changing this to Γ = 1.0 negligibly affects the results.

We use a Monte-Carlo simulation similar to that of Brandt et al. (2001) to

estimate the local sky background in the 3 X-ray bands and 3 apertures. For

each source, we first choose a random position that (1) lies within 1′ of the radio

source, (2) does not overlap with the source aperture, (3) is a minimum distance

of 2 times the source’s 95% EER from any cataloged X-ray source, and (4) has

an exposure time that differs from the source exposure time by less than 50%.

The final condition is set to minimize the effect of large gradients in exposure

on our local sky background distributions. To determine the sky background

distributions, we measure the sky counts at this random position using the 3

source apertures. We repeat 10,000 times.

Before fitting the sky distributions for each band and EER, we normalize the

counts to the source exposure time. We then fit a Poisson distribution to the re-

sulting distributions of normalized background counts, from which we measure

the mean sky background. The dispersion of the sky background determines the

likelihood of measuring by chance the observed number of counts in an aperture

centered on the radio source. We define as “weakly-detected” all sources at > 2σ

above the background in at least 1 of the 3 Chandra energy bands, and in at least 1

of the 3 apertures. Although we require only a > 2σ detection, all 7 of the weakly-

detected sources are at > 2.5σ in at least one of the 3 bands, and 2 are detected

to ≥ 5σ. In Table 2, we give the X-ray properties of all X-ray weakly-detected

AGN. For each source and energy band, we list the results for the aperture (60%

4At intermediate to large off-axis angles, the CXC PSF libraries crop a small fraction (5-10%) of
the X-ray flux, affecting the determination of the EER. We do not attempt to correct for this effect,
as the PSFs of the weakly-detected sources are undersampled.
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EER, 70% EER, or 80% EER) with the highest detection significance. To illustrate

our detection method, we show in Figure 3 the X-ray background distribution

for VLA J123617+621450, along with the source signal, which corresponds to a 3σ

detection.

To calculate the X-ray flux from the aperture-corrected count rate, we first

need to know the X-ray photon index, Γ. If a given source is detected to ≥ 2σ

in both the hard and soft X-ray bands, the photon index is estimated from the

ratio of the hard to soft count rates, H/S. If a source is not detected to ≥ 2σ

in both the hard and soft bands, we assume that Γ = 1.4. Although Γ spans a

fairly wide range of values for the sources where it can be estimated, the derived

fluxes should only be weakly dependent on the value adopted. For consistency,

we use the Chandra 2 MS Catalog H/S to Γ and X-ray count rate to X-ray flux

conversions (Alexander et al. 2003). For comparison with the cataloged fluxes,

we do not correct the X-ray fluxes for Galactic absorption. The quoted X-ray flux

ratios, however, have been corrected for Galactic absorption of column density

NH = 1.6 × 1020 cm−2 (Stark et al. 1992).

If a weakly-detected AGN does not have a ≥ 2σ detection in one or more of

the 3 X-ray bands, we quote in Table 2 conservative 2σ upper limits on the count

rate and flux. Upper limits were calculated by adding any positive net source

counts to 2 times the sky dispersion.

2.5.2 X-ray Coaddition

For the five sources that are undetected and also a minimum distance of 2 times

their 95% EER from the nearest cataloged X-ray source, we determine limits on

the X-ray flux by coaddition. Individual source counts are measured as described

above, and are then summed to provide the total number of counts from our

stacked source. We similarly construct the coadded sky background distribution
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Table 2. X-ray Properties of X-ray Weakly-Detected AGN

Source z Nearest X-ray EER Detection Aperture H/S Γ Flux Hard/Soft NH Abs. Corrected q′corr

X-ray Sourcea Band (%) σ Corrected (erg s−1 cm−2) Flux (cm−2) log L0.5−8 keV

Count Rate (s−1) Ratio (erg s−1)

VLA J123617+621540 · · · 20.4(4.3) Full 70 3.1 7.06×10
−06 1.5 0.47 1.33×10

−16 8.6 (5.0×10
22-5.6×10

23) (41.4-43.2) 7.2-7.0

Hard 80 2.5 6.14×10
−06 1.76×10

−16 (41.3-43.1)

Soft 60 3.9 4.15×10
−06 1.99×10

−17 (41.3-43.1)

VLA J123620+620844 1.02 29.5(5.6) Full 60 3.6 1.60×10
−05 1.0 0.80 2.56×10

−16 5.4 6.8×10
22 42.4 6.5

Hard 60 2.1 8.02×10
−06 2.12×10

−16 42.1

Soft 60 3.5 7.79×10
−06 3.78×10

−17 42.1

VLA J123623+621642 · · · 14.3(3.1) Full 60 3.6 8.27×10
−06 <0.7 >1.09 9.64×10

−17 <3.3 (<1.8×10
22-<1.8×10

23) (<41.2-<42.9) >7.9->7.7

Hard 70 0.9 <4.56×10
−06 <1.05×10

−16 (<41.0-<42.8)

Soft 60 5.2 6.12×10
−06 3.07×10

−17 (<41.0-<42.8)

VLA J123700+620909 1.8 31.2(5.9) Full 60 0.7 <5.36×10
−06 <1.3 >0.60 <6.25×10

−17 <5.7 <1.9×10
23 <42.4 >7.8

Hard 80 -0.7 <5.57×10
−06 <1.28×10

−16 <42.5

Soft 70 2.5 4.33×10
−06 2.17×10

−17 <42.5

VLA J123714+620823 0.9 27.2(3.7) Full 60 5.0 2.46×10
−05 2.7 -0.06 5.97×10

−16 17.7 1.6×10
23 42.8 7.1

Hard 60 4.2 1.82×10
−05 5.91×10

−16 42.5

Soft 60 2.8 6.83×10
−06 3.26×10

−17 42.5

VLA J123725+621128 1.2 31.1(5.4) Full 80 2.9 1.29×10
−05 <1.4 >0.53 1.50×10

−16 <6.1 <1.0×10
23 <42.4 >8.8

Hard 70 1.5 <8.52×10
−06 <1.96×10

−16 <42.2

Soft 80 2.8 6.15×10
−06 3.08×10

−17 <42.2

VLA J123746+621738 2.4 44.1(5.2) Full 60 1.8 <1.69×10
−05 <0.7 >1.12 <1.97×10

−16 <3.2 <1.6×10
23 <43.2 >7.7

Hard 80 0.0 <1.18×10
−05 <2.72×10

−16 <43.1

Soft 70 4.1 1.65×10
−05 8.27×10

−17 <43.1

aNearest X-ray source in arcseconds and ratio of this distance to the hard-band 95% encircled energy aperture radius
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Figure 2.3 X-ray background distribution for source VLA J123617+621540 in the
full X-ray band (0.5-8 keV). The counts have been normalized to the source expo-
sure time. The Poisson fit to the background distribution is shown. The vertical
line indicates the total number of counts obtained at the source position, and cor-
responds to a 3σ detection.
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Table 3. Limits on the X-ray flux of 5 X-ray Non-Detected AGN

Band 2σ 5σ 2σ Individ. 5σ Individ.

Flux Limit Flux Limit Flux Limit Flux Limit

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

Full <4.11×10−16 <8.42×10−16 <8.23×10−17 <1.68×10−16

Hard <6.50×10−16 <1.41×10−15 <1.30×10−16 <2.81×10−16

Soft <8.32×10−17 <1.79×10−16 <1.66×10−17 <3.59×10−17

by adding the individual sky backgrounds from each of the 10,000 trials.

We list in Table 3 the X-ray properties of the coadded source. Because the

detection significance for all 3 X-ray bands is < 1σ, we list conservative 2σ and

5σ upper limits on the count rates and fluxes, calculated as described above. We

also list 2σ and 5σ upper limits on the flux for a ”typical” one of these five sources

by assuming that an equal amount of flux is coming from each of the sources that

contributed to the coaddition.

2.5.3 X-ray Upper Limits

For all AGN that are not X-ray detected at full band to greater than 2σ, including

those that are close to a known X-ray source, we set conservative 5σ upper limits

on the X-ray flux by adding any positive source flux to a 5σ limit on the local

X-ray background, computed as described above. We use an aperture equal to

the 70% EER to measure both the source and background counts. These 5σ X-ray

upper limits are used throughout the rest of the paper.
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2.5.4 Column Densities

The column densities to the X-ray detected AGN are given in Table 4. To estimate

the column density, we assume that AGN have an intrinsic non-absorbed photon

index of Γ = 2 (e.g., George et al. 2000). We do not include a Compton reflection

component in our intrinsic spectral model because of possible dependencies of

its strength on luminosity, radio-loudness, and optical Seyfert type (e.g., Lawson

& Turner 1997, Reeves & Turner 2000, Zdziarski et al. 1995, Zdziarski et al. 2000).

These reflection components have been shown to be important in fitting the peak

of the X-ray background (XRB; see Ueda et al. 2003). If a Compton reflection

component is added via the ’pexrav’ model in XSPEC (Magdziarz & Zdziarski

1995), assuming a solid angle of 2π, a cutoff energy of Ec = 500 keV, an inclination

angle of cos i = 0.5, and solar abundance, the computed column densities decrease

by an average of 20%.

Excluding upper limits, the column densities of the X-ray-detected AGN range

from NH = 1.0 × 1022 cm−2 to NH = 3.7 × 1023 cm−2, and are therefore consistent

with our definition of obscured AGN. One additional AGN for which we were

unable to estimate NH (due to an observed photon index, Γ = 2.1, that is softer

than our assumed photon index) is likely to be relatively unobscured. All of the

columns fall below the Compton-thick limit (NH > 1024 cm−2). If we correct for

the Compton-reflection component, 2 of the 11 X-ray detected AGN (20%) are

likely to be unobscured.

We list in Table 2 intrinsic column densities for all weakly-detected AGN. For

the two X-ray weakly-detected AGN with known flux ratios and redshifts, we

calculate column densities of NH = 6.8×1022 cm−2 and NH = 1.6×1023 cm−2. We

place upper limits on the X-ray column densities of the remaining X-ray weakly-

detected AGN. If we have no redshift estimate for a given source, we calculate
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the column density at redshifts of z = 0.5 and z = 2.5, the approximate upper and

lower redshift bounds of the sources in our sample. All of the column densities

fall below the Compton-thick limit.

In Figure 4, we compare the column density distributions of the X-ray de-

tected and weakly-detected AGN. The column densities for AGN with known

redshifts and flux ratios are given by cross-hatched histograms. Clear histograms

give the column densities for all AGN with known redshifts, including those with

upper limits on the flux ratio, and therefore on the column density. There is sig-

nificant overlap between the 2 samples. The X-ray non-detected AGN are likely

to have higher column densities than the weakly-detected sample; if so, there

would be a stronger offset between the X-ray detected and X-ray weakly- and

non-detected samples.

2.5.5 Compton-thick AGN

Approximately 50% of Seyfert 2 galaxies in the local Universe are Compton-thick

(Risaliti et al. 1999); if we assume a Seyfert 2 to Seyfert 1 ratio of 4:1, the Compton-

thick fraction of all local Seyferts is ∼ 40%. In the more distant Universe, XRB

population synthesis models predict that ∼ 30% of AGN with NH < 1025 cm−2

have column densities of NH = 1024 − 1025 cm−2 (Comastri et al. 2001). Ueda

et al. (2003) similarly find that current measurements of the XRB are consistent

with roughly equal numbers of Compton-thick AGN with NH = 1024 −1025 cm−2

and obscured AGN with NH = 1023 − 1024 cm−2. This ratio is slightly lower

than that in local Universe, where there are 1.6 times as many Seyfert 2’s with

NH > 1024 cm−2 as Seyferts 2’s with NH = 1023 − 1024 cm−2 (Risaliti et al. 1999).

We therefore expect that as many as ∼ 25 − 40% of the AGN in our radio-

selected sample could be Compton-thick. Of the 27 radio-excess AGN, we have

placed constraints on the column densities of 13, and have estimated constraints
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Figure 2.4 Rest-frame column densities measured using the X-ray flux ratios and
redshifts of the X-ray weakly-detected and X-ray detected radio-excess AGN
samples. The clear histograms represent all sources, including those for which
we have only upper limits on NH. The cross-hatched histograms represent only
those sources with known NH.
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for a further 5 for which no redshift is available. All sources have column den-

sities that fall below the Compton-thick limit. Of the remaining sources in the

sample, 5 are X-ray non-detected, and 4 are too close to a known X-ray source to

test for low-significance emission. If we assume that (like the sources for which

we could test for X-ray emission) 3/4 of the latter would be X-ray detected, 6

sources in our sample of 27 (22%) could be Compton-thick. This estimate will

improve as we increase our sample by extending the current study to additional

fields.

2.6 Interpretation

There is direct evidence, from the determination of X-ray column densities dis-

cussed above, that at least several of the X-ray weakly-detected AGN are highly

obscured. It appears, however, that many of the X-ray detected AGN also have

high column densities. To better understand these two samples, and their rela-

tion to one another, we discuss below their radio properties, their X-ray, radio,

and infrared luminosity distributions, and the ratios of their X-ray to radio and

X-ray to optical emission.

2.6.1 Radio Extent and Spectral Shape

We give in Table 1 the spatial extent of the radio emission, θ, as determined by

Richards et al. (2000). Of the 27 sample members, 1 has no listed extent, 16 are

unresolved, and 10 are resolved. There is no significant difference with X-ray flux

in the degree of resolution, at least in this small sample. The most highly resolved

sources, VLA J123644+621133 and J123725+621128, also have high 1.4 GHz lumi-

nosities and very low values of q. It is likely that the large radio spatial extent of

these sources is due to powerful radio jets oriented approximately in the plane

of the sky. If this is the case, the AGN torus would be oriented edge-on, a con-
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dition that would lead to high X-ray obscuration. Nonetheless, the absorption

levels of NH < 2.0× 1022 cm−2 and NH < 2.0× 1023 cm−2, respectively, are not ex-

ceptionally large. It follows that if the unresolved X-ray weakly- or non-detected

AGN are also viewed close to edge-on, as we would expect, they must not have

strong extended radio jets. This is not surprising, however, as all but 1 of these

AGN (the exception being VLA J123725+621128) have q values that fall short of

the radio-loud definition of Yun et al. (2001).

We also list in Table 1 radio spectral slopes for the 17 radio-excess AGN ob-

served at 8.5 GHz by Richards et al. (1998). Following Richards et al. (2000), we

define flat spectrum sources as those with α < 0.5 and steep spectrum sources

as those with α > 0.5. Flat spectral slopes are expected for AGN in which syn-

chrotron self-absorption is important. Steep-spectrum emission with a slope of

α = 0.7 is generally associated with optically thin synchrotron radiation. Of the

X-ray weakly- or non-detected AGN, 3 are flat spectrum and 6 are steep spec-

trum. Five of the X-ray detected AGN are flat spectrum; 3 are steep spectrum.

No obvious trend is seen, although the X-ray detected AGN may generally have

flatter spectral slopes (−0.28 < α < 0.94) than the X-ray non-detected AGN

(0.01 < α < 1.62). This is consistent with a picture in which our viewing an-

gle to the X-ray detected AGN is aligned closer to the jet axis, resulting in more

core-dominated, and therefore flatter, radio emission.

2.6.2 Radio, 24 µm, and X-ray Luminosities

The 1.4 GHz radio powers, P1.4 GHz = νFν , of the radio-excess sample are shown

in Figure 5. Because radio emission is not affected by obscuration, the radio

power is a measure of the intrinsic power of the sample. The X-ray weakly- or

non-detected and X-ray detected AGN span similar ranges of P1.4 GHz, although

the 2 most radio-luminous AGN have been missed in the X-ray. We do not have
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Figure 2.5 1.4 GHz radio powers of the radio-excess AGN sample.

redshift estimates for 4 of the X-ray weakly- or non-detected AGN and 3 of the

X-ray detected AGN; the true power distributions are therefore likely to differ

slightly from those presented here.

Within the limitations of the small number of 24µm detections, the X-ray

weakly- or non-detected and X-ray detected AGN also span similar ranges of

24 µm power. Using the best-fit SEDs from our redshift determinations, we can

estimate LIR, the infrared luminosity from 8 − 1000 µm. We caution that these

values are only approximate, as the SEDS in the FIR are not well-constrained by

our data. We find that of the X-ray non- and weakly-detected AGN (with redshift

estimates), 1 is a ULIRG (LIR > 1012 L⊙), 2 are LIRGS (1011 L⊙ < LIR < 1012 L⊙),
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8 have luminosities of 1010 L⊙ < LIR < 1011 L⊙, and 1 has a luminosity that falls

below 1010 L⊙. Two of the X-ray detected AGN are ULIRGS, 1 is a LIRG, 3 have

luminosities of 1010 L⊙ < LIR < 1011 L⊙, and 2 have a luminosity that falls below

1011 L⊙.

The 0.5-8 keV X-ray luminosities of our radio-excess sample are shown in Fig-

ure 6. For all sources with column density estimates, we calculate absorption-

corrected X-ray luminosities, assuming an intrinsic photon index of Γ = 2. The

results are listed in Tables 2 and 4. They are subject to relatively large errors,

given the uncertainties in the measurements of Γ at low signal to noise as well

as possible intrinsic variations in the photon index. They are nonetheless use-

ful as rough estimates. Because there is no X-ray K-correction for a spectrum

with Γ = 2, rest-frame 0.5-8 keV luminosities are equivalent to observed-frame,

absorption-corrected 0.5-8 keV luminosities. We overplot on Figure 6, as solid

lines, the rest-frame 0.5-8 keV X-ray luminosities of all sources with known red-

shifts and column density estimates. We see that of the AGN for which we can

estimate intrinsic luminosities, those with the highest luminosities were detected

in the X-ray. Low-luminosity AGN (LLAGN), however, were also detected in

the X-ray; one such source, VLA J123652+621444, has an X-ray luminosity of

L0.5−8 keV = 1.6 × 1041 erg s−1 and an optical through MIR SED that is well fit

by a LINER template.

2.6.3 Observed X-ray vs. Radio Emission

The ratio of X-ray to radio emission provides another probe of the nature of

sources in our sample. We define q′ = log (f1.4 GHz/f4keV) and compute the X-ray

flux densities at an energy of 4 keV (assuming a photon index of Γ = 1.7, equiva-

lent to a spectral index of α = 0.7, for a bandpass correction). Since a typical radio

spectrum has a slope of α = 0.7 (Sν ∝ ν−α), we do not apply any K-corrections
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Table 4. X-ray Properties of X-ray Detected AGN

Source z X-ray Γ
a Flux Hard/Soft NH Abs. Corrected q′corr

Band (erg s−1 cm−2) Flux (cm−2) log Lx

Ratio (erg s−1)

VLA J123556+621555 0.44 Full 1.37 1.31×10
−14 2.4 1.0×10

22 43.1 5.0

Hard 9.10×10
−15 42.8

Soft 3.62×10
−15 42.8

VLA J123640+621833 1.14 Full ¿0.26 2.13×10
−16 <8.3 ¡1.3×10

23 <42.5 >7.2

Hard <2.76×10
−16 <42.4

Soft 3.20×10
−17 <42.4

VLA J123642+621331 · · · Full 1.35 2.76×10
−16 2.5 (1.2×10

22-1.1×10
23) (41.6-43.3) 7.5- 7.4

Hard 2.08×10
−16 (41.3-43.0)

Soft 8.03×10
−17 (41.3-43.0)

VLA J123644+621133 1.01 Full ¿1.43 2.44×10
−16 <2.2 <2.0×10

22 <42.3 >7.8

Hard <1.80×10
−16 <42.0

Soft 7.74×10
−17 <42.0

VLA J123646+621404 0.96 Full 0.67 2.46×10
−14 6.4 7.6×10

22 44.3 4.7

Hard 2.17×10
−14 44.1

Soft 3.26×10
−15 44.0

VLA J123652+621444 0.32 Full 2.10 4.63×10
−16 0.9 · · · 41.2 6.8

Hard 2.19×10
−16 40.8

Soft 2.44×10
−16 40.9

VLA J123659+621832 · · · Full 0.67 8.76×10
−16 6.5 (3.9×10

22-4.3×10
23) (42.2-44.0) 6.8-6.4

Hard 7.86×10
−16 (41.9-43.7)

Soft 1.18×10
−16 (41.9-43.7)

VLA J123701+622109 0.8 Full ¿0.40 3.22×10
−16 <7.1 <6.8×10

22 <42.3 >7.0

Hard <4.83×10
−16 <42.2

Soft 6.56×10
−17 <42.2

VLA J123709+622258 1.23 Full -0.58 5.21×10
−15 36.2 3.7×10

23 44.1 6.0

Hard 4.99×10
−15 43.8

Soft 1.35×10
−16 43.8

VLA J123713+621826 · · · Full 1.37 1.69×10
−15 2.4 (1.1×10

22-1.1×10
23) (42.4-44.1) 6.8-6.8

Hard 1.19×10
−15 (42.1-43.8)

Soft 4.71×10
−16 (42.1-43.8)

VLA J123721+621130 1.3 Full 0.28 5.09×10
−16 10.8 1.9×10

23 43.1 6.5

Hard 5.07×10
−16 42.8

Soft 4.45×10
−17 42.8

aAlexander et al. assume a Γ of 1.4 for sources not detected in the hard band. For those AGN with hard band upper limits, however, we give the limit

on Γ as calculated from the hard to soft band count rate ratio, H/S.
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Figure 2.6 Observed X-ray luminosity distributions of the radio-excess AGN sam-
ple. The clear histograms represent all sources, including those for which we
have only upper limits on L0.5−8 keV. The cross-hatched histograms represent only
those sources with known L0.5−8 keV. For those AGN for which we can estimate
NH, we overplot as solid lines the intrinsic 0.5-8 keV absorption-corrected X-ray
luminosities.
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to the ratio of radio to X-ray flux density. Thus, the values we use are as close

as possible to the observed radio vs. the observed X-ray flux densities. Figure 7

shows the distribution of q′ for our X-ray detected and non-detected AGN sam-

ples, along with all X-ray detections that meet our exposure cut.

To compare with a control sample, we have also plotted q′ for the X-ray de-

tected (with ASCA) radio sample of Sambruna et al. (1999). This study is of repre-

sentative sources, not of a complete well-defined sample, and contains 28 objects

with sufficient data to be plotted (of 38; the omitted sources are 3C99, 3C 275, 3C

295, 3C 330, 3C 368, 3C 411, 4C +41.17, 4C +55.16, 4C +74.26, PKS 0625-53, and

NGC 6251). All but four of the plotted sources are at z ∼ 0.3 or less. All the objects

for which IRAS 25 µm data are available have q < 0 and are therefore AGN by the

same criterion used in this paper. Of the 28 sources, 16 are radio-intermediate (q

> -1.6) and four more are only slightly more radio luminous (-1.6 > q > -2). They

therefore are reasonable to compare with our predominantly radio-intermediate

sources.

We have also included sources from Gambill et al. (2003). This study uses

Chandra data for bright quasars over a large range of redshift. The sample is

mostly useful to augment the statistics for radio quasars, which are not well rep-

resented in the Sambruna et al. work.

Figure 7 shows that the overall behavior of q′ is as one might expect from selec-

tion biases: a sample of AGN selected in the X-ray tends to be relatively brighter

in X-rays compared with the radio than does a sample of AGN selected in the

radio (i.e. the control sample). Because our use of q′ normalizes both samples to

radio flux density, this behavior reflects an intrinsic difference in radio-to-X-ray

spectral energy distributions, and is not simply an effect of low-luminosity radio

sources without X-ray counterparts. If the local radio-detected sample has analogs at
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Figure 2.7 Histogram of q′. X-ray detections, weak detections, and non-detections
are samples as defined in this paper. The ”local” sample is from Sambruna et al.
(1999), augmented by Gambill et al. (2003). The sample labeled ”all X-ray de-
tections” represents the X-ray sources in the CDFN that have radio counterparts
in the catalog of Richards (2000). For viewing clarity, we do not plot the full
histograms, but instead connect their values at the bin centers.



51

higher redshift, as expected, they would fall below the current Chandra detection limit,

yielding incomplete samples in the X-ray.

The q′ distribution of the 5 X-ray weakly-detected sources is clearly more con-

sistent with that of the control sample than the full Chandra-detected sample. The

q′ distributions also suggest that some fraction of our X-ray non-detected AGN

are more similar in nature to these local AGN than they are to the full Chandra-

detected sample. In contrast, the radio-excess X-ray detected AGN sample is

more consistent with the overall Chandra-detected sample than with the local

AGN sample. A two-sided Kolmogorov-Smirnov (KS) test gives a probability

of 4% that the full Chandra-detected and radio-excess X-ray detected AGN are

drawn from the same sample. The corresponding probability for the Chandra-

detected and radio-excess X-ray weakly-detected AGN sample is 0.2%.

The large values of q′ for the control sample and the X-ray weakly- or non-

detected sample could be due to intrinsically lower X-ray to radio luminosity, to

heavy obscuration, or to some combination of the two. We test the obscuration

hypothesis by comparing R, the ratio of compact to total radio emission, to q′ for

the control sample. The compactness, log R, is often used as an indication of the

orientation of the radio source relative to the observer. If the source is viewed

down the jet axis, log R = 0, and the flux is dominated by beamed emission. As

the viewing angle moves away from the jet axis, log R becomes more negative.

Figure 8 compares log R to q′ for all of the control sample except 3C28. We

have excluded this object because the X-ray emission from its position appears

to be strongly dominated by emission by its galaxy cluster, not the AGN (Hard-

castle & Worrall 1999). There is a strong correlation in the sense that the more

negative log R, the larger q′. That is, the more the radio jets are aligned away

from the observer, the weaker the X-rays are relative to the radio. This behavior
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is consistent with a standard unification model where the circumnuclear torus

plays an increasing role in absorbing the X-rays as the viewing angle of the cen-

tral accretion disk approaches edge-on. The parameter q′ therefore appears to be

correlated with viewing angle, and consequently with obscuration, in local sam-

ples. We note that the 2 highly radio-resolved sources discussed in §6.1 also have

the highest values of q′, a result that is consistent with the above interpretation.

The relatively high limits on q′ for the X-ray non-detected AGN therefore suggest

that the beamed radio emission of these AGN is aligned away from us, increasing

their likelihood of being heavily obscured.

2.6.4 Intrinsic X-ray vs. Radio Emission

We plot in Figure 9 the intrinsic X-ray to radio emission ratios, q′corr, for the X-

ray weakly-detected and X-ray detected samples. We calculate q′corr by correct-

ing the observed 0.5-8 keV X-ray flux for the estimated column densities. We

assume a photon index of Γ = 2 when applying this correction. Because the ra-

dio spectral slopes are known for the majority of the sources for which we have

column density estimates, we apply a radio K-correction, such that q′corr = log

(f1.4 GHz/f4keV,corr) + (αradio − 1)log(1 + z). We list the values of q′corr in Tables 2 and

4. For sources without known radio spectral indices, we assume α = 0.7.

The X-ray detected sample has, on average, a lower q′corr than the X-ray non-

detected sample, although there is a significant amount of overlap between the

2 samples and many of the sources have only lower limits on q′corr. This sug-

gests, however, that some fraction of the X-ray detected sample may have intrin-

sically higher X-ray luminosities (with respect to their radio luminosities) than

do sources that were not detected in the X-ray. Such a conclusion is in agreement

with the absorption-corrected X-ray luminosities, which are generally higher for

the X-ray–detected AGN. A sample of intrinsically X-ray weak AGN with hard
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Figure 2.8 Relationship between log R, the ratio of compact to total radio emis-
sion, and q′ for the local AGN samples of Sambruna et al. (1999; squares) and
Gambill et al. (2003; triangles).
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Figure 2.9 Histogram of the absorption- and K-corrected q′. The clear histograms
represent all sources, including those for which we have only lower limits on q′corr.
The cross-hatched histograms represent only those sources with known q′corr.
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X-ray spectra was studied by Risaliti et al. (2003), who suggest that such objects

could contribute significantly to the hard component of the X-ray background.

Unfortunately, because we do not have column density estimates for the X-ray

non-detected sources, it is unclear whether this trend will hold for the entire sam-

ple.

It is also possible that a selection effect is responsible for the apparently lower

intrinsic X-ray luminosities of the X-ray weakly-detected sample. Because the X-

ray detected and X-ray weakly-detected samples span similar ranges of column

densities, it is likely that the AGN that were previously X-ray detected are those

that are intrinsically the most luminous.

2.6.5 X-ray vs. Optical Emission

The optical to X-ray emission ratio is a powerful diagnostic for distinguishing

AGN from star-forming galaxies (e.g. Maccacaro et al. 1988). AGN typically lie

within log fX/fR = ±1; at the highest fluxes probed by the CDFN, the mean AGN

flux ratio is consistent with log fX/fR = 0, whereas at lower fluxes, the mean ratio

rises slightly due to increased optical obscuration (Barger et al. 2003). Starbursts

and lower-luminosity AGN populate the transition region (−2 < logfX/fR < −1),

whereas normal star-forming galaxies, starbursts, and LLAGN typically have X-

ray to optical flux ratios of log fX/fR < −2 (see Barger et al. 2003, Hornschemeier

et al. 2003)

Figure 10 shows the observed R-band magnitudes and hard (2-8 keV) X-ray

fluxes of our radio-excess AGN sample. We place a lower limit of R=25.0 mag on

sources with no R-band counterpart. For sources with multiple GOODS counter-

parts, but only a single ground-based R-band counterpart, we treat the R-band

magnitude as a lower limit.

Of the 11 hard X-ray-detected radio-excess AGN, all but 1 lie within the AGN
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Figure 2.10 Relationship between the observed R magnitude and 2-8 keV (hard
band) X-ray flux. X-ray detected sources are given by triangles, and X-ray
weakly- and non-detected sources by circles. The lines represent the regions pop-
ulated by AGN (fX/fR < |1|), AGN and starbursts (−2 < logfX/fR < −1), and
quiescent galaxies, starbursts, and LLAGN (log fX/fR < −2) (see Barger et al.
2003, Hornschmeier et al. 2003).
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or transition regions, as expected. The source that lies in the quiescent galaxy

region is the LLAGN, VLA J123652+621444, discussed in §6.2. The current X-ray

and optical limits also place the X-ray weakly- and non-detected AGN primarily

in the AGN region, with 3 extending into the transition region. Higher sensitiv-

ity X-ray observations are needed to determine the true locations of the sample.

Given the current limits, however, all 16 sources are consistent with the predic-

tions for normal AGN.

2.7 Conclusions

We define a sample of 27 radio-excess AGN in the CDFN by selecting galaxies

that do not obey the radio/infrared relation for star-forming galaxies and radio-

quiet AGN. Sixteen (60%) of these AGN are previously undetected at X-ray ex-

posures of > 1 Ms, although we have subsequently detected X-ray signals from

7 more at significance levels of 2.5 to 5.2 σ. In this paper, we examine the char-

acteristics of these 16 X-ray weak AGN, and their relationship to the 11 AGN

previously detected in the X-ray. We find:

• The values and limits we place on NH for the X-ray weak AGN are all con-

sistent with their being obscured, but not Compton-thick (i.e., 1022 cm−2 <

NH < 1024 cm−2). Of the 9 AGN that are either X-ray non-detected or are

too close to a known X-ray source to search for weak X-ray emission, we

estimate that 6 could be Compton thick. This corresponds to 22% of our

sample and is consistent with predictions from the X-ray background.

• The column densities to the X-ray-detected members of our sample are sim-

ilar to those of the X-ray weak AGN, although they extend to lower absorb-

ing column. All but 1 (or 2 if a Compton reflection component is considered)

fall in the range of obscured but not Compton-thick AGN. This corresponds
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to 80% of the sample, and is consistent with predictions that X-ray obscured

AGN outnumber non-obscured AGN by a factor of 4:1. If we assume that all

of the X-ray non-detected AGN are obscured, however, the overall fraction

of obscured AGN rises to 93%.

• The ratio of radio to X-ray emission indicates that orientation of the circum-

nuclear torus, and therefore obscuration, is at least partly responsible for

attenuating the X-ray fluxes, as we would expect. To support this scenario,

we show that a local sample of radio AGN has a ratio of radio to X-ray emis-

sion that shows a dependence on viewing angle consistent with the effects

of X-ray absorption by a circumnuclear torus.

• Indicators such as the ratio of optical to X-ray emission, the intrinsic absorp-

tion corrected X-ray luminosities, and the radio luminosities all support the

argument that the weak X-ray sources are similar in intrinsic properties to

the AGN selected in a similar way but with stronger X-ray fluxes. This

similarity would be strengthened by the usual tendency that any sample

selected in a given spectral band (e.g., X-ray or radio) will tend to include

preferentially the sources of a given population that are relatively brighter

in that band.

In summary, ∼ 60% of radio-excess AGN have been missed in the CDFN sur-

vey at X-ray exposures > 1 Ms. At least 1/2 of the radio-excess AGN have high,

but not extreme column densities ( 1022 cm−2 < NH < 1024 cm−2), and X-ray,

radio, and infrared luminosities similar to those of normal radio-excess X-ray de-

tected AGN. Six (22%) of the sample may be Compton thick (NH > 1024 cm−2).

These results are consistent with proposals that obscured AGN outnumber un-

obscured ones by ∼ 4:1, although the proportion of potentially Compton-thick
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objects is at the low end of the predictions.
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CHAPTER 3

POWER-LAW AGN CANDIDATES IN THE Chandra DEEP FIELD-NORTH

We define a sample of 62 galaxies in the Chandra Deep Field-North whose Spitzer

IRAC SEDs exhibit the characteristic power-law emission expected of luminous

AGN. We study the multiwavelength properties of this sample, and compare the

AGN selected in this way to those selected via other Spitzer color-color criteria.

Only 55% of the power-law galaxies are detected in the X-ray catalog at expo-

sures of > 0.5 Ms, although a search for faint emission results in the detection

of 85% of the power-law galaxies at the ≥ 2.5σ detection level. Most of the re-

maining galaxies are likely to host AGN that are heavily obscured in the X-ray.

Because the power-law selection requires the AGN to be energetically dominant

in the near- and mid-infrared, the power-law galaxies comprise a significant frac-

tion of the Spitzer-detected AGN population at high luminosities and redshifts.

The high 24 µm detection fraction also points to a luminous population. The

power-law galaxies comprise a subset of color-selected AGN candidates. A com-

parison with various mid-infrared color selection criteria demonstrates that while

the color-selected samples contain a larger fraction of the X-ray luminous AGN,

there is evidence that these selection techniques also suffer from a higher degree

of contamination by star-forming galaxies in the deepest exposures. Considering

only those power-law galaxies detected in the X-ray catalog, we derive an ob-

scured fraction of 68% (2:1). Including all of the power-law galaxies suggests an

obscured fraction of < 81% (4:1).
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3.1 Introduction

Detecting complete samples of AGN, both locally and in the deep cosmological

fields, has been a major ongoing goal. Hard X-ray selection is a powerful way

to detect both relatively uncontaminated and complete samples of AGN. Deep

X-ray surveys with Chandra and XMM-Newton have now resolved 70-90% of the

cosmic X-ray background (CXRB) at 2-8 keV into discreet sources (Mushotzky et

al. 2000; Giacconi et al. 2002; Alexander et al. 2003; Bauer et al. 2004; Worsley et

al. 2004, 2005), detecting the majority of the X-ray unobscured AGN population

in the deep X-ray fields. At high column densities, however, the dust and gas sur-

rounding the central engine (in combination with that located in the host galaxy)

are capable of hiding virtually all accessible AGN tracers. Therefore, while the

overall resolved fraction of the CXRB is high, it drops with increasing energy to

60% at 6-8 keV and to 50% at > 8 keV (Worsley et al. 2004, 2005).

Population synthesis models of the CXRB and of X-ray luminosity functions

therefore predict a significant population of heavily obscured AGN not detected

in the deepest X-ray fields (i.e., the 1 Ms Chandra Deep Field–South (CDF-S) and

the 2 Ms Chandra Deep Field–North (CDF-N)). Predictions of their properties are

in rough, but not complete, agreement. Treister et al. (2004) predict an X-ray

incompleteness of 25% at NH = 1023 cm−2 and of 70% at NH = 1024 cm−2. Ballan-

tyne et al. (2006) estimate that the deep X-ray surveys miss ∼ 50% of obscured

AGN with log Lx(ergs s−1)> 44 at all z, and that most of the missing objects are

Compton-thick (log NH(cm−2)> 24). Worsley et al. (2005) find that the unre-

solved sources are likely to lie at redshifts of z = 0.5− 1.5, have column densities

in excess of 1023 cm−2, and have intrinsic X-ray luminosities of < 5×1043 ergs s−1.

Numerous attempts have been made to detect this population of heavily ob-

scured AGN, many of which have focused on the mid-infrared (MIR) emission
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where the obscured radiation is re-emitted (Ivison et al. 2004; Lacy et al. 2004;

Hatziminaoglou et al. 2005; Stern et al. 2005; Alonso-Herrero et al. 2006; Polletta

et al. 2006) or on combinations of MIR and multi-wavelength data (Johansson et

al. 2004; Yan et al. 2004, 2005; Donley et al. 2005; Franceschini et al. 2005; Houck

et al. 2005; Leipski et al. 2005; Martı́nez-Sansigre et al. 2005, 2006; Richards et

al. 2006; Weedman et al. 2006). In the MIR, luminous AGN can often be dis-

tinguished by their characteristic power-law emission, which extends from the

infrared to the ultraviolet (e.g. Neugebauer 1979; Elvis et al. 1994). This emission

is not necessarily due to a single source, but can arise from the combination of

non-thermal nuclear emission and thermal emission from various nuclear dust

components (e.g. Rieke & Lebofsky 1981). In contrast, star-forming galaxies are

characterized by dust and stellar emission features redward and blueward of a

local minimum at ∼ 5 µm.

We focus here on AGN with red power-law SEDs in the Spitzer 3.6-8.0 µm

bands. Alonso-Herrero et al. (2006) selected a sample of 92 such sources in

the CDF-S, 70% of which are hyper-luminous infrared galaxies (HyperLIRGS,

log LIR(L⊙)> 13) or ultra-luminous infrared galaxies (ULIRGS, log LIR(L⊙)> 12).

Nearly half (47%) of their power-law sample were not detected in X-rays at ex-

posures of up to 1 Ms. We use a selection similar to that of Alonso-Herrero et

al. (2006) to identify power-law galaxies in the 2 Ms CDF-N. Because the central

regions of the Chandra Deep Fields are photon-limited, not background-limited,

the 2 Ms CDF-N is twice as sensitive as the 1 Ms CDF-S at the Chandra aimpoint

(e.g. Alexander et al. 2003).

We use a combination of spectroscopic and photometric redshifts to estimate

distances and luminosities for this class of AGN, placing them in the context of

the overall AGN population. The observations and data reduction are outlined in
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§2 and the selection criteria are discussed in §3. The photometric redshift code is

discussed in §4. Making use of the deepest available (2 Ms) X-ray data, we search

for faint X-ray emission from sources missed in the X-ray catalogs. The X-ray,

MIR, radio, and optical properties of the sample, including detection fractions,

X-ray luminosities, radio classifications, and optical–MIR SEDs, are discussed

in §5. In §6, we compare the power-law selection to other MIR color selection

techniques, and discuss the completeness and reliability of the power-law and

color-selection criteria. Finally, in §7, we use the X-ray data to calculate the ob-

scuring columns of the power-law galaxies and to estimate the obscured fraction

of the power-law sample. Throughout the paper, we assume a cosmology of

(Ωm,ΩΛ, H0)=(0.3, 0.7, 72 km s−1 Mpc−1).

3.2 Observations and Data Reduction

Spitzer was used to obtain MIPS and IRAC MIR observations of the CDF-N, with

1400 s and 500 s exposures, respectively. We use these MIPS GTO images in place

of the GOODS Spitzer data because the former cover the full CDF-N, whereas the

latter cover a field approximately two times smaller. The MIPS image was pro-

cessed using the MIPS GTO data analysis tool (Gordon et al. 2004b, 2005); the

IRAC data analysis is described in Huang et al. (2004). We used the IRAF task

allstar to select sources at 24 µm, and SExtractor (Bertin & Arnouts 1996) to select

sources in the IRAC bands. The 80% completeness limit for the 24 µm data is

83 µJy (Papovich et al. 2004). The IRAC detection limits of our survey (see §3) are

1.8, 2.8, 14.5, and 18.0 µJy, at 3.6, 4.5, 5.8, and 8.0 µm, respectively. Optical and

NIR photometry were measured from the GOODS dataset (bviz, Giavalisco et al.

2004), as well as from the data of Capak et al. (2004) (UBVRIz’HK’). The ground-

based photometry was aperture-matched for consistency, using the aperture of
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the most sensitive band in which the source was detected. For cases in which

multiple ground-based sources in a 1.5′′ radius caused the aperture-matched flux

density to differ from that of the nearest source by a factor of ≥ 1.5, we replaced

the aperture-matched flux densities with the cataloged flux densities of the near-

est source in all bands. In addition, if the ground-based photometry of sources

with multiple GOODS counterparts (in a 1.5′′ radius) differed from the GOODS

photometry by a factor of 2 or more in any of the bands, we treated the ground-

based photometry as upper limits. For further details, see Pérez-González et al.

(2005).

3.3 Sample selection

We selected as power-law galaxies sources that were detected with S/N ≥ 6 in

each of the four IRAC bands and whose IRAC spectra are well-fit by a line of

spectral index α ≤ −0.5, where fν ∝ να. In a similar study, Alonso-Herrero et

al. (2006) chose a limit of α ≤ −0.5 based on the mean spectral slope of optically-

selected quasars (α ∼ −1, Elvis et al. 1994; Neugebauer et al. 1979) and the optical

spectral indices of Sloan Digital Sky Survey (SDSS) QSOs (α = 0.5 to -2, Ivezić et

al. 2002). For comparison, broad-line AGN (BLAGN) from the AGN and Galaxy

Evolution Survey (AGES, C. S. Kochanek et al., in prep) have 3.6-8 µm slopes of

α = −1.07± 0.53 (Stern et al. 2005), indicating that our cut lies within ∼ 1σ of the

mean. To ensure a good linear fit, we applied a cut in the chi-squared probability

of Pχ ≥ 0.1. Pχ is the probability that a fit to a power-law distribution would yield

a value greater than or equal to the observed chi-squared; a probability of 0.5

corresponds to a reduced chi-squared of 1. Pχ tends to either lie close to 0.5, or is

very small (see Bevington & Robinson 2003). Because we are primarily interested

in the X-ray and radio properties of the power-law galaxies, we also restricted
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the sample to those galaxies with X-ray exposures of ≥ 0.5 Ms (Alexander et al.

2003); this selection also ensures deep 1.4 GHz radio coverage (Richards 2000)

and results in a total survey area of 350 arcmin2. In addition, we required the

IRAC SED to rise monotonically in fν to prevent contamination from star-forming

galaxies with possible stellar features in the IRAC bands (resulting in the rejection

of 10 sources). Using these criteria, we identified 79 power-law galaxies in the

CDF-N.

We removed 10 of the selected galaxies due to blended or problematic IRAC

photometry and we removed 1 galaxy (CDFN 22363) because of its stellar domi-

nated spectrum. CDFN 22363 has a shallow slope of only −0.56± 0.20 and hence

might have been scattered into the power-law sample by noise (it has the second

flattest slope in the sample). It is the only source in the power-law sample with

a spectroscopic redshift that is not detected in X-rays, and it lacks a 24 µm coun-

terpart (see §5.2). Six additional sources were removed because their optical-MIR

SEDs exhibited possible stellar bumps. The final sample of 62 power-law galaxies

is listed in Table 1; radio through X-ray SEDs are shown in Figure 1. We indicate

in Figure 1 the 27 sources that lie in the GOODS ACS region. In addition, we

flag all sources for which we have either replaced the ground-based aperture-

matched flux densities with the cataloged flux densities of the nearest source or

for which we treat the ground-based photometry as upper limits (see §2).

The S/N cut of 6 in each of the IRAC bands imposes the following detection

limits on the IRAC 3.6, 4.5, 5.8, and 8.0 µm bands: 1.8, 2.8, 14.5, and 18.0 µJy. This

large range of flux limits imposes complicated selection effects on the power-law

sample. At α < −0.67, the sample is flux-limited by the 5.8 µm band. That is,

all sources whose 5.8 µm flux density exceeds the detection limit of 14.5 µJy are

detectable in all of the IRAC channels. At α > −0.67, however, the limiting flux
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shifts to the 8.0 µm band. Because there is little change in the 5.8 µm detection

limit for red power-law sources with −0.67 < α < −0.5 (flim increases from 14.5

µJy at −3 < α < −0.67 to 15.3 µJy at α = −0.5), the power-law sample is essen-

tially flux-limited in the 5.8 µm band. Comparisons between the number of red

(α ≤ −0.5) and blue (α > −0.5) sources in the full IRAC sample, however, will be

complicated by these effects, as the 5.8 µm limiting flux increases with increasing

spectral slope, reducing the number of blue sources that meet the requirements

of the power-law sample.
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Figure 3.1 X-ray through radio observed-frame SEDs of the power-law galaxies.
The flags printed under the source ID indicate by x whether (1) the source lies in
the GOODS ACS field, (2) the aperture-matched flux densities have been replaced
by the cataloged flux densities of the nearest source and (3) the ground-based
photometry have been treated as upper limits (see §2).
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Fig. 1. — Continued.
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To minimize the chances of selecting non-active galaxies via the power-law

selection, we compared the spiral galaxy templates from Devriendt et al. (1999)

to the optical–MIR SEDs of the sources. None of the sources in the final sample

are well-fit by a spiral template. In addition to contamination from local spi-

ral galaxies, Alonso-Herrero et al. (2006) found that cool ULIRGS at z > 2 and

with α > −1 could appear as power-law galaxies. Of the 62 power-law galaxies

in the sample, nine have α > −1 and potentially lie at z > 2. Seven of these

sources, however, have X-ray counterparts, and all but one (a source with no red-

shift estimate) have X-ray luminosities of log Lx(ergs s−1)> 43, and are therefore

unlikely to be starburst-powered ULIRGS. We further explore the possibility of

contamination due to star-forming galaxies in §6.2.2, using several updated SEDs,

described in detail in Appendix A.

We have also considered whether the contributions of 3.3 µm (z > 0.5) and 6.2

µm (z < 0.5) aromatic emission features to the flux in the IRAC 8.0 µm band could

create the appearance of a red power-law continuum. Observations of starbursts

detect these aromatic features to equivalent widths of ∼ 0.1 µm and ∼ 0.7 µm,

respectively (Risaliti et al. 2006; Brandl et al. 2006). Due to the large bandpass of

the 8.0 µm IRAC channel, however, the 3.3 and 6.2 µm emission features should

have at most a 3% or 20% effect, respectively, on the total flux. (The models of

Devriendt et al. (1999) predict a slightly larger (20%) effect due to the 3.3 µm

feature (Stern et al. 2005)). Given the small impact of these features and the small

number of power-law galaxies with z < 0.5 for which the 8 µm feature could

have an effect, we expect little contamination in the sample.

As a final check on the selection criteria, we plot in Figure 2 the ratio of X-ray

to optical emission, a well-known AGN diagnostic (e.g. Maccacaro et al. 1988;

Barger et al. 2003; Hornschemeier et al. 2003). Sources not detected in R-band
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are assigned a lower limit of 26 mag, the approximate completeness limit of the

R-band catalog of Capak et al. (2004). As was found by Alonso-Herrero et al.

(2006), all of the power-law galaxies lie within the region typically populated by

AGN or transition objects, given the current X-ray and optical limits. Four of the

X-ray sources appear to be optically-faint with respect to their X-ray fluxes (e.g.

Rigby et al. 2005).

3.4 Redshifts

Twenty one of the power-law galaxies have secure spectroscopic redshifts (Barger

et al. 2001, 2002, 2003; Hornschemeier et al. 2001; Dawson et al. 2003; Cowie et al.

2004; Swinbank et al. 2004; Wirth et al. 2004 [Team Keck Redshift Survey]; Chap-

man et al. 2005; the Sloan Digital Sky Survey [SDSS]) and 2 additional sources

have photometric redshifts from Barger et al. (2003). The spectroscopic redshifts

range from z = 0.29 to 2.92, with a mean of z = 1.77 and a median of z = 2.02.

Of these 21 sources, 15 are classified as broad-line AGN, 4 have low S/N narrow

emission lines, and 2 are AGN whose line width is not classified in the available

literature.

We supplement the available spectroscopic redshifts with photometric red-

shifts. Photometric redshifts were estimated with an improved version of the

method described in Pérez-González et al. (2005). Our technique is based on

the construction of a complete set of SED templates composed from the galax-

ies with highly reliable spectroscopic redshifts (about 1500 sources selected in

the CDF-N and CDF-S), which are later used to fit the SEDs of all the sample

and estimate a photometric redshift. The technique described in Pérez-González

et al. (2005) has been improved by significantly increasing the resolution of the

templates. This is achieved by fitting the SEDs from the UV to the FIR to stel-
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Figure 3.2 Relationship between the observed R-band magnitude and hard (2–8
keV) hard X-ray fluxes of power-law galaxies detected in the X-ray (filled cir-
cles), weakly-detected in the X-ray (open circles), and non-detected in the X-ray
(triangles). For non-detected sources, we plot the 5σ upper limits calculated as
described in §5.1. The lines and shading represent the regions populated by AGN
(fX/fR < |1|), AGN and starbursts (−2 < logfX/fR < −1), and quiescent galaxies,
starbursts, and LLAGN (log fX/fR < −2) (see Barger et al. 2003; Hornschemeier
et al. 2003).
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lar population synthesis and dust emission models. With this improvement, by

comparing with all the available spectroscopic redshifts, our photometric red-

shifts have a value of ∆(z)/(1 + z)<0.1 for 88% of the galaxies in the CDF-N and

CDF-S, and ∆(z)/(1 + z)<0.2 for 96% of these sources. The average (median)

value of ∆(z)/(1 + z) is 0.05 (0.03). Further details about the photometric redshift

technique can be found in P. G. Pérez-González et al. (2007, in preparation).

Using this technique, we estimated redshifts for an additional 20 sources,

bringing the total number of power-law galaxies with redshifts or redshift esti-

mates to 43 (69%). We plot in Figure 3 a comparison between the photometric and

spectroscopic redshifts of what we will refer to as the ’comparison sample’. This

sample consists of the 1420 IRAC sources that meet the detection cut of S/N > 6

in each of the IRAC bands and that have X-ray exposures ≥ 0.5 Ms; the 11 sources

in the original power-law sample removed due to bad or blended photometry

were excluded. The mean (median) spectroscopic redshift of the comparison

sample is z = 0.74 (0.64). Nearly half of the sources in the comparison sample

have IRAC SEDs that cannot be fit by a power-law. Of the remaining galaxies,

6% and 40% can be fit by red (α ≤ −0.5) or blue (α ≥ −0.5) power-laws, respec-

tively. Only 50% of the X-ray sources in the main CDF-N catalog (Alexander et al.

2003) meet the exposure time and IRAC S/N cuts used to define the comparison

sample.

We also plot in Figure 3 the redshift comparison for those galaxies that meet

the power-law criterion. While the power-law galaxies tend to be the farthest

outliers, the agreement between the spectroscopic and photometric redshifts is

reasonable, given the difficulty in assigning redshifts to sources with power-law

dominated SEDs. Notably, several power-law galaxies at low spectroscopic red-

shifts have been assigned high redshifts by our photometric code. We take this
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Figure 3.3 Comparison between secure spectroscopic redshifts and photomet-
ric redshifts for the comparison sample (left) and the power-law galaxy sample
(right). We overplot on each panel a line of slope 1.

into consideration during the analysis, and rely on spectroscopic redshifts alone

wherever possible. Nonetheless, the success rate in the photometric redshifts

(defined by agreement to 2 standard deviations) implies that our total suite of

redshifts is ≥ 80% correct.

As shown in Figure 4, the power-law galaxies tend to lie at significantly higher

redshift than both the average source from the comparison sample and X-ray–

detected members of the comparison sample, a trend that will be investigated

further in §5.1.2. The power-law galaxies are comparable in number to the X-ray–

detected AGN in the comparison sample at z > 2, although as will be discussed

in §5.1, only half of the power-law galaxies are cataloged X-ray sources. Alonso-

Herrero et al. (2006) similarly found that the power-law galaxies have a relatively

flat redshift distribution (with the exception of a spike at z = 1.4), with most

sources lying at z > 1.
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Figure 3.4 Top: Redshift distributions of the comparison sample (unshaded) and
the power-law galaxy sample (shaded). Bottom: Redshift distributions of the
X-ray–detected members of the comparison sample (unshaded) and the X-ray–
detected (lightly shaded) and non-detected (heavily shaded) members of the
power-law galaxy sample. The distributions based only on spectroscopic red-
shifts are shown on the left; those based on both photometric and spectroscopic
redshifts are shown on the right. The lower panels give the power-law fraction,
as a function of redshift.
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3.5 Multiwavelength Properties

In the following sections, we discuss the X-ray, infrared, radio, and optical prop-

erties of the power-law galaxies. We show that while only 55% of them have cat-

aloged X-ray counterparts, as many as 85% show evidence for faint X-ray emis-

sion. These X-ray–detected power-law galaxies make up a significant fraction of

the X-ray luminous AGN in the comparison sample. As such, they are detectable

to large distances, explaining the high redshifts of the sample.

The power-law galaxies also have a 24 µm detection fraction of nearly unity,

which we show to be indicative of an intrinsically luminous X-ray population.

While only 29% of the sources have radio counterparts, and all but 2 are radio-

quiet, nearly all of the power-law galaxies also have radio luminosities or upper

limits consistent with that of AGN-dominated sources. It is therefore likely that

the power-law galaxies not detected in the X-ray are intrinsically luminous AGN

hidden behind high columns of obscuring gas and dust. The optical–MIR SEDs

of the sample, which are flatter than the typical radio-quiet (star-formation sub-

tracted) AGN SED (Elvis et al. 1994), also suggest increasing obscuration in the

sources not detected in the X-ray. The optical detection fraction in the GOODS

field is high (85%), with approximately 50% of the X-ray sources having compact

optical counterparts.

3.5.1 X-ray Emission

Of the 62 power-law galaxies, only 34 (55%) have cataloged X-ray counterparts

in the Alexander et al. (2003) catalog of the 2 Ms CDF-N X-ray field1. Sources

in the Alexander et al. (2003) catalog were chosen using WAVDETECT (Free-

1Throughout the paper, we use only the main source catalog from Alexander et al. (2003), and
do not include the lower-significance X-ray sources detected in the supplemental optically bright
X-ray catalog. No power-law galaxies and only 2 of the color-selected sources discussed in §6.2
are detected in the optically bright catalog.
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man et al. 2002) with a false-positive probability threshold of 1 × 10−7. For those

power-law galaxies without X-ray counterparts, we searched for faint X-ray emis-

sion following the procedure outlined in Donley et al. (2005). We restricted this

search to sources with off-axis angles of θ < 10′, as sources that lie outside this

radius fall in regions of rapidly changing exposure, and often have sky back-

grounds that cannot be well-fit by Poisson distributions; 84% (52) of the power-

law galaxies met this criterion. Of these, 58% (30) are detected in the Alexander

et al. catalog, 19% (10) have at least a 2.5σ detection in one X-ray band and at one

encircled-energy radius (EER)2, and 13% (7) remain non-detected. Coadding the

7 non-detected power-law galaxies does not lead to a detection. Four additional

sources lie too close to a cataloged X-ray source to search for faint emission, and

1 source (CDFN 8362) has an irregular sky background, preventing us from ac-

curately testing for detection. If we assume that, like those sources for which we

could test for emission, 85% of the 5 sources with nearby counterparts or irreg-

ular sky backgrounds would be detected (either strongly or weakly), then 85%

of the power-law galaxies show evidence for X-ray emission, while 15% do not.

Changing the detection threshold to 3, 4, and 5 σ changes the detected fraction to

77%, 71%, and 65%, respectively.

We list the X-ray properties of the weakly-detected power-law galaxies in Ta-

ble 2. If a source was not detected to > 2.5σ in one or more of the three bands, we

list in Table 2 a conservative 2.5σ upper limit, measured by adding any positive

source flux to a 2.5σ limit on the local sky background. The 70% EER was used

to calculate both the source counts and sky background; no aperture correction

was applied. For those power-law galaxies without a cataloged or weak X-ray

counterpart, we list in Table 1 5σ upper limits, calculated as described above.

2The 80% EER refers to the radius within which 80% of the energy is found.
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Table 1. Power-law Galaxy Sample

ID α2000 δ2000 Pχ
a αb z 24 µm 1.4 GHz 0.5-8 keV log Lx

c X-ray θd qe

Flux Density Flux Density X-ray Flux (ergs s−1) Exposure (′)

(µJy) (µJy) (ergs s−1 cm−2) (s)

CDFN 11348 12 35 25.58 62 16 09.41 0.86 -0.86 · · · 204.0 < 80.0 < 8.10E-16 · · · 9.59E+05 9.6 > 0.41

CDFN 17315 12 35 29.37 62 12 56.53 0.22 -1.94 2.41 251.9 135.0 7.02E-15 44.5 7.43E+05 8.9 0.27

CDFN 11516 12 35 37.11 62 17 23.40 0.49 -0.89 2.05 234.9 < 80.0 5.27E-15 44.2 9.00E+05 8.7 > 0.47

CDFN 07514 12 35 38.08 62 19 40.56 0.86 -0.79 2.97 ± 0.40 < 157.2 < 80.0 2.00E-15 44.2 9.86E+05 9.7 · · ·

CDFN 12939 12 35 38.52 62 16 42.91 0.69 -1.15 0.71 1413.8 3550.0 2.23E-13 44.7 9.60E+05 8.3 -0.40

CDFN 14642 12 35 43.35 62 16 17.15 0.84 -1.17 2.36 ± 0.34 < 117.6 < 80.0 9.19E-16 43.6 1.25E+06 7.6 · · ·

CDFN 08362 12 35 46.64 62 20 13.23 0.57 -1.39 · · · 118.5 < 80.0 < 7.85E-16 · · · 9.66E+05 9.3 > 0.17

CDFN 10934 12 35 48.89 62 19 04.46 0.26 -1.58 · · · 115.4 < 80.0 < 4.92E-16 · · · 9.84E+05 8.4 > 0.16

CDFN 16796 12 35 49.43 62 15 36.52 0.22 -0.79 2.20 585.6 74.6 1.34E-15 43.7 1.58E+06 6.8 0.89

CDFN 25218 12 35 50.36 62 10 41.70 0.11 -2.04 · · · < 108.5 < 80.0 4.21E-16 · · · 7.04E+05 7.2 · · ·

CDFN 20981 12 35 54.30 62 13 43.37 0.95 -0.69 · · · 131.7 < 80.0 < 2.04E-16 · · · 1.74E+06 6.0 > 0.22

CDFN 25248 12 36 06.37 62 12 32.41 0.81 -0.60 2.89 ± 0.39 139.2 < 80.0 9.64E-16 43.8 1.81E+06 4.8 > 0.24

CDFN 33052 12 36 08.87 62 08 03.56 0.10 -1.37 · · · 151.8 < 80.0 < 4.67E-16 · · · 5.43E+05 7.3 > 0.28

CDFN 27463 12 36 11.95 62 11 47.18 0.77 -0.53 2.92 ± 0.39 180.3 < 80.0 < 1.23E-16 <42.9 1.68E+06 4.5 > 0.35

CDFN 31054 12 36 14.04 62 09 47.93 0.78 -0.59 1.65 ± 0.27 60.8 < 80.0 < 2.46E-16 <42.6 1.79E+06 5.6 > -0.12

CDFN 23661 12 36 22.98 62 15 26.28 0.16 -1.40 2.59 454.5 < 80.0 1.88E-14 45.0 1.85E+06 3.0 > 0.75

CDFN 39358 12 36 23.37 62 06 05.23 0.21 -1.92 1.86 ± 0.29 479.5 71.7 4.71E-16 43.0 5.42E+05 8.3 0.83

CDFN 37928 12 36 29.21 62 07 37.61 0.91 -0.59 1.35 ± 0.23 161.6 < 80.0 < 2.15E-16 <42.3 1.77E+06 6.6 > 0.31

CDFN 37999 12 36 32.59 62 07 58.95 0.11 -2.14 2.00 711.8 90.6 1.83E-15 43.7 1.78E+06 6.2 0.90

CDFN 27641 12 36 35.60 62 14 23.51 0.86 -1.82 2.02 1345.2 87.8 2.52E-15 43.8 1.92E+06 1.2 1.19

CDFN 28773 12 36 36.66 62 13 46.46 0.63 -0.74 0.96 459.6 < 80.0 1.01E-14 43.7 1.91E+06 1.1 > 0.76

CDFN 14667 12 36 36.90 62 22 27.27 0.57 -2.03 · · · 292.9 < 80.0 3.45E-15 · · · 1.06E+06 8.6 > 0.56

CDFN 37334 12 36 37.08 62 08 51.90 0.32 -0.90 1.71 ± 0.27 301.7 71.1 1.19E-16 42.3 1.78E+06 5.2 0.63

CDFN 44902 12 36 40.59 62 04 51.34 0.27 -0.87 1.16 ± 0.22 166.6 < 80.0 < 8.28E-16 <42.8 6.96E+05 9.1 > 0.32

CDFN 24409 12 36 42.22 62 17 10.89 0.65 -0.80 2.72 91.7 < 80.0 3.35E-15 44.3 1.65E+06 3.2 > 0.06

CDFN 11965 12 36 42.23 62 24 39.01 0.59 -0.71 1.90 ± 0.29 480.4 82.1 1.95E-15 43.7 9.62E+05 10.7 0.77

CDFN 14360 12 36 47.27 62 23 49.06 0.29 -1.28 · · · 216.0 < 80.0 < 7.05E-16 · · · 9.75E+05 9.9 > 0.43

CDFN 18906 12 36 48.30 62 21 06.89 0.76 -1.45 · · · 149.4 < 80.0 < 2.94E-16 · · · 1.68E+06 7.2 > 0.27

CDFN 41981 12 36 49.66 62 07 37.84 0.50 -2.30 1.54 ± 0.25 1239.3 307.0 2.59E-14 44.6 1.74E+06 6.3 0.61
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Table 1—Continued

ID α2000 δ2000 Pχ
a αb z 24 µm 1.4 GHz 0.5-8 keV log Lx

c X-ray θd qe

Flux Density Flux Density X-ray Flux (ergs s−1) Exposure (′)

(µJy) (µJy) (ergs s−1 cm−2) (s)

CDFN 49937 12 36 58.76 62 04 01.80 0.12 -1.17 0.29 138.7 < 80.0 9.75E-15 42.4 7.33E+05 10.1 > 0.24

CDFN 19080 12 36 58.96 62 22 14.89 0.28 -1.94 · · · 106.6 < 80.0 < 4.41E-16 · · · 1.62E+06 8.4 > 0.12

CDFN 14046 12 36 59.07 62 25 21.81 0.31 -1.04 2.82 ± 0.38 164.3 < 80.0 1.16E-14 44.9 8.68E+05 11.5 > 0.31

CDFN 44836 12 37 01.69 62 07 20.21 0.56 -3.15 · · · 323.6 < 80.0 8.56E-16 · · · 1.74E+06 6.9 > 0.61

CDFN 53291 12 37 01.70 62 02 22.05 0.10 -1.59 2.17 ± 0.32 99.6 < 80.0 < 1.89E-15 <43.8 6.41E+05 11.8 > 0.10

CDFN 45610 12 37 06.59 62 07 26.83 0.79 -1.05 · · · -1.0 < 80.0 < 7.08E-16 · · · 1.76E+06 7.0 · · ·

CDFN 29120 12 37 06.90 62 17 02.37 0.29 -1.06 1.02 766.3 < 80.0 3.54E-14 44.3 1.87E+06 3.9 > 0.98

CDFN 16936 12 37 07.01 62 24 27.81 0.92 -1.25 · · · 161.3 < 80.0 < 1.00E-15 · · · 1.08E+06 10.8 > 0.30

CDFN 45284 12 37 09.85 62 08 00.82 0.39 -1.40 2.18 128.6 < 80.0 2.11E-14 44.9 1.71E+06 6.6 > 0.21

CDFN 20246 12 37 10.00 62 22 58.92 0.20 -1.42 1.41 ± 0.24 318.6 708.0 5.21E-15 43.8 1.60E+06 9.4 -0.35

CDFN 38580 12 37 12.07 62 12 11.61 0.70 -1.14 2.91 < 80.0 < 80.0 3.84E-16 43.4 1.72E+06 3.5 · · ·

CDFN 32673 12 37 13.72 62 15 45.14 0.52 -1.14 · · · 129.8 < 80.0 4.46E-16 · · · 1.90E+06 3.7 > 0.21

CDFN 43967 12 37 14.06 62 09 16.80 0.38 -0.96 1.84 ± 0.28 105.3 < 80.0 3.57E-15 43.9 1.83E+06 5.7 > 0.12

CDFN 30147 12 37 16.69 62 17 33.18 0.56 -1.75 1.15 1015.7 346.0 2.17E-14 44.2 1.84E+06 5.1 0.47

CDFN 50281 12 37 16.99 62 05 53.05 0.59 -1.05 1.94 398.5 < 80.0 1.94E-15 43.7 7.26E+05 8.9 > 0.70

CDFN 28149 12 37 17.90 62 18 55.56 0.17 -1.24 2.24 195.2 < 80.0 9.95E-15 44.6 1.78E+06 6.2 > 0.39

CDFN 46227 12 37 21.72 62 08 50.41 0.84 -0.80 2.56 ± 0.36 292.1 < 80.0 < 2.43E-16 <43.1 1.77E+06 6.6 > 0.56

CDFN 51788 12 37 23.03 62 05 39.45 0.99 -1.08 2.28 ± 0.33 146.6 78.5 < 2.65E-15 <44.0 7.43E+05 9.4 0.27

CDFN 27360 12 37 26.58 62 20 26.46 0.14 -2.26 1.86 ± 0.29 777.7 102.0 1.40E-15 43.5 1.40E+06 8.0 0.88

CDFN 38126 12 37 28.65 62 14 22.56 0.58 -1.80 · · · 226.1 < 80.0 1.20E-16 · · · 1.82E+06 5.0 > 0.45

CDFN 40913 12 37 30.77 62 12 58.50 0.97 -1.78 · · · 139.3 107.0 < 2.08E-16 · · · 1.79E+06 5.3 0.11

CDFN 39529 12 37 36.83 62 14 28.72 0.20 -1.44 · · · 118.9 57.8 6.21E-15 · · · 1.74E+06 6.0 0.31

CDFN 26243 12 37 39.78 62 22 39.67 0.38 -2.08 · · · 218.2 < 80.0 < 3.33E-15 · · · 6.12E+05 10.7 > 0.44

CDFN 44598 12 37 41.00 62 12 00.29 0.26 -0.63 1.17 558.2 < 80.0 2.02E-14 44.2 1.76E+06 6.7 > 0.84

CDFN 34143 12 37 42.58 62 18 11.67 0.16 -1.55 2.31 149.6 < 80.0 2.08E-14 44.9 1.69E+06 7.8 > 0.27

CDFN 44751 12 37 44.67 62 12 18.71 0.21 -0.94 1.69 ± 0.27 416.1 67.3 2.88E-16 42.7 1.76E+06 7.1 0.79

CDFN 40112 12 37 57.32 62 16 27.57 0.28 -1.55 2.92 122.3 < 80.0 4.68E-15 44.5 1.70E+06 8.7 > 0.18

CDFN 54722 12 37 57.55 62 08 00.51 0.65 -1.13 · · · 174.9 < 80.0 < 1.01E-15 · · · 6.41E+05 10.3 > 0.34

CDFN 49940 12 37 59.62 62 11 02.09 0.58 -1.42 0.91 2132.0 85.0 1.52E-13 44.8 7.33E+05 9.1 1.40
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While Alonso-Herrero et al. (2006) found that their sample of power-law

galaxies included about 1/3 of the hard X-ray sources with 24 µm detections, our

more conservative selection detects only 14% of the X-ray sources in the Alexan-

der et al. (2003) catalog that meet our exposure time cut of 0.5 Ms and that have 24

µm flux densities of S24 > 80µJy. (Further restricting the comparison to those X-

ray sources that also meet our IRAC significance cut of S/N > 6 only increases the

selection fraction to 17%). If we consider only those X-ray and MIR sources in the

CDF-N catalog with log Lx(erg s−1)> 42 (to rule out sources dominated by star-

formation), the X-ray–detected power-law galaxies comprise ∼ 20% of the X-ray

sources (with exposures of > 0.5 Ms) detected at 24 µm (to S24 > 80µJy). Because

our selection criteria were designed to be quite robust, we exclude a number of

IRAC color-selected AGN candidates with power-law like emission (see §6). De-

termining the intrinsic proportion of “power-law” AGN will therefore require a

more careful analysis. As mentioned in §4 and shown in Figure 4, the power-

law galaxies comprise a significantly higher fraction of the high-redshift X-ray

sources.

3.5.1.1 Dependence on Sample Properties

We plot in Figure 5 the X-ray detection fraction for the power-law galaxies as a

function of redshift, X-ray exposure time, power-law slope, and power-law fit

probability, where we consider as ’detected’ only those sources with cataloged X-

ray counterparts. For the sources with redshift estimates, X-ray detection appears

to be relatively insensitive to redshift. The X-ray detection fraction, however, is

higher for those sources with redshift estimates (70%) than for the full power-

law sample (55%). The detection fraction as a function of X-ray exposure time is

lower than average at the lowest exposures, as expected, but does not increase

substantially at the highest exposures. We note that in our analysis of the X-ray
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Table 1—Continued

ID α2000 δ2000 Pχ
a αb z 24 µm 1.4 GHz 0.5-8 keV log Lx

c X-ray θd qe

Flux Density Flux Density X-ray Flux (ergs s−1) Exposure (′)

(µJy) (µJy) (ergs s−1 cm−2) (s)

CDFN 45792 12 38 00.94 62 13 35.90 0.43 -0.72 0.44 4092.5 190.0 7.78E-14 43.7 1.44E+06 8.8 1.33

CDFN 53792 12 38 31.18 62 12 21.98 0.59 -0.77 1.63 ± 0.26 297.0 < 80.0 3.76E-15 43.8 6.62E+05 12.4 > 0.57

CDFN 53753 12 38 32.19 62 12 30.60 0.25 -0.66 1.63 ± 0.26 198.4 < 80.0 < 2.79E-15 <43.7 6.15E+05 12.5 > 0.39

CDFN 54888 12 38 34.09 62 12 05.88 0.67 -1.75 1.96 ± 0.30 476.4 < 80.0 < 1.59E-15 <43.6 5.57E+05 12.8 > 0.77

aChi-squared probability (see §3)

bIRAC spectra index; fν ∝ να

c0.5-8 keV

dX-ray off-axis angle

eq = log (f24 µm/f1.4 GHz)
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Table 2. X-ray Properties of X-ray Weakly-Detected Power-law Galaxies

Source z X-ray EER Detection Aperture Γ Flux H/Sb log NH

Banda (%) σ Corrected (erg s−1 cm−2) (cm−2)

Count Rate (s−1)

CDFN14642 2.36 Full 80 4.6 4.44E-05 0.28 9.19E-16 11.17 23.7 +0.1

−0.1

Hard 70 3.3 2.33E-05 6.98E-16

Soft 60 3.3 1.27E-05 6.08E-17

CDFN20981 · · · Full 80 ≤ 2.5 ≤ 1.44E-05 ≥ 0.41 ≤ 1.68E-16 ≤ 6.96 ≤ 22.5 +0.1

−0.1
-≤ 23.7 +0.1

−0.1

Hard 80 ≤ 2.5 ≤ 1.00E-05 ≤ 2.31E-16

Soft 60 3.3 6.35E-06 3.18E-17

CDFN25218 · · · Full 80 3.5 3.61E-05 ≤ 0.61 4.21E-16 ≥ 5.58 ≥ 22.4 +0.1

−0.1
-≥ 23.6 +0.1

−0.1

Hard 70 2.8 2.35E-05 5.42E-16

Soft 80 ≤ 2.5 ≤ 1.86E-05 ≤ 9.33E-17

CDFN37334 1.71 Full 80 2.6 1.02E-05 ≥ 0.20 1.19E-16 ≤ 8.83 ≤ 23.3 +0.1

−0.1

Hard 80 ≤ 2.5 ≤ 1.17E-05 ≤ 2.70E-16

Soft 70 3.2 5.85E-06 2.93E-17

CDFN37928 1.35 Full 70 ≤ 2.5 ≤ 9.22E-06 ≥ 0.69 ≤ 1.07E-16 ≤ 5.09 ≤ 22.9 +0.1

−0.1

Hard 70 ≤ 2.5 ≤ 8.10E-06 ≤ 1.87E-16

Soft 60 2.8 7.03E-06 3.52E-17

CDFN38126 · · · Full 80 2.7 1.03E-05 · · · 1.20E-16 · · · · · ·

Hard 80 ≤ 2.5 ≤ 1.03E-05 ≤ 2.38E-16

Soft 80 ≤ 2.5 ≤ 6.97E-06 ≤ 3.49E-17

CDFN39358 1.86 Full 80 2.8 4.04E-05 ≤ 0.14 4.71E-16 ≥ 9.42 ≥ 23.4 +0.1

−0.1

Hard 80 2.6 3.39E-05 7.82E-16

Soft 70 ≤ 2.5 ≤ 1.59E-05 ≤ 7.97E-17

CDFN44751 1.69 Full 80 3.7 2.47E-05 ≥ 0.52 2.88E-16 ≤ 6.21 ≤ 23.2 +0.1

−0.1

Hard 80 ≤ 2.5 ≤ 2.01E-05 ≤ 4.64E-16

Soft 80 4.2 1.43E-05 7.17E-17

CDFN44902 1.16 Full 70 ≤ 2.5 ≤ 4.54E-05 ≥ 1.05 ≤ 5.29E-16 ≤ 3.41 ≤ 22.5 +0.1

−0.2

Hard 80 ≤ 2.5 ≤ 2.78E-05 ≤ 6.41E-16

Soft 60 5.0 3.60E-05 1.80E-16

CDFN46227 2.56 Full 60 ≤ 2.5 ≤ 1.04E-05 ≥ 0.83 ≤ 1.21E-16 ≤ 4.37 ≤ 23.3 +0.1

−0.2

Hard 60 ≤ 2.5 ≤ 6.83E-06 ≤ 1.58E-16

Soft 60 2.7 6.91E-06 3.46E-17

aFull band = 0.5-8 keV; Hard band = 2-8 keV; Soft band = 0.5-2 keV

bFlux ratio corrected for Galactic absorption
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detection fraction in §5.1, we considered only those power-law galaxies with off-

axis angles of θ < 10′, and therefore excluded 6 of the 10 sources in the lowest two

exposure bins. There is significant variation in the detection fraction as a func-

tion of power-law index, with an increase at the steepest indices and a possible

decrease at the flattest indices. The power-law fit probability, however, appears

to have a minimal effect on the X-ray detection fraction, with only a slight drop

towards the highest values of Pχ (recall that Pχ = 0.5, not Pχ = 1, is ideal). These

results suggest that the X-ray detection fraction of the power-law sample is rel-

atively insensitive to variations in redshift, X-ray exposure time, and power-law

properties, to the limits imposed by our selection criteria.

3.5.1.2 X-ray Luminosity

We plot in Figure 6 the observed 0.5-8 keV X-ray luminosities of the power-law

galaxies and the members of the comparison sample detected in the X-ray cata-

log. The luminosities of sources selected via the Lacy et al. selection criteria (see

§6.2) are also plotted. As was discussed by Alonso-Herrero et al. (2006), power-

law galaxies have X-ray luminosities typical of AGN (log Lx(ergs s−1)≥ 42), and

significantly higher than those of star-forming galaxies (log Lx( ergs s−1)< 41).

The power-law galaxies comprise a significant fraction of the high luminos-

ity sample. This is not surprising, as the power-law selection requires the AGN

to be energetically dominant, and therefore preferentially selects the most lumi-

nous AGN. To illustrate the effect of X-ray luminosity on the AGN contribution

to the optical through MIR continuum, we plot in Figure 7 the median rest- and

observed-frame optical-MIR SEDs of the X-ray–detected members of the compar-

ison sample, as a function of X-ray luminosity. We normalize the SEDs to the 12

µm monochromatic power, which, for the rest-frame comparison, is representa-

tive of bolometric luminosity and independent of galaxy or AGN type (Spinoglio
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Figure 3.5 X-ray detection fraction as a function of redshift (top left), X-ray expo-
sure time (top right), power-law spectral index α (bottom left), and power-law fit
probability Pχ (bottom right). Shaded histograms represent the X-ray–cataloged
power-law galaxies; clear histograms represent the full power-law sample.
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Figure 3.6 Comparison between the observed 0.5-8 keV X-ray luminosity (Lx)
distributions of the cataloged X-ray sources in the comparison sample (unshaded
histogram), the power-law sample (filled histogram), and the Lacy et al. sample
(lightly shaded histogram; see §6.2). The lower panel gives the fraction of the
X-ray sources that meet the power-law or Lacy et al. criteria.
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Figure 3.7 Median rest-frame (left) and observed-frame (right) SEDs of the X-ray–
detected members of the comparison sample, as a function of observed 0.5-8 keV
luminosity (in units of ergs s−1). Stars indicate the wavelengths of the four IRAC
bands.

& Malkan 1989). As can be seen, low-luminosity X-ray sources are dominated

by the 1.6 µm stellar bump in the optical-NIR bands (e.g. Alonso-Herrero et al.

2004). The relative strength of this feature decreases with increasing X-ray lumi-

nosity, and disappears almost entirely at luminosities of Lx > 44.0, taking on the

characteristic power-law shape required by the selection used here. The fraction

of X-ray sources in the comparison sample that can be fit by red, AGN-dominated

power-laws (α ≤ −0.5) is therefore a strong function of X-ray luminosity, increas-

ing from 0% at log Lx(ergs s−1)= 41−42 to 3%, 24%, and 59% at luminosity limits

of log Lx(ergs s−1)= 42 − 43, 43 − 44, and 44 − 45. Blue power-laws (α > −0.5)

in the IRAC bands are indicative of stellar-photosphere-dominated SEDs in the

rest-frame near-infrared (for z ≤ 1.5). The corresponding percentages of X-ray

sources fit by blue power-laws are 39%, 46%, 41%, and 14%, showing the reduced

proportion of stellar-dominated objects in the highest luminosity bin.

A similar trend is seen as a function of redshift. In a flux limited sample
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such as this, low-luminosity AGN are detected primarily at low redshift, whereas

high-luminosity AGN are detectable over a range of redshifts (see Figure 8). To

first order, the high redshifts of the power-law sample can therefore be explained

by their preferentially high luminosities. In addition, AGN with high X-ray lu-

minosities have comoving space densities that peak at higher redshifts than low-

luminosity AGN, amplifying the selection effect discussed above (e.g. Ueda et

al. 2003). The color-redshift relation for AGN may also play a minor role in this

trend. Richards et al. (2006) show that the 3.6 µm to 5.8 µm color (log(S5.8/S3.6))

of an AGN with the median radio-quiet SED (Elvis et al. 1994) shifts from 0.2

at z = 0 to 0.44 at z = 1.5 before falling to 0.08 at z = 4. As will be shown in

§5.4, however, the power-law galaxies tend to have flatter SEDs than the Elvis et

al. (1994) AGN template and as such, they should have colors less sensitive to

changes in redshift.

3.5.2 24 µm Emission

Unlike Alonso-Herrero et al. (2006), we do not require a 24 µm detection for

source selection. However, all but 5 of the power-law galaxies have a cataloged

24 µm counterpart within a 2′′ radius. The 24 µm flux densities are listed in Table

1. Of the remaining 5 sources, 3 (CDFN 7514, CDFN 14642, and CDFN 25218)

have a cataloged counterpart within 2-3′′. For these power-law galaxies, we use

the flux density of the nearby source as an upper limit if it exceeds our nominal

limit of 80 µJy. One additional power-law galaxy, CDFN 45610, lies within the

PSF of a bright 24 µm source, preventing a detailed analysis of its properties.

Only one source, CDFN 38580, an X-ray–detected power-law galaxy at z = 2.91

(Chapman et al. 2005), shows no evidence for 24 µm emission. As was found for

the power-law X-ray sources in the EGS (Barmby et al. 2006), there is only weak

agreement between the 24 µm flux densities and those predicted by extending the
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Figure 3.8 X-ray luminosity vs. redshift for the X-ray sources in the compari-
son sample (open circles) and the power-law galaxies with available redshift es-
timates (filled circles). The on-axis X-ray flux limit of 7 × 10−17 erg s−1 cm−2

(Alexander et al. 2003) is plotted for reference.
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IRAC power-law fit, with the X-ray–detected and X-ray non-detected power-law

galaxies having observed 24 µm flux densities that tend to lie within only 53%

and 60% of the predicted values, respectively.

The fraction of AGN in MIR samples has been shown to increase with increas-

ing 24 µm flux density (Treister et al. 2005; Brand et al. 2006) in general agreement

with the models of Pearson (2005). We would therefore expect luminous AGN in

a flux-limited sample to have a high 24 µm detection fraction, such as that seen

for the power-law sample. To test this, we plot in Figure 9 the 24 µm detection

fraction for the members of the comparison sample as a function of X-ray lumi-

nosity. The detection fraction is relatively high (∼ 90%) at X-ray luminosities

typical of starburst galaxies (log Lx( ergs s−1)< 41, see Alexander et al. 2002a).

This is not surprising, as rapidly star-forming galaxies with large numbers of X-

ray binaries will also be luminous infrared sources. The detection fraction then

drops to ∼ 65% at luminosities typical of starbursts and low-luminosity AGN

(41 < log Lx(ergs s−1)< 42) before rising to 100% at log Lx(ergs s−1)> 44 − 45.

Because the comparison sample is composed of objects with high significance

IRAC MIR detections, the 24 µm detection fraction is higher than that of an unbi-

ased sample. For comparison, Rigby et al. (2004) find an overall 24 µm detection

fraction of only 60% for hard X-ray sources in the CDF-S. Nevertheless, for AGN-

dominated sources, a high 24 µm detection fraction like that of the power-law

galaxies accompanies an X-ray-luminous AGN population. We note that of the

18 power-law galaxies not detected in X-rays, all but one are detected at 24 µm,

with the exception being CDFN 45610, the power-law galaxy that lies in the PSF

of a bright 24 µm source. Therefore, if these sources are AGN-dominated as ex-

pected, it is likely that they, along with the rest of the power-law sample (§5.1.2

and Figure 6), are intrinsically X-ray luminous but heavily obscured.
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Figure 3.9 24 µm detection fraction as a function of X-ray luminosity for the mem-
bers of the comparison sample detected in the X-ray. The solid and dashed lines
give the detection fraction for all sources with redshift estimates and for those
with spectroscopic redshifts, respectively. Dotted lines give the upper and lower
limit on the 24 µm detection fraction of the power-law galaxies.
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3.5.3 Radio Loudness

Eighteen of the 62 power-law galaxies (29%) have cataloged radio counterparts

from the Richards (2000) 1.4 GHz VLA survey of the CDF-N. This survey has a de-

tection limit of 40 µJy and is 95% complete at 80 µJy. In addition, 3 of these power-

law galaxies (CDFN 16796, CDFN 27641, and CDFN 37999) are members of the

radio-selected sub-millimeter SCUBA sample of Chapman et al. (2005), as is one

radio source that fell below the Richards (2000) detection limit (CDFN 38580).

For comparison, Polletta et al. (2006) found that half of their obscured AGN sam-

ple were radio-detected, although their radio limits were deeper and their IRAC

coverage more shallow.

Since all of the radio-detected power-law galaxies are also detected at 24 µm,

we can test for radio-loudness via the parameter q, where q = log (f24 µm/f1.4 GHz)

(see Appleton et al. 2004). Sources with q < 0 have far more radio emission (with

respect to MIR emission) than is expected from the radio/infrared correlation of

radio-quiet AGN and star-forming galaxies, and are referred to as radio-excess

AGN (e.g. Yun, Reddy, & Condon 2001, Donley et al. 2005). Kuraszkiewicz et

al. (2007) show that q is less sensitive to reddening and host galaxy dilution than

measures of radio loudness based on radio and optical flux densities. Only 2 of

the 18 radio-detected power-law galaxies are radio-excess AGN; the remaining

galaxies are consistent with the radio/infrared correlation3. Kuraszkiewicz et al.

(2007) find that ∼<15% of AGN are radio-intermediate or radio-loud based on a cut

of q < 0, consistent with the radio-loud fractions of Kellermann et al. (1989) and

Stern et al. (2000). The fraction of radio-excess AGN in the power-law sample

(∼3%) may therefore be lower than average.

3We note that the radio-excess AGN CDFN 12939 was not included in the sample of Donley et
al. (2005) because its X-ray exposure time fell slightly below the more stringent cut of 1 Ms. The
source CDFN 20246 corresponds to VLA 123709+622258 in Donley et al. (2005).
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Both sources classified as radio-excess AGN have a cataloged X-ray counter-

part; 11 of the remaining 16 radio sources are also bright X-ray sources, while

3 are weakly-detected. Only two radio sources (CDFN 40913 and CDFN 51788)

are not detected in the X-ray. As such, selection criteria that include a radio flux

density cut may be more likely to select X-ray bright AGN than selection via

MIR properties alone. If such a cut were based on the current sensitivity of the

CDF-N radio and X-ray surveys, however, only 13 of the 34 power-law galaxies

detected in the X-ray catalog (38%) would be selected; the remaining 62% would

be missed.

While the majority of the power-law galaxies with radio counterparts appear

to be radio-quiet as defined by the radio/infrared correlation, their radio lumi-

nosities are consistent with those of AGN-powered sources. In the local universe,

galaxies with log Lradio (W Hz−1)> 23 tend to be AGN-dominated (Condon et al.

2002; Yun et al. 2001). In the GOODS-North (GOODS-N) field, Morrison et al.

(2006) show that galaxies with log Lradio (W Hz−1)> 24 and z > 1 have up to

an 80% X-ray detection rate. While a source of this luminosity could be a star-

formation powered ULIRG (from the radio/infrared correlation, a radio lumi-

nosity of log Lradio (W Hz−1)= 24 corresponds to a total infrared (TIR, 8-1000 µm)

luminosity of 4 × 1012L⊙(Bell 2003)), the high X-ray detection rate suggests that

the population is dominated by AGN.

All 16 of the 18 radio-detected power-law galaxies with redshifts have ob-

served 1.4 GHz luminosities in excess of log L1.4GHz (W Hz−1)> 23, and 14 (88%)

have log L1.4GHz (W Hz−1)> 24. In addition, 26 of the 27 radio non-detected

power-law galaxies with redshifts have upper limits greater than log L1.4GHz

(W Hz−1)= 23 (the exception being CDFN 49937, a low-luminosity X-ray source),

and 21 (78%) have limits greater than log L1.4GHz (W Hz−1)= 24. Using a cut of
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log L1.4GHz (W Hz−1)> 24, Morrison et al. (2006) found that 60% of luminous ra-

dio galaxies in the GOODS-N field have power-law dominant SEDs. Using the

same cut, we find that as many as 81% of power-law selected AGN are radio

luminous, though not necessarily radio-loud.

3.5.4 Optical Morphology and Detection Fraction

While it is difficult to determine optical morphologies for faint sources, partic-

ularly those with only ground-based optical data, at least 20 of the power-law

galaxies have point-like optical/NIR counterparts (8 of which were detected in

the GOODS Hubble Space Telescope (HST) field, and 12 of which have only ground-

based data). Of these, 18 are detected in the X-ray, one is weakly-detected, and

one is non-detected. As such, at least 50% of the X-ray–detected sources have

optical counterparts dominated by the central engine. Of the 15 sources with

BLAGN spectra, 13 are point-like, compared to 2 of the 4 sources with NLAGN

spectra. Of the power-law galaxies with available GOODS HST data, ∼ 30% of

the sources with optical counterparts are point-like.

Worsley et al. (2006) stacked the X-ray emission from optical sources in the

GOODS Fields to test whether these galaxies could account for the remaining

unresolved fraction of the CXRB. While the stacked emission of galaxies not in-

dividually detected in the X-ray accounts for the unresolved portion of the CXRB

at 0.5-6 keV, the reduced sensitivity of Chandra at higher energies makes a de-

termination of the resolved fraction more difficult. They estimate that GOODS

optical sources account for at most 40% of the unresolved emission from 6-8 keV,

suggesting that some of the missing CXRB sources may also be missed in the

GOODS images. Of the 27 power-law galaxies that lie in the GOODS region, 23

(85%) have cataloged GOODS optical counterparts. Two of the sources missed

in the catalog (CDFN 32673 and CDFN 39529) are obscured X-ray sources sim-
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ilar to the extreme X-ray/optical sources (EXOs, e.g. Koekemoer et al. 2004),

one (CDFN 33052) is not detected in the X-ray, and one (CDFN 25218) is an ob-

scured, weakly-detected X-ray source that may have a faint B-band counterpart.

Therefore, at most 7% (2/27) of the power-law galaxies in the GOODS region are

obscured AGN not detected in either the GOODS optical or the X-ray catalogs.

3.5.5 Optical–MIR SEDs

We plot in Figure 10 the median optical through MIR rest-frame SEDs of the cat-

aloged, weakly-detected, and X-ray non-detected power-law galaxies, normal-

ized by their 1.25 µm monochromatic flux densities. For comparison, we plot

the median radio-quiet, starlight-subtracted AGN SED of Elvis et al. (1994). The

median SEDs of the power-law galaxies are generally flatter than the Elvis et al.

SED, and show no evidence of a UV bump. The median SED of the power-law

galaxies with X-ray detections resembles that of the BLAGN SED class of Alonso-

Herrero et al. (2006); that of the non-detected power-law galaxies drops much

more rapidly in the optical, presumably due to increasing optical obscuration,

and resembles that of the the NLAGN SED class of Alonso-Herrero et al. (2006).

The weakly-detected sources have optical SEDs that fall between those of the de-

tected and non-detected sources, suggesting an intermediate level of obscuration.

The steepest IRAC spectral index found in our sample is α = −3.15, only slightly

steeper than that found by Alonso-Herrero et al. (2006) (α = −2.8) and Rigby et

al. (2005) (α = −2.9).

Brand et al. (2006) show that X-ray detected AGN in the 5 ks XBoötes field

and MIR-detected sources with clear signs of AGN activity in their optical spectra

tend to have flat MIR spectral slopes (log νfν(24)/νfν(8) = 0, e.g. Elvis et al. 1994),

whereas star-forming galaxies typically have higher values of logνfν(24)/νfν(8) ∼

0.5. Power-law galaxies have logνfν(24)/νfν(8) = −0.24 to 0.73, with a mean
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Figure 3.10 Median optical through MIR rest-frame SEDs of the X-ray–detected
(solid line), weakly-detected (dashed line), and non-detected (dotted line) power-
law galaxies. The median radio-quiet SED of Elvis et al. (1994) is shown by a solid
line that spans the frequency range of the plot. The SEDs have been normalized
to their 1.25 µm flux densities.

slope in νfν of 0.18 ± 0.22, suggesting that, when compared to unobscured AGN

flat in log νfν , either relatively more flux is observed at 24 µm or relatively less

flux is observed at 8 µm. The power-law galaxies in the X-ray catalog tend to

have slightly flatter slopes (0.12±0.21) than those not strongly detected in X-rays

(0.26 ± 0.21). This trend can be seen in Figure 10, where the power-law galax-

ies not detected in the X-ray rise more prominently in log νfν with increasing

wavelength than do those galaxies detected in X-rays, suggesting that the X-ray

non-detected power-law galaxies are more heavily obscured in the optical.

3.6 Comparison with other MIR selection techniques

In the following section, we compare the power-law selection technique to a

number of other MIR-based AGN selection criteria. While the power-law galax-

ies display a large range of infrared-to-optical ratios, and cannot be selected on
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this basis, they comprise a significant fraction of the sources with high infrared-

to-optical ratios, suggesting that many heavily optically-reddened sources have

power-law continua in the NIR/MIR. The power-law selection more closely

matches the Spitzer color-color selection criteria of Lacy et al. (2004) and Stern

et al. (2005). We compare the X-ray completeness of these techniques, and show

that, like the power-law selection, these color criteria tend to select high-redshift

X-ray luminous AGN in the deep X-ray fields. We also discuss the X-ray detection

fractions of the color-selected samples, which are lower than that of the power-

law sample. We argue that this is due, at least in part, to a larger contamination

by star-forming galaxies.

3.6.1 Optical vs 24 µm Emission

The selection of infrared-bright, optically-faint sources has been suggested as a

means of identifying obscured AGN (Houck et al. 2005; Weedman et al. 2006;

Yan et al. 2004, 2005). Approximately 40 such sources have been observed with

the Spitzer IRS; the majority (75%) are dominated by silicate absorption, indicative

of heavy obscuration, or are featureless. Although no deep X-ray information is

available for those sources observed thus far, their spectral characteristics suggest

that many are likely to be obscured AGN.

Only one member of the power-law sample, CDFN 27360 (an X-ray–detected

AGN with a column density of NH = 2.5×1023 cm−2 (see Table 3)), meets the strict

criterion used by Houck et al. (2004) and Weedman et al. (2006) to select infrared-

bright, optically-faint sources: f24 > 0.75 mJy and R > 24.5 (Houck et al. 2004),

or f24 > 1.0 mJy and R > 23.9 (Weedman et al. 2006). These selection criteria,

however, have been set to ensure that sources can be followed-up effectively with

IRS. We plot in Figure 11 the positions of the comparison sample (discussed in §4)

on the color-color plot of Yan et al. (2004); with the exception of the 7 sources that
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are X-ray non-detected at the 2.5σ level (see §5.1), 6 of which have no R-band

counterpart, only sources detected at 8µm, 24µm, and R-band are shown.

Following Yan et al. (2004, 2005) we define the following quantities:

R(24, 0.7) = log(νfν(24µm)/νfν(R)) (3.1)

R(24, 8) = log(νfν(24µm)/νfν(8µm)) (3.2)

According to Yan et al. (2004), sources with R(24, 0.7) > 1.5 and R(24, 8) ∼ 0.5 are

likely to be dust-reddened AGN, although 75% of the luminous starburst candi-

dates with R(24, 0.7) > 1 and R(24, 8) > 0.3 followed-up with IRS by Yan et

al. (2005) appear to be either unobscured AGN or galaxies with both a buried

AGN and a starburst component. While the power-law galaxies (and X-ray–

detected members of the comparison sample) cover a large range of R(24, 0.7)

and R(24, 8), as is expected for a sample of AGN with a variety of redshifts and

obscurations, the power-law galaxies comprise an increasingly significant frac-

tion of the highly optically-reddened members of the comparison sample with

R(24, 0.7) ≥ 1.2. This suggests that power-law selection is capable of detecting

both optically obscured and unobscured AGN, as expected, and that a significant

fraction (20-40%) of the infrared-bright/optically-faint sources in the compari-

son sample have power-law SEDs in the NIR/MIR. In addition, those power-law

galaxies shown to be X-ray undetected to the 2.5σ level all have upper limits of

R(24, 0.7) ≥ 1, consistent with the expectations for obscured AGN. In the follow-

ing section, we compare the power-law selection to selection criteria that more

closely match those used here.

3.6.2 Spitzer Color-Color Selection

MIR AGN color selection criteria have been defined by Ivison et al. (2004), Lacy

et al. (2004), Stern et al. (2005), and Hatziminaoglou et al. (2005). The complete-
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Table 3. X-ray Properties of X-ray-Detected Power-law AGN

Source z 0.5-8 keV 2-8 keV 0.5-2 keV Γ
a H/Sb log NH

c

Fluxa Fluxa Fluxa (cm−2)

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

CDFN07514 2.97 2.00E-15 1.54E-15 4.19E-16 1.1 3.54 23.3 +0.1

−0.2

CDFN11516 2.05 5.27E-15 2.85E-15 2.04E-15 1.8 1.33 21.2 +1.0

−···

CDFN11965 1.90 1.95E-15 1.56E-15 3.44E-16 0.9 4.38 23.1 +0.1

−0.2

CDFN12939 0.71 2.23E-13 1.36E-13 8.05E-14 1.6 1.62 21.4 +0.4

−···

CDFN14046 2.82 1.16E-14 6.63E-15 4.32E-15 1.7 1.47 22.0 +0.6

−···

CDFN14667 · · · 3.45E-15 2.13E-15 1.13E-15 1.6 1.81 21.5 +0.3

−1.3
- 22.6 +0.3

−0.9

CDFN16796 2.20 1.34E-15 1.20E-15 1.20E-16 0.4 9.72 23.6 +0.1

−0.1

CDFN17315 2.41 7.02E-15 4.72E-15 2.18E-15 1.5 2.08 22.6 +0.3

−0.4

CDFN20246 1.41 5.21E-15 4.99E-15 1.35E-16 -0.6 36.19 23.6 +0.0

−0.0

CDFN23661 2.59 1.88E-14 1.10E-14 7.43E-15 1.8 1.41 21.8 +0.7

−···

CDFN24409 2.72 3.35E-15 2.32E-15 9.48E-16 1.4 2.35 22.8 +0.2

−0.3

CDFN25248 2.89 9.64E-16 8.63E-16 1.08E-16 0.5 7.75 23.7 +0.1

−0.1

CDFN27360 1.86 1.40E-15 1.32E-15 1.52E-16 0.5 8.43 23.4 +0.1

−0.1

CDFN27641 2.02 2.52E-15 2.48E-15 2.07E-16 0.2 11.66 23.6 +0.1

−0.1

CDFN28149 2.24 9.95E-15 6.20E-15 3.43E-15 1.6 1.73 22.3 +0.3

−1.2

CDFN28773 0.96 1.01E-14 5.35E-15 4.57E-15 1.9 1.12 ≤ 21.2

CDFN29120 1.02 3.54E-14 1.89E-14 1.57E-14 1.9 1.15 ≤ 21.4

CDFN30147 1.15 2.17E-14 1.73E-14 4.26E-15 1.0 3.92 22.6 +0.1

−0.2

CDFN32673 · · · 4.46E-16 5.30E-16 ≤ 2.55E-17 ≤ 1.4 ≥ 19.96 ≥ 22.9 +0.0

−0.1
-≥ 24.0 +0.0

−0.1

CDFN34143 2.31 2.08E-14 1.29E-14 7.30E-15 1.6 1.69 22.2 +0.4

−···

CDFN37999 2.00 1.83E-15 1.83E-15 1.17E-16 0.1 15.24 23.7 +0.1

−0.1

CDFN38580 2.91 3.84E-16 3.74E-16 2.93E-17 0.2 12.42 23.9 +0.1

−0.1

CDFN39529 · · · 6.21E-15 5.16E-15 1.09E-15 0.9 4.57 22.3 +0.1

−0.1
- 23.5 +0.1

−0.1

CDFN40112 2.92 4.68E-15 2.42E-15 2.27E-15 2.0 1.02 ≤ 20.7

CDFN41981 1.54 2.59E-14 2.18E-14 4.34E-15 0.9 4.85 23.0 +0.1

−0.1

CDFN43967 1.84 3.57E-15 2.44E-15 1.02E-15 1.4 2.30 22.5 +0.2

−0.3

CDFN44598 1.17 2.02E-14 1.28E-14 6.96E-15 1.6 1.76 21.8 +0.3

−2.2

CDFN44836 · · · 8.56E-16 9.77E-16 ≤ 5.71E-17 ≤ 1.4 ≥ 16.43 ≥ 22.8 +0.1

−0.1
-≥ 24.0 +0.1

−0.1

CDFN45284 2.18 2.11E-14 1.27E-14 7.82E-15 1.7 1.55 22.1 +0.4

−···

CDFN45792 0.44 7.78E-14 3.83E-14 3.87E-14 2.0 0.94 · · ·

CDFN49937 0.29 9.75E-15 5.69E-15 3.65E-15 1.7 1.49 21.0 +0.4

−···

CDFN49940 0.91 1.52E-13 9.11E-14 5.64E-14 1.7 1.54 21.4 +0.5

−···

CDFN50281 1.94 1.94E-15 9.82E-16 7.57E-16 1.8 1.24 ≤ 22.0

CDFN53792 1.63 3.76E-15 3.06E-15 6.42E-16 0.9 4.60 23.0 +0.1

−0.1

aAlexander et al. (2003)

bFlux ratio corrected for Galactic absorption

cSources with no lower error have an immeasurably low lower limit.
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Figure 3.11 Location of the comparison sample on the color-color diagram of Yan
et al. (2004). All members of the comparison sample are shown (dots), as are
the power-law galaxies (diamonds) and the X-ray–detected members of the com-
parison sample (crosses). The 7 power-law galaxies that are X-ray non-detected
to the 2.5 σ level are indicated by filled diamonds. Dotted lines show the selec-
tion criteria of Yan et al. (2004), as discussed in §6.1. The lower panel shows the
power-law fraction of the comparison sample as a function of R(24,0.7).
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ness and reliability of the latter three criteria in selecting X-ray–detected AGN in

the Extended Groth Strip (EGS) is discussed by Barmby et al. (2005). We plot

in Figures 12 and 13 the position of the power-law galaxies with respect to the

IRAC color-color cuts of Lacy et al. (2004) and Stern et al. (2005), both of which

have been designed for relatively shallow surveys. In addition, we overplot the

redshifted IRAC colors of the Dale & Helou (2002) star-forming template (which

is degenerate with their parameter α for the wavelengths of interest), the median

radio-quiet AGN SED of Elvis et al. (1994), and the SEDs of the ULIRGs Mrk 273,

IRAS 17208-0014, and Arp 220, described in Appendix A.

The selection criteria of Lacy et al. are based on SDSS quasars, and there-

fore are not designed to select AGN in which the host galaxy dominates the MIR

energy, as well as AGN that are obscured in the MIR. As discussed in Alonso-

Herrero et al. (2006) and as shown in Figure 12, IRAC power-law galaxies fall

along a line well within the Lacy et al. selection region, although these galaxies

fill only a small fraction of the available color space within the defined cut. Only

16% of the objects from the comparison sample that satisfy the Lacy et al. color

cuts also meet the power-law criteria.

The Stern et al. (2005) selection criteria provide a slightly closer match to the

power-law selection technique. Stern et al. define their color cut using ∼ 9400

sources from AGES4, 800 of which are spectroscopically confirmed AGN. Their

color criterion identifies 91% of the BLAGN and 40% of the NLAGN in the AGES

sample. 17% of the sources that met their AGN criteria were not classified as

AGN based on their optical spectra, but may be optically normal (optically dull)

AGN. All of the power-law galaxies meet the Stern et al. criteria, and 29% of the

sources from the sample that meet the Stern et al. criteria also meet the power-law

4the AGN and Galaxy Evolution Survey, C. S. Kochanek et al., in prep
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Figure 3.12 Location of the comparison sample on the color-color diagram of
Lacy et al. (2004). Symbols are as described in Figure 11. Overplotted are the
power-law locus from α = −0.5 to α = −3 (thin black line) and the redshifted
IRAC colors of a typical star-forming galaxy (Dale & Helou 2002, cyan, star), the
cold (starburst dominated) ULIRGs Arp 220 (blue, triangle) and IRAS 17208-0014
(green, upside down triangle), the ULIRG/Sey 2 Mrk 273 (red, square) and the
radio-quiet AGN SED from Elvis et al. (1994, magenta, circle), where the indi-
cated point represents the colors at z = 0, and small circles mark the colors at
z = 1, 2, and 3.
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criteria. The power-law galaxies show a larger scatter about the power-law locus

in the Stern et al. diagram (Figure 13) than they do in the Lacy et al. diagram

(Figure 12); this is likely to be due, at least in part, to the smaller wavelength

baseline probed by the Stern et al. colors.

3.6.2.1 X-ray completeness of color-selected samples

In the EGS, with an X-ray exposure time of ≤ 200 ks, the Lacy et al. and Stern et

al. color criteria selected 73% and 51% of the X-ray AGN, respectively (Barmby

et al. 2005). In the deeper CDF-N field, these criteria select only 21% and 17%

of the Alexander et al. (2003) X-ray sample. However, only 50% of the X-ray

sources in the CDF-N meet the exposure time and IRAC S/N cuts used to define

the comparison and color-selected samples. When we consider only those X-ray

sources in the comparison sample, the Lacy et al. and Stern et al. criteria select

39% and 33% of the X-ray sources, respectively. Further restricting the compar-

ison to sources in the comparison sample with X-ray luminosities indicative of

AGN activity, log Lx (erg s−1)≥ 42, increases the selection fractions to 52% and

47%, respectively. For comparison, our strict power-law criteria recover ∼ 20% of

the X-ray luminous AGN in the comparison sample.

Power-law galaxies, a subsample of both the Lacy et al. and Stern et al. cri-

teria, tend to preferentially lie at both high luminosity and high redshift. The

same is true for the full color-selected samples, as shown in Figures 14 and 15,

in which we plot only sources with spectroscopic redshifts and only the Lacy et

al. color criteria. Including photometric redshifts does not change the results,

and the same trends are seen for both the Lacy et al. and Stern et al. selection

techniques.

At low redshift, only a small fraction of the comparison sample lies inside

the Lacy et al. selection region (see Figure 14). At redshifts of z > 1, however,
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Figure 3.13 Location of the comparison sample on the color-color diagram of
Stern et al. (2005). Symbols are as described in Figure 11 and templates are as
described in Figure 12.
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the vertical branch in color-space populated by low-redshift (z < 0.3) aromatic-

dominated sources (Sajina, Lacy, & Scott 2005) disappears, and at z > 2, all of the

remaining IRAC sources meet the Lacy et al. criteria. Similarly, at log Lx (erg s−1)<

42, only a small fraction of the sources in the comparison sample fall in the

selection region (see Figure 15). In contrast, 72% of the X-ray sources in the

comparison sample with log Lx (erg s−1)> 43 and 100% of those sources with

log Lx (erg s−1)> 44 meet the Lacy et al. selection criteria. These high luminos-

ity sources lie in the same region of color space as the power-law selected AGN

(see Figure 12), although as is apparent from Figure 6, the Lacy et al. criteria

(and the Stern et al. criteria) select a more complete sample of AGN with high

X-ray luminosities than does the power-law selection. As is also shown in Fig-

ure 6, however, the X-ray luminosities of the color-selected sources extend below

the traditional AGN limit of log Lx (erg s−1)> 42, suggesting either heavy ob-

scuration of highly-luminous AGN, or possible contamination by star-forming

galaxies.

3.6.2.2 AGN Reliability

Of the sources selected via the power-law criteria, 55% were detected in the X-

ray catalog of Alexander et al. (2003). The X-ray detection fractions of the sources

selected via the Lacy et al. and Stern et al. criteria are lower: 25% and 38%,

respectively. We searched for faint X-ray emission from the color-selected sources

using the method described in §5.1; 65% of the Lacy et al. sources and 70% of

the Stern et al. sources show evidence for X-ray emission (at the 2.5σ level or

higher), compared to 85% for the power-law galaxies. Do these techniques select

a larger fraction of AGN not detected in X-rays, or do they suffer from greater

contamination from star-forming galaxies?

A spectroscopic follow-up of candidate obscured AGN selected via the Lacy
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Figure 3.14 Location in the Lacy et al. (2004) color space of the comparison sample
as a function of redshift. Only sources with spectroscopic redshifts are shown. X-
ray sources in the comparison sample are indicated by crosses.
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Figure 3.15 Location in the Lacy et al. (2004) color space of the comparison sam-
ple as a function of X-ray luminosity (in units of ergs s−1). Only sources with
spectroscopic redshifts are shown.
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et al. criteria reveals that most (∼ 80%) have spectral signatures typical of type-2

AGN (Lacy et al. 2005a). However, the 12 candidate sources for which spectra

were taken were chosen to have 8 µm flux densities > 1 mJy, and all lie at z < 1.34.

As shown in Figure 12, the SEDs of the star-formation dominated ULIRG Arp 220

enters the Lacy et al. selection region at low (z = 0.23 to 0.67) and moderately

high (z > 1.43) redshift, as does that of IRAS 17208-0014 (z = 0.36 to 0.89 and

z > 1.35). The Dale & Helou (2002) star-forming template shows similar behav-

ior, falling just inside the AGN selection region at low redshift (z = 0.48 to 0.58)

and re-entering the region at high redshift (z > 1.66), suggesting that pure color-

selection is capable of selecting both normal and highly-luminous star-forming

galaxies at low and moderately high redshift. The simulations of Sajina et al.

(2005) also show a significant number of aromatic feature-dominated sources

near the outskirts of the Lacy et al. AGN selection region, and suggest that while

the IRAC colors provide an effective means of identifying obscured AGN up to

z = 2, such criteria are less effective at higher redshift, where the IRAC bands

sample the NIR light from the galaxy (see also Alonso-Herrero et al. 2006). As ex-

pected, the AGN template (Elvis et al. 1994) lies in the same region of color space

as the power-law galaxies, as does the low-redshift template of Mrk 273, a ULIRG

with AGN signatures in the optical and NIR (Veilleux et al. 1999; Risaliti et al.

2006). Mrk 273 meets the Lacy et al. criteria at all redshifts except z = 0.83 to 1.40.

The Stern et al. criteria also suffer from potential contamination from cold

ULIRGs and star-forming galaxies, although the star-forming templates tend to

fall in the selection region for smaller redshift intervals than in the Lacy et al.

color-space. The star-forming template of Dale & Helou (2002) lies along the

edge of the selection region at low redshift (z = 0.51 to 0.56) but it does not re-

enter the selection region at the redshifts plotted here (z < 3). Arp 220 falls in the
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selection region twice (from redshifts of z = 0.28 to 0.55 and z = 1.17 to 1.44), as

does IRAS 17208-0014 (z = 0.49 to 0.58 and z = 1.15 to 1.60). Once again, both

the AGN template (Elvis et al. 1994) and the low-redshift Mrk 273 template have

colors similar to those of the power-law galaxies. The Mrk 273 template meets

the Stern et al. criteria in three redshift intervals (z = 0 to 0.06, z = 0.19 to 0.39,

and z = 1.22 to 1.59), whereas the AGN template falls in the selection region at

all redshifts plotted here.

The Mrk 273, Arp 220, and IRAS 17208-0014 templates all lie near regions of

color-space populated by power-law galaxies. The template of Mrk 273, a ULIRG

with AGN signatures, meets our power-law criteria (α ≤ −0.5, P > 0.1, mono-

tonically rising) at redshifts of z = 0 to 0.08, z = 0.18 to 0.39 and at z > 2.88

(assuming 10% flux errors in the 3.6 and 4.5 µm bands, and 15% flux errors in

the 5.8 and 8.0 µm bands). The Arp 220 template, however, does not meet these

criteria at redshifts less than z ∼ 2.9, as expected. With the exception of a nar-

row redshift window of z = 0.51 to 0.53 in which IRAS 17208-0014 appears as a

power-law galaxy, the same is true for this star-forming template, which meets

our criteria at z ∼> 2.8. Only five of the sources in our sample with redshift esti-

mates lie at z < 1; none of these lie between z = 0.51 and 0.53, and all are detected

in the X-ray. We therefore expect little contamination from low-redshift ULIRGS,

although the presence of such sources cannot be ruled out. As for contamina-

tion from high redshift star-forming galaxies, a ULIRG with an SED like that of

Arp 220 that lies at z = 2.8 must have a total infrared luminosity (TIR, 8-1000 µm)

of log LTIR(L⊙)> 13.3 to have a 24 µm flux density > 80 µJy (see Figure 16). The

fraction of ULIRGS dominated by AGN increases with infrared luminosity, with

50% of ULIRGs showing Seyfert-like properties at log LTIR(L⊙)> 12.3 (Veilleux et

al. 1999). It is therefore unlikely that HyperLIRGS with log LTIR(L⊙)> 13 have
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NIR luminosities dominated by star-formation. As such, we also expect little con-

tamination in the power-law sample from high-redshift star-forming galaxies, so

long as the power-law objects are also detected at 24 µm (as is the case both for

the sample of Alonso-Herrero et al. (2006) and for the majority of our sample).

As a final check, we plot in Figures 12 and 13 the seven power-law galaxies in

our sample that are not detected in the X-ray at the 2.5 σ level. With one or two

exceptions, they are well removed from the colors of Arp 220 and IRAS 17208-

0014 for any value of z < 2.8 (particularly in Figure 12). We therefore believe

they contain AGN that are heavily obscured in the X-ray. This test illustrates

the utility of the color-color plots in identifying regions of color space within the

color selection regions and near the power-law locus in which contamination by

star-forming galaxies is possible. The current templates suggest that pure color

selection is likely to select star-forming galaxies and ULIRGs at both low and high

redshifts. Several other lines of evidence also point towards a higher fraction of

star-forming galaxies in the color-selected samples. While ≥ 92% of the power-

law galaxies are detected at 24 µm, the 24 µm detection fractions of the Lacy et al.

and Stern et al. samples are lower: 72% and 83%, respectively. In addition, while

88% of the radio-detected power-law galaxies with redshift estimates have radio

luminosities of L(1.4GHz) > 24 W Hz−1, the value typical of AGN-powered radio

galaxies in GOODS-N (Morrison et al. 2006), only 49% and 54% of the Lacy et al.

and Stern et al. radio sources (with redshift estimates) have luminosities that

exceed this value. Finally, we plot in Figure 17 the position of the color-selected

sources on the X-ray to optical diagnostic diagram. While the current detections

and upper limits place only two power-law galaxies within the transition region

and none near the region populated by quiescent galaxies (see Figure 2), 15% and

10% of the Lacy et al. and Stern et al. sources fall in these regions, and more have
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Figure 3.16 Total infrared luminosity (8-1000 µm) required for Arp 220 to meet
the detection limits of our survey (see §3). The lines represent the luminosity
required for detection in the MIPS 24 µm (solid) and IRAC 3.6 µm (long-dashed),
4.5 µm (short-dashed), 5.8 µm (dotted), and 8.0 µm (dot-dashed) bands.
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Figure 3.17 Relationship between the observed R-band magnitude and hard (2–8
keV) X-ray fluxes for the Lacy et al. (2004) sources (left) and the Stern et al. (2005)
sources (right). Symbols, lines, and shading are as described in Figure 2.

upper limits that place them just outside.

3.6.2.3 SEDs of color-selected sources

How do the MIR SEDs of the Lacy et al. and Stern et al. selected sources com-

pare to those of the power-law galaxies? Of the Lacy et al. sources, 20% can be

fit by red, AGN-dominated power-laws (α < −0.5) and 30% can be fit by blue,

stellar-dominated power-laws (α > −0.5). A higher fraction of the Stern et al.

sources have good power-law fits: 37% are red power-laws and 34% are blue

power-laws5. The comparison sample (see Section 4) shows the behavior of ob-

jects selected without regard to the presence of an AGN; 6% and 39% of the full

comparison sample can be fit by red and blue power-laws, as can 16% and 35%

of the cataloged X-ray sources in the comparison sample.

5We note we have applied only a power-law fit probability to derive the above numbers, and
have excluded the other criteria discussed in §3 (i.e. no turnovers in flux density, no apparent
stellar bump). The number of galaxies identified with red power-laws using just these two criteria
is therefore 79, not 62.
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3.7 Obscuration

In the local universe, Seyfert 2’s are four times more numerous than Seyfert 1’s

(Maiolino & Rieke 1995) and at least half of all Seyfert 2’s are Compton-thick

(Maiolino et al. 1998; Risaliti et al. 1999). In the more distant universe, X-ray

background and luminosity function synthesis models predict global obscured

(log NH(cm−2)≥ 22) ratios of 3:1 to 4:1 (Comastri et al. 2001; Ueda et al. 2003;

Gilli 2004; Treister et al. 2005; Tozzi et al. 2006), significantly higher than the

observed type 2 to type 1 ratio of spectroscopically identified X-ray sources in the

deep fields, 2:1 (e.g., Barger et al. 2003; Szokoly et al. 2004; Treister et al. 2005),

but slightly lower than the 6:1 ratio observed for high-redshift X-ray–detected

SCUBA galaxies (Alexander et al. 2005).

In the following discussion, we estimate the X-ray column densities of the

power-law sample and compare the resulting obscured fraction to predictions

from the XRB. If we consider only those power-law galaxies detected in the X-

ray, we find an obscured ratio of 2:1. Including the power-law galaxies both

weakly- and non-detected in the X-ray results in an obscured ratio of ∼< 4 : 1.

We use a Monte Carlo code to measure the dispersion in this ratio, and investi-

gate the change in the obscured fraction with X-ray luminosity and redshift. By

comparing the space density of obscured AGN in the power-law sample to the

predictions of Treister et al. (2006), we estimate that at most 20-30% of obscured,

MIR-detected AGN have SEDs that meet our robust power-law criteria. We also

discuss the effect of large obscuring columns on the NIR/MIR continuum, and

show that while heavily obscured AGN can have NIR emission dominated by the

AGN, the power-law criteria may be biased against the most heavily obscured

(Compton-thick) AGN.
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3.7.1 Column Densities

We estimated the intrinsic column density, NH, of each X-ray–detected power-law

and color-selected galaxy by comparing the observed hard to soft-band X-ray flux

ratio to that expected for a typical AGN at a given redshift, after correcting the

flux ratios for a Galactic column density of NH = 1.6 × 1020 cm−2. When no

redshift was available, we estimated the column densities at redshifts of z = 0.5

and z = 3.0, the approximate limits of the power-law sample. We assumed an

intrinsic photon index of Γ = 1.81 (Tozzi et al. 2006), and did not include a

Compton reflection component, which tends to decrease the necessary column

by ∼ 20% (see Donley et al. 2005). The estimated column densities of the power-

law galaxies are given in Tables 2 and 3 and plotted in Figure 18.

3.7.1.1 Obscured fraction

A comparison between the X-ray-cataloged and weakly-detected power-law gal-

axies is complicated, because only one of the latter has both a hard and soft-band

detection. We can therefore place only upper limits on the columns of 6 of the

weakly-detected AGN, lower limits on two, and no limit on the remaining one.

However, all weakly-detected power-law galaxies for which we can estimate NH

are consistent with being obscured (NH > 1022 cm−2), but not Compton-thick

(NH > 1024 cm−2). Of the X-ray–detected power-law galaxies, ∼ 68% are ob-

scured, in agreement with obscured fractions found by Ueda et al. (2003) for

AGN at similar redshifts. If we consider only those power-law galaxies in the

X-ray catalog, we therefore derive an obscured to unobscured ratio of ∼ 2:1.

Several lines of evidence point towards high obscuration in the sources not

detected in X-rays. First, the power-law selection criteria (§5.1.2) and high 24

µm detection fraction (§5.2) appear to be indicative of a population of intrinsi-

cally X-ray luminous sources (see Fig. 10), sources that, if unobscured, should
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Figure 3.18 Distribution of X-ray column densities NH(cm−2) for the power-
law galaxies in the X-ray catalog (unshaded) and those only weakly-detected
(shaded). We place only upper or lower limits on the column densities of all but
one of the weakly-detected sources; the limits of sources with redshift estimates
are shown by small arrows. Sources with undetectably low column densities
were assigned columns of log NH(cm−2)= 19 for plotting.
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be detectable out to high redshift (see Fig. 9). Secondly, the median optical–MIR

SED of the sources not detected in X-rays falls below that of the weakly-detected

sources at optical wavelengths, which in turn falls below that of the strongly-

detected sources, suggesting a continuously increasing optical obscuration for a

given 1.25 µm flux density (see Fig. 11). Adding the 10 weakly-detected power-

law galaxies, all of which are likely to be obscured (see Table 2), we calculate an

obscured fraction of ∼ 75%. If we futher include the power-law galaxies not de-

tected in X-rays, assuming that all are obscured, the maximum obscured fraction

of power-law galaxies rises to 82% (4:1-5:1). (Considering only those power-law

galaxies with θ < 10′ gives an obscured fraction of 81%). This upper limit on

the obscured fraction is consistent with the fraction of NLAGN SEDs found by

Alonso-Herrero et al. (2006) for power-law sources in the CDF-S (∼ 75%).

To place a lower limit on the obscured fraction, we consider two additional

scenarios. If we assume that all of the X-ray non-detected power-law galaxies

are obscured, as before, but assume instead that the 6 weakly-detected power-

law galaxies with upper limits on their column densities are unobscured, the ob-

scured fraction drops to ∼ 71%. If we further consider only those power-law

galaxies with column density estimates (i.e. those sources strongly or weakly de-

tected in the X-ray) and assume again that all of the weakly-detected power-law

galaxies with upper limits on their column densities are unobscured, the mini-

mum obscured fraction drops to ∼ 60%. This lower limit, however, falls below

the obscured fraction of the X-ray–detected power-law galaxies (68%). As it is

unlikely that the power-law galaxies not detected in the X-ray are significantly

less obscured than those detected in the X-ray, the obscured fraction of the X-

ray–detected power-law galaxies can be taken as the lower limit on the obscured

fraction.
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Figure 3.19 Left: Upper limit on the fraction of obscured (log NH(cm−2)≥ 22)
power-law galaxies. All power-law galaxies not strongly or weakly detected in
X-rays were assumed to be obscured. Right: Upper limit on the obscured fraction
as a function of redshift and X-ray luminosity. Sources with absorption-corrected
log Lx (erg s−1)< 44 are shown by solid lines; dotted lines represent sources with
log Lx (erg s−1)> 44. Thin and thick lines represent sources with redshifts of z < 2
and z > 2, respectively. For viewing clarity, we do not plot the histograms, but
instead connect their points.

To investigate the dispersion in the observed ratio of obscured to unobscured

AGN, we ran a Monte Carlo simulation in which we varied both the assumed

intrinsic photon index, Γ, and the photometric redshifts, and then recalculated

the column densities of the power-law galaxies. The intrinsic photon index was

drawn from the distribution of Tozzi et al (2006), as measured for the brightest 30

sources in their sample: Γ = 1.81 ± 0.20. We allowed the photometric redshifts

of the power-law galaxies to vary about their mean by ∆(z) = 0.1(1 + z) (see

§4). For the simulation, we assigned the 6 cataloged and weakly-detected sources

with hard-to-soft flux ratios but no redshift estimate the median redshift of our

sample, z = 1.9. The results are shown in Figure 19. The maximum obscured

fraction varies from ∼ 75% to 85% (3:1-6:1), with a mean of 81% (4:1).
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3.7.1.2 Redshift and luminosity dependence of obscured fraction

We plot in the right panel of Figure 19 the obscured fraction as a function of red-

shift and observed X-ray luminosity. Solid and dotted lines represent power-law

galaxies with low (log Lx (erg s−1)< 44) and high (log Lx (erg s−1)> 44) absorption-

corrected X-ray luminosities, and thin and thick lines represent power-law galax-

ies with low (z < 2) and high (z > 2) redshifts, respectively. We include all

X-ray sources with redshifts for which column densities are available, and ex-

clude those sources with only upper limits on the X-ray luminosity. In addition

to having a relatively high obscured to unobscured ratio, power-law galaxies ap-

pear to be more heavily obscured at low X-ray luminosities and at high redshifts.

The upper limit on the obscured fraction varies from 0.5, for low-redshift, high-

luminosity power-law galaxies, to 1, for high-redshift, low-luminosity sources.

As we can plot only those power-law galaxies detected in the X-ray for which

redshift estimates are available (37/63), systematic effects are likely to be present

(e.g. Treister et al. 2005).

The trends we find are consistent with previous results. A number of authors

have predicted an increase in the obscured fraction of AGN with increasing red-

shift (e.g., Gilli et al. 2001, 2003; La Franca et al. 2005; Ballantyne et al. 2006;

Tozzi et al. 2006), although a constant obscured fraction also appears to be con-

sistent with the current data (Ueda et al. 2003; Gilli 2004; Treister et al. 2004;

Treister & Urry 2005). Akylas et al. (2006) suggest that the observed increase

in the obscured fraction with redshift may be due to statistical fluctuations in

the small number of counts in the low energy bands, which can cause the col-

umn densities of high redshift sources to be overestimated. Stronger evidence

exists for a decrease in the obscured fraction with increasing X-ray luminosity

(Ueda et al. 2003; Steffen et al. 2003; Hasinger 2004; Szokoly et al. 2004; Barger
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et al. 2005; Treister et al. 2005; Ballantyne et al. 2006), as expected from the

receding torus model (Lawrence 1991). For instance, Szoloky et al. (2004) find

X-ray Type 2 fractions of 75%, 44%, and 33% for AGN with X-ray luminosities of

log Lx (erg s−1)= 42 − 43, 43 − 44, and 44 − 45, respectively, and Ballantyne et al.

(2006) find that the model that simultaneously best describes local AGN data, the

CXRB spectrum, and X-ray number counts requires an obscured ratio of 4:1 for

low luminosity AGN and 1:1 to 2:1 for AGN with log Lx (erg s−1)> 44.

3.7.1.3 Obscured fraction of color-selected samples

If we assume that all of the color-selected sources are AGN, and that all X-ray–

non-detected sources are obscured, the Lacy et al. and Stern et al. selection cri-

teria give upper limits on the obscured fraction of 92% (12:1) and 88% (7:1). As

discussed in §6.2.2, however, it is likely that these samples contain star-forming

galaxies as well as AGN; these estimates of the obscured fractions are there-

fore almost certainly high. By comparing the numbers of IR color-selected and

optically-selected AGN, Stern et al. (2004) estimated an obscured AGN fraction

of 76%, similar to that found for the power-law galaxies, although Richards et

al. (2006) use a different infrared-to-optical flux ratio to revise this estimate to

≥ 41%. Lacy et al. (2004) similarly found an obscured ratio of 46% for the bright-

est members of their sample. It is important to note, however, that both the color-

and power-law criteria select luminous AGN whose NIR/MIR emission is dom-

inated by the central engine. Low-luminosity and heavily-obscured AGN whose

NIR/MIR emission is dominated by the host galaxy will tend to fall outside of

the color-selection and power-law regions, increasing the total obscured fraction

of AGN.
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3.7.2 Space Densities of Obscured AGN

If we assume that all of the power-law galaxies not detected in X-rays are ob-

scured, the power-law sample contains at most ∼51 obscured AGN and at least

∼11 unobscured AGN (assuming that CDFN 50281, with a column density of

NH ≤ 1022 cm−2 is unobscured). How do these numbers compare to the predicted

space densities of Type 1 and Type 2 AGN?

Treister et al. (2006, private comm.) predict 199 AGN in a 350 arcmin2 area (the

area of our survey) down to a 24 µm limiting flux density of 80 µJy, ∼ 105−110 of

which should be detected in the hard X-ray band and ∼ 174 of which are obscured

(Type II). For comparison, the X-ray catalog of Alexander et al. (2003) contains

147-149 hard X-ray sources that meet our exposure cut (and therefore lie in the

survey area) and which have S24 > 80 µJy and AGN-like X-ray luminosities of

log Lx(ergs s−1)> 42. At a flux density of 80 µJy, the predicted number counts (for

X-ray detected AGN) therefore lie within a factor of ∼ 1.4 of the observed values.

As discussed in §5.2, all but 5 of the power-law galaxies have 24 µm coun-

terparts and all but one of the MIPS-detected sources have a 24 µm flux density

> 80 µJy. Of the 5 sources without 24 µm counterparts, however, only one source

is a clear non-detection. The power-law sample therefore contains 56-60 galaxies

with 24 µm fluxes > 80 µJy. Based on the Treister et al. (2006) predictions, these

sources should account for ∼ 28 − 30% of the MIR-detected AGN (or ∼ 20− 22%

if we boost the Treister et al. counts by a factor of 1.4). Likewise, the 45-49 ob-

scured power-law galaxies with 24 µm fluxes > 80 µJy should account for at most

∼ 26 − 28% (∼ 18 − 20%) of the obscured, Type II, MIR-detected AGN.

Our results therefore suggest that at most ∼ 20 − 30% of the MIPS-detected

AGN and MIPS-detected obscured AGN have high S/N power-law IRAC con-

tinua; the remainder could have SEDs dominated by or strongly affected by the
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host galaxy, red power-law SEDs that fall below our IRAC detection limit, or have

been rejected due to noise that caused them to fail our relatively stringent signal-

to-noise criteria. It is not surprising that we find a fairly small portion of power-

law AGN, as our selection criteria require the AGN to be both of high luminosity

and energetically dominant over the other source components in the near- to mid-

IR. Franceschini et al. (2005) find that of a sample of Chandra-detected AGN in

the SWIRE survey, only 62% have optical-IR SEDs typical of Type 1 or Type 2

AGN, and 40-60% of X-ray–selected AGN are known to be optically-dull (Horn-

schemeier et al. 2001; Barger et al. 2001; Giacconi et al. 2001). The fraction of AGN

with optical–IR SEDs dominated by star-formation is likely to be even higher for

heavily obscured AGN samples, such as that identified here. Polletta et al. (2006)

select obscured AGN candidates on the basis of red non-stellar SEDs, similar to

the power-law criterion used here; only 40% of their obscured AGN candidates

show AGN signatures in the optical/NIR SEDs.

3.7.3 Effect of Reddening on Obscured AGN

Is it reasonable to assume that heavily obscured AGN at high redshift could have

NIR/MIR SEDs still dominated by the central engine? Observations of QSOs

indicate that AGN can be up to 2–3 magnitudes brighter than their host galax-

ies in the NIR (e.g. McLeod & Rieke 1994; Percival et al. 2001; Marble et al.

2003), although the contribution of the non-stellar continuum varies from source

to source and as a function of wavelength. The total H-band contribution of lu-

minous AGN, for example, ranges from ∼35 to 90% (McLeod & Rieke 1994), and

while the non-stellar continuum of NGC 1068 accounts for >80% of the flux at 2.3

µm in the inner 4.′′4, the contribution drops to 30% at 1.6 µm (Origlia et al. 1993).

In the Milky Way, a column density of log NH(cm−2)= 23 corresponds to an

AV of ∼ 50 mag (Bohlin, Savage, & Drake 1978). The AV to NH ratio of AGN,
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however, appears to be an order of magnitude lower than that of the Milky Way

(e.g. Maccacaro, Perola, & Elvis 1982; Reichert et al. 1985; Granato et al. 1997;

Maiolino et al. 2001a), due either to a higher gas-to-dust ratio, or to the forma-

tion of large grains in the dense AGN environment (Maiolino et al. 2001a, 2001b).

Following Martı́nez-Sansigre (2006), we therefore adopt an AGN NH to AV con-

version of 2.0×10−23, for which column densities of log NH(cm−2)= 22, 23, and 24

correspond to AV = 0.2, 2, and 20 mag, respectively.

Assuming the IR extinction law of Rieke & Lebofsky (1985), we estimate the

observed IRAC extinctions for an obscured AGN at z = 2, where IRAC samples

the 1 − 3 µm rest-frame emission. At a column density of log NH(cm−2)= 22,

the extinctions at the center of the IRAC channels are negligible (0.02-0.06 mag),

but they rise with column density to 0.2-0.6 mag for log NH(cm−2)= 23 and 1.8-

6.2 mag for log NH(cm−2)= 24. It is therefore reasonable to assume that luminous

obscured AGN could dominate the emission of their host galaxies at all but the

highest column densities.

If the interstellar extinction law is applicable to AGN, differential extinction

across the IRAC bands will redden the observed spectral slope, potentially in-

creasing the number of heavily obscured luminous AGN in the power-law sam-

ple. At z = 2, a column density of log NH(cm−2)= 22 has only a minor effect

on the measured slope: an observed spectral index of α = −0.5 corresponds

to an unreddened intrinsic slope of α = −0.45. At higher column densities of

log NH(cm−2)= 23 and log NH(cm−2)= 24, however, the best-fit intrinsic slopes at

z = 2 increase to α = 0.0 and α = 4.5. The unrealistic predicted intrinsic slope

of the high-redshift Compton-thick model suggests that highly obscured AGN

at high redshift are likely to have steep observed spectral slopes, if their IR and

X-ray emission are subject to the same obscuring material. For example, the spec-
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tral slope of CDFN 44836, α = −3.2, could be caused by the extinction of an α = 0

source by a column density of log NH(cm−2)= 23.8 at z = 2. At such high column

densities, however, the de-reddened source begins to steepen at the bluest bands,

no longer resembling a power-law source.

While the above results therefore suggest that power-law selection may be

biased against Compton-thick AGN, there exist a population of AGN whose X-

rays are more heavily obscured than their optical/NIR emission (e.g. Akiyama

et al. 2003; Brusa et al. 2003; Page et al. 2003; Wilkes et al. 2005). For in-

stance, 10% of the BLAGN sample of Perola et al. (2004) have X-ray columns

of log NH(cm−2)≥ 22. Shi et al. (2006) also find several Compton-thick AGN

that do not follow an observed correlation between X-ray column density and

the strength of the silicate emission or absorption feature. Instead, their silicate

absorption is weaker than expected, suggesting a Compton-thick absorber that

obscures the X-ray emission, but not the IR emission. These outliers could also

be explained, however, by a Compton-thick absorber that obscures the mid-IR so

strongly that the output in this range is dominated by star formation in the host

galaxies.

3.8 Conclusions

We define a sample of 62 power-law galaxies in the CDF-N. Sources were re-

quired to be detected to S/N > 6 in each of the IRAC bands, have IRAC slopes of

α < −0.5 (where fν ∝ να), and to lie in regions with both deep X-ray (> 0.5 Ms)

and radio coverage. We studied the multiwavelength properties of the power-

law galaxies and compared the power-law selection technique to other MIR-

based AGN selection criteria. We then measured the intrinsic obscuring column

densities of the power-law galaxies to estimate the obscured fraction of the sam-
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ple, which should be less affected by obscuration than optical and/or X-ray se-

lected samples. The main results of this paper are as follows:

• Power-law selection requires the AGN to be energetically-dominant in the

near/mid infrared. On average, AGN with X-ray luminosities of log Lx

(erg s−1)< 44 have SEDs dominated by or strongly affected by the stellar

continuum. Therefore, power-law galaxies tend to have high X-ray lumi-

nosities, and make up a significant fraction of the X-ray luminous AGN

population.

• Power-law galaxies lie at significantly higher redshifts than the typical IRAC

or X-ray–detected source, primarily due to their high luminosities. While

the power-law sample defined here accounts for only ∼ 20% of the X-ray

and MIR-detected AGN in the comparison sample, approximately 50% of

the high-redshift X-ray sample are power-law galaxies.

• 45% of the power-law galaxies are not detected in the X-ray catalog of Alex-

ander et al. (2003) at exposures of > 0.5 Ms. A search for faint emission

reveals that 15% remain undetected at the 2.5σ detection level. X-ray detec-

tion is not a strong function of redshift, X-ray exposure time (at > 1 Ms),

power-law slope, or power-law fit probability.

• Almost all (93-98%) of the IRAC-selected power-law galaxies are detected

at 24 µm. The 24 µm detection fraction of AGN in the comparison sample

increases with X-ray luminosity. Because we require all power-law galaxies

to be detected in each of the four IRAC bands, the 24 µm detection fraction

is almost certainly higher than would be expected for an unbiased sample

of AGN. Nevertheless, comparison with a sample suffering from the same
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bias (the comparison sample) shows that the high detection fraction is rep-

resentative of an intrinsically X-ray luminous AGN population.

• 30% of the power-law galaxies have radio counterparts from the Richards

et al. (2000) VLA survey of the CDF-N. Only two of the 18 radio-detected

sources (11%) have radio emission in excess of that predicted by the radio-

infrared correlation, suggesting an overall radio-loud fraction of only 3%. In

comparison, almost all of the radio-excess AGN of Donley et al. (2005) have

optical/MIR SEDs dominated by the stellar bump. Further exploration of

a possible systematic difference in the radio properties of the two samples

would be interesting. While there is very little overlap between the radio-

excess and power-law samples, both have similarly low X-ray detection

fractions, suggesting that this may be a common feature of AGN selected

independently of their X-ray and optical properties, regardless of redshift

or luminosity.

• The optical–MIR SEDs of the power-law galaxies are flatter than the median

radio-quiet SED of Elvis et al. (1994). Sources not detected in X-rays have

SEDs that drop off more rapidly in the optical than those of the power-law

galaxies detected in X-rays, as discussed in Alonso-Herrero et al. (2006),

presumably due to increasing optical obscuration. Weakly-detected power-

law galaxies have intermediate optical SEDs.

• At least half of the power-law galaxies detected in the X-ray catalog have

compact optical counterparts, suggesting that the optical light is dominated

by the AGN, as expected. Only 2 non– or weakly-detected sources have

compact optical counterparts. 15% of the power-law galaxies in the GOODS

field do not have optical counterparts brighter than the GOODS limiting
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magnitudes.

• Power-law galaxies comprise a subset of the MIR sources selected via color

criteria (e.g. Lacy et al. 2004; Stern et al. 2005). While color-selected

AGN samples include a higher fraction of high-luminosity AGN than does

the power-law selected sample, the color criteria select larger fractions of

sources not detected in X-rays, due at least in part to a higher degree of

contamination by star-forming galaxies. Combining color-selection with

additional tests designed to rule out emission from star-forming galaxies

is likely to produce more reliable samples of AGN.

• 68% (2:1) of the X-ray–detected power-law galaxies are obscured

(log NH(cm−2)> 22), and all of the weakly-detected power-law galaxies are

consistent with being obscured, but not Compton-thick (log NH(cm−2)> 24).

If we assume that all of the X-ray non-detected power-law galaxies are ob-

scured, we derive a maximum obscured fraction of 81% (4:1). Power-law

galaxies also appear to be more heavily obscured at low X-ray luminosities

and at high redshift.

• Power-law galaxies detected to high S/N in the IRAC bands account for

∼ 20− 30% of both the MIR-detected AGN and the MIR-detected obscured

AGN predicted by the X-ray luminosity function synthesis models of Treis-

ter et al. (2006) down to 24 µm flux densities of 80 µJy. This percentage

is best interpreted as a lower limit since our conservative selection criteria

may exclude some power-law objects.

• At all but the highest column densities, NIR/MIR extinction should have

only a minor effect on the power-law emission of luminous AGN. IRAC

power-law selection, however, is likely to be biased against high-redshift
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Compton-thick AGN if the covering fractions of the X-ray and NIR-emitting

regions are the same.
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CHAPTER 4

Spitzer’s CONTRIBUTION TO THE AGN POPULATION

Infrared selection is a potentially powerful way to identify heavily obscured AGN

missed in even the deepest X-ray surveys. Using a 24 µm-selected sample in

GOODS-S, we test the reliability and completeness of three infrared AGN selec-

tion methods: (1) IRAC color-color selection, (2) IRAC power-law selection, and

(3) IR-excess selection; we also evaluate a number of infrared excess approaches.

We find that the vast majority of non-power-law IRAC color-selected AGN can-

didates in GOODS-S have colors consistent with those of star-forming galaxies.

Contamination by star-forming galaxies is most prevalent at low 24 µm flux den-

sities (∼ 100 µJy) and high redshifts (z ∼ 2), but the fraction of potential con-

taminants is still high (∼ 50%) at 500 µJy, the highest flux density probed reli-

ably by our survey. AGN candidates selected via a simple, physically-motivated

power-law criterion (PLGs), however, appear to be reliable. We confirm that

the infrared excess methods successfully identify a number of AGN, but we also

find that such samples may be significantly contaminated by star-forming galax-

ies. Adding only the secure Spitzer-selected PLG, color-selected, IR-excess, and

radio/IR-selected AGN candidates to the deepest X-ray–selected AGN samples

directly increases the number of known X-ray AGN (84) by 54−77%, and implies

an increase to the number of 24 µm-detected AGN of 71 − 94%. Finally, we show

that the fraction of MIR sources dominated by an AGN decreases with decreas-

ing MIR flux density, but only down to f24 µm = 300 µJy. Below this limit, the

AGN fraction levels out, indicating that a non-negligible fraction (∼ 10%) of faint

24 µm sources (the majority of which are missed in the X-ray) are powered not

by star formation, but by the central engine. The fraction of all AGN (regardless
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of their MIR properties) exceeds 15% at all 24 µm flux densities.

4.1 Introduction

Identifying complete and reliable samples of AGN has become a necessity for ex-

tragalactic surveys, whether the goal be the selection of AGN candidates or the

removal of AGN “contaminants”. Only when armed with complete samples of

AGN will we be able to determine the role of obscured accretion in the build-

up of the present day black hole mass function, or accurately characterize the

star-formation history of the universe. Complete AGN samples are also required

to test proposed evolutionary theories in which black hole formation and star-

formation are intimately linked by merger and feedback processes (e.g. Hopkins

et al. 2006), ultimately producing the correlation between black hole mass and

bulge velocity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000). Unfor-

tunately, the varied luminosities, accretion rates, orientations, and intrinsic ob-

scurations of AGN prevent any one selection technique from reliably identifying

all of them. For instance, while current UV, optical, and X-ray surveys are capable

of detecting unobscured AGN, they miss many of the obscured AGN and nearly

all of the Compton-thick AGN thought to dominate AGN number counts at both

low and high redshift (e.g. Gilli et al. 2007; Daddi et al. 2007a,b). Likewise, only

10-15% of AGN are radio-loud, making radio surveys relatively incomplete.

The Multiband Imaging Photometer (MIPS; Rieke et al. 2004) and Infrared

Array Camera (IRAC; Fazio et al. 2004) instruments aboard Spitzer have provided

sensitive surveys in multiple mid-IR bands. Infrared selection with MIPS and

IRAC data is being used widely to select AGN candidates independently of their

optical and/or X-ray properties. In addition to identifying AGN in fields with

little or no X-ray data, infrared selection criteria are capable of identifying heavily
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obscured AGN missed in even the deepest X-ray fields (e.g. Donley et al. 2007).

As such, IR selection has the potential to complement traditional AGN selection

methods and to yield a more complete census of AGN activity.

In this paper, we critically review the following infrared selection criteria: (1)

IRAC color-color selection, (2) IRAC power-law selection, and (3) IR-excess se-

lection. The first selection method employs color cuts in two representations of

IRAC 4-band mid-infrared (MIR) color-color space (Lacy et al. 2004; Stern et

al. 2005), the second identifies AGN whose IRAC SEDs are well-fit by a power-

law (Alonso-Herrero et al. 2006, Donley et al. 2007), and the third selects red

galaxies with large infrared to UV/optical flux ratios (Daddi et al. 2007a, Dey et

al. 2008, Fiore et al. 2008, Polletta et al. 2008). The first two criteria are based

on the same principle: the hot dust near an AGN’s central engine reprocesses

absorbed UV, optical, and X-ray emission into short-wavelength MIR emission,

filling in the gap between the stellar emission that peaks near 1.5 µm and the

long-wavelength dust emission features that dominate the SEDs of star-forming

galaxies. The color-color and power-law selection criteria, however, differ in the

range of mid-IR characteristics they include as possible AGN indicators. The

third selection method identifies sources in which heavy obscuration with ree-

mission in the infrared diminishes the optical emission and/or enhances the in-

frared emission.

This paper utilizes improved spectral templates with a sample of infrared

color-selected, power-law galaxies (PLGs), and IR-excess galaxies in the ultra-

deep GOODS-S field to test the reliability and completeness of these selection

techniques over a wide range of sample properties. From this analysis, we then

quantify the contribution of these approaches plus Spitzer identification of radio-

intermediate and radio-loud AGN to the X-ray–selected AGN population. The
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paper is organized as follows. In §2, we describe the selection of the color-selected,

PLG, and IR-excess samples. The construction of high-reliability photometric

redshifts is described in §3, as are the overall redshift properties of the sam-

ple. In §4, we briefly discuss the X-ray properties of our MIPS-selected sam-

ple. The infrared color selection criteria of Lacy et al. (2004) and Stern et al.

(2005) are discussed in §5, where we compare and contrast the two selection cri-

teria, investigate the behavior in color space of the star-forming templates, de-

termine the redshift and flux dependencies of the color selection techniques, and

investigate the properties of the most secure color-selected AGN candidates. In

§6, we discuss the PLG selection criteria, and in §7 we investigate the IR-excess

sources. Finally, in §8, we discuss the overall statistics of AGN revealed by IR-

based methods compared with X-ray–selected samples. A summary is given in

§9. Throughout the paper, we assume the following cosmology: (Ωm,ΩΛ, H0)=(0.3,

0.7, 72 km s−1 Mpc−1).

4.2 Sample Selection

4.2.1 Multi-wavelength Data

We take as our initial GOODS-S sample all MIPS sources detected at 24 µm to

a flux density of f24 µm > 80.0 µJy. At this flux limit, 99% of the MIPS sample

are detected to > 10σ. There are several advantages to choosing a flux-limited

MIPS sample. First, AGN (and LIRGS/ULIRGS) tend to be bright at 24 µm (e.g.

Rigby et al. 2004). Selecting only those galaxies with f24 µm > 80.0 µJy therefore

retains all but the faintest AGN while excluding 50-60% of IRAC-selected IR-

normal star-forming galaxies at all flux densities. Second, a MIPS flux-limited

sample is not subject to the complicated slope-dependent selection bias present

in IRAC selected samples due to the significant variation in the sensitivity of the
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4 IRAC bands (see Donley et al. 2007). Third, this selection gives a complete and

well-defined sample of objects with extreme red R − [24] colors.

The MIPS 24 µm catalog of the GOODS Legacy team (Dickinson et al., in prep.)

is comprised of 948 sources in the MIPS CDF-S Legacy field with fν > 80.0 µJy.

While this MIPS depth can be obtained over the full CDF-S, we chose to limit this

study to the GOODS region to take advantage of the super-deep IRAC imaging.

The relative depths of the limiting MIPS flux and the super-deep IRAC photome-

try ensure that essentially all MIPS sources have high S/N IRAC SEDs, allowing

us to study in an unbiased way the IRAC properties of this flux-limited MIPS

sample. To ensure that all AGN candidates have sufficient X-ray coverage, we

also required X-ray coverage of TX > 250 ks from the deep 1 Ms CDF-S X-ray

dataset (see Giacconi et al. (2002) and Alexander et al. (2003)). Despite this rel-

atively low cut, 96% of the final MIPS sample have TX > 0.5 Ms and 80% have

TX > 0.75 Ms. The resulting sample was drawn from an area of 195.3 sq. arcmin

and contains 846 MIPS sources.

The CDF-S is one of the best-imaged fields in the UV, optical, NIR, and X-

ray. We took advantage of this extensive multiwavelength dataset by creating an

aperture-matched catalog using the UV-NIR photometry of Marzke et al. (1999,

RIz), Vandame et al. (2001, JK), Arnouts et al. (2002, UUpBV RI), COMBO17

(Wolf et al. 2004), Giavalisco et al. (2004, bvizJHK), Le Fèvre et al. (2004, I), and

GALEX (FUV, NUV ) (see Pérez-González et al. 2005 and the UCM Extragalactic

Database1 for more details). We then removed from our sample the 89 MIPS

sources that had multiple optical counterparts that were (1) within a 2.5′′ search

radius of the MIPS source and (2) separated by more than 0.5′′. (At r < 0.5′′, it is

difficult to distinguish between multiple counterparts and an extended/irregular

1http://t-rex.fis.ucm.es/ pgperez/Proyectos/databaseuse.en.html
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source with multiple components.) While we do not restrict our sample to regions

covered by GOODS ACS imaging, 83% of the MIPS sources in our sample have

deep ACS coverage.

SExtractor-selected IRAC sources were similarly matched to the MIPS sample

after combining the super-deep IRAC data with data from the deep, wide-area,

Spitzer Legacy Program (PI: van Dokkum) and the MIPS-GTO IRAC program (see

Pérez-González et al. 2008 for further details). To ensure accurate MIR SEDs, we

removed from the IR PLG and color-selected samples 32 sources with blended

IRAC or MIPS photometry. Of the remaining 725 MIPS sources that meet our

criteria, 713 (98%) have unique IRAC counterparts within a 2′′ search radius, and

699 (96%) have > 5σ IRAC detections in all 4 IRAC bands, allowing us to deter-

mine accurately the MIR colors of essentially all members of the MIPS-selected

sample. Of the 12 sources without IRAC counterparts, 6 were not detected due to

blending with a nearby source, 4 had badly centered MIPS positions, and 2 had

faint IRAC counterparts that fall below our catalog limit.

4.2.2 Power-law, color-selected, and IR-normal samples

After assigning IRAC counterparts, we separated the MIPS sample into three sub-

sets: IR PLGs, IR color-selected galaxies, and IR-normal galaxies. We defined

as PLGs sources whose 4-band IRAC photometry is well-fit by a line of slope

α ≤ −0.5, where fν ∝ να (Alonso-Herrero et al. 2006; Donley et al. 2007). The

effect of different cuts in α will be discussed in §6. To ensure a good fit, we re-

quired the chi-squared probability Pχ (the probability that the fit would yield a

chi-squared greater than or equal to the observed chi-squared) to exceed 0.1. Pχ

tends either to lie close to 0.5 (the probability that corresponds to a reduced chi-

squared of 1) or is very small (see Bevington & Robinson 2003). This selection,

which identified 55 PLGs, was done using the LINFIT task in IDL. This task takes
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the following 4-band input from IRAC:

x = log(ν) (4.1)

y = log(fν) (4.2)

∆y = [1/ln(10)] ∗ ∆fν/fν (4.3)

and returns the best fit slope, α, and the chi-squared probability, Pχ. While

sources selected via this method are dominated by the AGN in the mid-IR, we

do not require that the power-law extend into the optical. Consequently, many

infrared-selected PLGs are dominated by stellar emission at wavelengths short of

∼ 2 µm, where the reprocessed emission from hot dust is suppressed because of

dust sublimation.

Color-selected galaxies were defined as sources that meet the AGN IRAC

color-cuts of Lacy et al. (2004) or Stern et al. (2005), but that do not meet the

PLG criterion. As discussed in Alonso-Herrero et al. (2006) and Donley et al.

(2007), both the PLG and IRAC color cuts attempt to select luminous AGN that

outshine their host galaxies in the infrared, filling in the dip in a galaxy’s SED

between the short-wavelength stellar emission feature and the long-wavelength

dust emission features. As such, the IRAC AGN color selection regions contain,

but also extend beyond, the power-law locus in color space. While nearly all

PLGs meet the IRAC AGN color selection criteria, not all color-selected galax-

ies meet the PLG criteria. We therefore separate color-selected sources that can

be identified via a power-law fit (PLGs) from those that can not (color-selected

galaxies). The color-selected sample consists of 210 sources, 188 of which meet

the Lacy et al. criteria, 72 of which meet the Stern et al. criteria, and 50 of which

meet both criteria.
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Finally, we define IR-normal galaxies as sources that meet neither the IRAC

PLG nor the color selection criteria; these sources comprise the remaining 448

galaxies in the MIPS sample. As they are not the focus of this study, we have not

checked their IRAC and MIPS photometry by eye. Instead, we estimate that the

fraction of IR-normal galaxies with blended IRAC or MIPS photometry is similar

to that found for the PLG and color-selected samples, 11%, or ∼ 50 galaxies. We

caution that IR-normal does not mean purely star-forming. Instead, ’IR-normal’

only indicates that any mid-IR emission from an AGN is overwhelmed by emis-

sion from the host-galaxy. In fact, many Type 2 and Seyfert-luminosity AGN

meet the IR-normal criteria (Stern et al. 2005, Donley et al. 2007, Cardamone et

al. 2008).

4.2.3 IR-Excess Galaxies

In addition to dividing the MIPS-selected sample into the 3 sub-samples dis-

cussed above, we identified IR-excess galaxies using the criteria of Daddi et al.

(2007a), Dey et al. (2008), Fiore et al. (2008), and Polletta et al. (2008). (We also

searched for bright ULIRGS that met the IR-excess criteria of Yan et al. (2007), but

found none in our faint sample.) Daddi et al. (2007a) selected galaxies in GOODS

(with a 3σ 24 µm flux limit of 15-30 µJy) whose total MIR+UV star-formation rate

(SFR) exceeds the dust-corrected UV SFR by a factor of > 3, and estimate that

at least ∼ 50% of their sample are Compton-thick AGN. Dey et al. (2008) select

sources with R − [24] ≥ 14 (f24 µm/fR ∼> 1000) and f24 µm > 300 µJy, criteria

which yield a sample of both heavily obscured AGN and star-forming galaxies.

Fiore et al. similarly require that f24 µm/fR ≥ 1000, but also include an opti-

cal/NIR criterion of R − K > 4.5 and extend their selection to fainter 24 µm

fluxes of f24 µm ≥ 40 µJy. They estimate from simulations that 80% of the sources

selected via these criteria are obscured AGN. Polletta et al. (2008) focus only on
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the most luminous AGN (f24 µm ∼> 1 mJy) with large infrared to optical flux

ratios, whose IRAC and MIPS colors can be described by the following criteria:

f5.8/f3.6 > 2, f8.0/f4.5 > 2, and log [f8.0/f3.6] + log[f24/f3.6] > 2.

Because IR-excess sources tend to be optically-faint, we use the approach of

Fiore et al. (2008, private communication) and estimate the R-band magnitudes

by interpolating the ACS v- and i-band data from the MUSIC catalog (Grazian

et al. 2006). Despite the inherent uncertainties associated with this relatively

simple method, the interpolated R-band magnitudes are in excellent agreement

with ground-based R-band measurements for bright sources, and they greatly

improve upon the uncertain R-band estimations at faint flux densities. Because

the MUSIC catalog is based on identifications at z and K (the latter of which is

universally bright for the IR-excess sources), the use of the MUSIC catalog for

these sources also ensures that the correct optical counterpart is chosen, as veri-

fied by a visual inspection of the sources selected via the Fiore et al. criteria. The

only disadvantage of this method is that, of the 195.3 sq. arcmin of our survey,

only 132.7 sq. arcmin (68%) are covered by the deep ISAAC K-band data, which

was also used in the selection of the Daddi et al. sources. Our identification of

the Dey et al., Daddi et al., and Fiore et al. IR-excess samples is therefore limited

to this region.

Of the 465/713 sources in our MIPS-selected sample that lie in the ISAAC

field, 10 meet the Dey et al. criteria, 52 meet the Fiore et al. criteria, and 42 lie

in the Daddi et al. IR-excess sample (the list of which was kindly provided by

D. Alexander, private communication 2008). In addition, 71 MIPS sources have

red IR/optical colors of f24 µm/fR ≥ 1000; we will refer to this sample as ’IR-

bright/optically-faint’. Of the full sample of 713 sources, 5 meet the Polletta et

al. criteria. The properties of these IR-excess galaxies, nearly all of which also
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meet the power-law or color-selection criteria outlined above, will be discussed

in more detail in §7.

4.3 Redshifts

While the redshift coverage in the CDF-S is amongst the highest in all cosmo-

logical fields, only 34% of the sources in our faint sample have spectroscopic

redshifts. As one of our main goals is to investigate the redshift-dependency

of infrared color selection, we require both accurate and complete redshift in-

formation. However, the mean magnitude of the sources without spectroscopic

redshifts, V ∼ 24.1, is very faint, making further spectroscopic follow-up chal-

lenging. We therefore supplement the spectroscopic redshifts with photometric

ones. The sources that are the focus of this study generally have SEDs with weak

stellar features and require extra care to fit accurate photometric redshifts. To

insure this accuracy, we have used two complementary photo-z approaches and

have incorporated two stages of independent visual inspection by two reviewers,

as described in Appendix B. The final results, shown in Figure 1, support the high

accuracy and completeness of the adopted redshifts for this faint sample.

Of the 713 MIPS-selected sources in our sample, 249 have secure spectroscopic

redshifts from the VVDS (Le Fèvre et al. 2004),VLT/FORS2 (Vanzella et al. 2006),

K20 (Mignoli et al. 2005), and Szokoly et al. (2004) redshift surveys. For our pho-

tometric redshifts, the mean offset is ∆(z) = 0.012, where ∆(z) = (zp−zs)/(1+zs),

and the dispersion is σz = 0.15, where σ2
z = (1/N)

∑
∆(z)2. Eighty-nine percent of

the sample have ∆(z)<0.1, and 95% have ∆(z)<0.2. As shown in Table 1, while

the redshift completeness and accuracy are high for the IR-normal and color-

selected samples, they drop significantly for the PLG sample. A comparison of

their spectroscopic and photometric redshifts illustrates some of the issues. Three
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Figure 4.1 Photometric vs. secure spectroscopic redshifts for PLGs (navy stars),
color-selected galaxies (red triangles), and IR-normal galaxies (green crosses).
Values are plotted in log(1 + z). Dot-dashed and dotted lines give 10% and
20% errors on ∆z, respectively. 89% of the sample have ∆(z)<0.1, and 95% have
∆(z)<0.2.
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Table 4.1. Photometric Redshifts

Sample Nsrcs Nz Nspec ∆z σz % with % with

∆z > 0.10 ∆z > 0.20

All 713 649 249 0.012 0.15 11.3% 4.6%

IR-Normal 448 424 187 0.012 0.12 7.2% 2.8%

Color-Selected 210 196 51 0.015 0.10 20.4% 4.1%

Power-law 55 29 11 -0.013 0.48 40.0% 40.0%

of the four PLG outliers are best fit by a Type 1 QSO template, whose redshift is

particularly difficult to constrain. However, of the 18 PLGs for which only photo-

metric redshifts are available, only 2 (11%) are fit by a Type 1 QSO template. The

remainder show optical features/breaks that make their redshift determination

more secure. As such, we expect the overall accuracy of the PLG redshifts to be

higher than one would assume given the limited comparison with spectroscopic

redshifts.

With the addition of 400 photometric redshifts, computed as described above,

our redshift completeness is 91%. The redshift distribution is shown in Figure 2.

Also plotted in Figure 2 is a redshift histogram that incorporates typical errors

in the photometric redshifts. To produce this distribution, we simulated 10,000

redshift distributions in which the photometric redshifts were randomly varied

according to the appropriate σ given in Table 1. We plot in Figure 2 the mean

of the resulting distributions. Both redshift distributions show a strong peak at

z = 1, and while the first shows a potential peak at z ∼ 2, we cannot confirm its

presence due to the errors on the photometric redshifts.

We separate the sample in Figure 2 into the PLG, color-selected (Lacy et al.
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Figure 4.2 Redshift distribution of the MIPS-selected sample. The plot on the
left gives the observed distribution, while the plot on the right incorporates the
typical errors on the photometric redshifts. From lightest to darkest shading, the
histograms represent all MIPS sources in our sample, IR-normal galaxies, color-
selected sources that meet the Lacy et al. (2004) criteria, color-selected sources
that meet the Stern et al. (2005) criteria, and PLGs.

and Stern et al.), and IR-normal subsamples. As expected, the number of IR-

normal galaxies peaks at z = 0.7 (a well-known redshift peak in the CDF-S) and

at z = 1.1 (another known redshift peak). We also detect a peak at z = 0.3 similar

to that found by Desai et al. (2008), whose strength increases if we apply their cut

of f24 µm ≥ 300 µJy. In the CDF-S, however, this peak is dwarfed by the stronger

peak at z = 0.7, even at large flux densities. The redshift distribution of the

IR-normal galaxies decreases rapidly at redshifts of z > 1.2, where only highly

luminous star-forming galaxies are detectable. In contrast, the PLGs with redshift

estimates have a relatively flat distribution in redshift space, as was found for the

PLGs in the CDF-N (Donley et al. 2007).

The redshift distributions of the (non-power-law) Lacy et al. and Stern et al.

selected samples differ significantly, both from the IR-normal and PLG samples,

as well as from one another. The Stern-selected galaxies peak at z ∼ 1.25 whereas
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the Lacy-selected galaxies show significant peaks at z ∼ 0.5 and z ∼ 2, with very

few galaxies falling in the z < 1 regime originally probed by these selection meth-

ods (see §5). In addition, at z ≥ 1.75, nearly all (94%) MIPS-selected sources meet

the Lacy AGN selection criteria, regardless of their nature. A large concentration

of galaxies at z ∼ 2 was previously observed in this field by Caputi et al. (2006),

and in a brighter sample of MIPS sources by Desai et al. (2008), and is most prob-

ably due to the 7.7 µm aromatic feature passing through the 24 µm band. This

behavior suggests that the mid-IR continua of the Lacy color-selected galaxies

contain substantial contributions from star-formation (e.g. Genzel et al. 1998).

Finally, the mean redshifts of the IR-excess samples are as follows: z = 1.92 ±

0.36 for the Daddi et al. sources, z = 2.19 ± 0.61 for the dust obscured galaxies

(DOGs, Dey et al. 2008), z = 2.09 ± 0.48 for the Fiore-selected sources, z = 2.11

for the one Polletta source with a known redshift, and z = 2.05 ± 0.49 for the

IR-bright/optically-faint sources. As discussed above, this concentration about a

redshift of 2 (when not a design of the selection as in Daddi et al. (2007)) is likely

to be due at least in part to the passage of the 7.7 µm aromatic feature through

the MIPS 24 µm band, suggesting a significant contribution from star-formation.

4.4 X-ray Properties

Of the 713 MIPS sources, 109 (15%) have X-ray counterparts in the Alexander et

al. (2003) or Giacconi et al. (2002) catalogs. Of these, 25 are PLGs, 35 are color-

selected galaxies (33 from the Lacy criteria, and 12 from the Stern criteria), and 49

are IR-normal. While the IR-normal galaxies therefore dominate the X-ray counts,

the fraction of such sources is low: only 11% of the IR-normal galaxies have X-ray

counterparts, as compared to 17% of the color-selected galaxies and 45% of the

PLGs.
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We test for faint (≥ 2σ) X-ray emission from the MIPS sources using the pro-

cedure outlined in Donley et al. (2005). The resulting detection fractions for

the PLG, color-selected, IR-normal, and IR-excess samples are given in Table 2.

With the inclusion of the weakly-detected X-ray sources, the detection fractions

of the IR-normal, color-selected, and PLG samples increase to 40%, 42%, and 64%,

respectively. As indicated in Table 2, however, while all strongly and weakly-

detected PLGs have AGN X-ray luminosities of log Lx(ergs s−1)≥ 42, the same is

true for only 74% of the color-selected galaxies, and 34% of the IR-normal galax-

ies. Given the infrared luminosities implied by our 24 µm selection criterion, the

portion of the sample with log Lx(ergs s−1)< 42 will be heavily contaminated

with star-forming galaxies (Ranalli et al. 2003).

While the X-ray detection fraction of PLGs is relatively low (though signif-

icantly higher than that of the color-selected galaxies), it is comparable to that

of previously-selected samples (Alonso-Herrero et al. 2006, Donley et al. 2007).

Of the PLGs in the 2 Ms CDF-N, 55% had high-significance X-ray counterparts.

However, only 15% remained undetected down to the 2.5σ detection level, sug-

gesting that many PLGs are likely to be heavily obscured X-ray sources whose

fluxes fall below the current detection limits (Donley et al. 2007). In the CDF-S,

only 45% of the PLGs have cataloged X-ray counterparts and 36% remain unde-

tected down to 2σ. This slightly lower detection fraction is due at least in part to

the lower X-ray exposure of the 1 Ms CDF-S, and will be discussed further in §6.

The X-ray detection fraction of the luminous IR-excess sources selected via

the Polletta et al. (2008) sample is high (80%). However, the same can not be said

for the remaining IR-excess samples: only 30% of the DOGs, 19% of the Fiore et

al. sources, and 15% of the sources with high 24 µm to optical flux ratios have

cataloged X-ray counterparts. By definition, none of the Daddi et al. sources
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Table 4.2. X-ray Detection Statistics

MIPSa MIPS/ISAAC Daddi et al. Dey et al. Fiore et al. Polletta et f24 µm/fR All

Sample Sample (2007) (2008) (2008) al. (2008) > 1000 IR-Excess

Total 713 465 42 10 52 5 71 101

X-rays 109 76 3 3 10 4 11 15

Power 25 (100%) 14 0 3 4 4 4 7

Color 35 (79%) 28 3 0 5 0 6 7

Normal 49 (65%) 34 0 0 1 0 1 1

Weak X-rays 157 125 13 2 10 1 16 26

Power 7 (100%) 5 1 1 3 1 4 4

Color 44 (70%) 35 11 1 7 0 11 20

Normal 106 (19%) 85 1 0 0 0 1 2

No X-rays 361 226 21 3 26 0 38 51

Power 18 12 3 0 7 0 9 11

Color 109 72 15 3 19 0 28 36

Normal 234 142 3 0 0 0 1 4

aThe fraction of X-ray sources with AGN X-ray luminosities of log Lx(ergs s−1)> 42 is given in parentheses.

Note. — The sum of the weakly and non-detected sources does not equal the full number of X-ray non-cataloged sources.

The difference represents the number of sources that lie too close to a known X-ray counterpart to test for faint X-ray emission.
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have cataloged hard X-ray counterparts, although 3 have soft-band counterparts.

When the weakly-detected X-ray counterparts are included, these numbers rise to

100% for the Polletta sources, 63% for the DOGs, 44% for the Daddi et al. sources,

43% for the Fiore et al. sources, and 42% for the IR-bright/optically-faint sources.

4.5 IRAC color-color selection

There are several reasons why a re-examination of the color-color selection cri-

teria is needed before applying these techniques to our sample. First, thanks to

the availability of high quality NIR and Spitzer MIR spectra and photometry, we

can now construct more accurate MIR templates for both AGN and star-forming

galaxies than were available when the Lacy et al. and Stern et al. AGN selection

criteria were initially defined. Second, the AGN selection criteria of Lacy and

Stern were initially designed for use with shallow surveys, and have not yet been

properly tested over a range of both redshift and flux density (but see Cardamone

et al. 2008). Third, photometric redshift techniques for Spitzer-detected galaxies

have advanced sufficiently to allow nearly complete redshift estimation.

The positions of the MIPS-selected sample in IRAC color space are shown

in Figure 3, where stars represent the PLGs and circles represent the remaining

MIPS sources. As expected, all PLGs meet the Lacy criteria and all but 3 meet the

Stern criteria. The relatively large scatter of the PLGs on the Stern plot probably

arises in part from the use of adjacent color bands, whereas the power-law fitting

tends to smooth over noise.

4.5.1 Comparison of the IRAC color-color selection criteria

To illuminate the strengths and weaknesses of the two color-color selection crite-

ria in Figure 3, we separate the sources that meet both the Lacy et al. (2004) and

Stern et al. (2005) AGN selection criteria from those that meet only one of the
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Figure 4.3 Position in Lacy et al. (2004; left) and Stern et al. (2005; right) color-
space of the MIPS-selected sample, where PLGs are given as stars. Blue filled
circles represent color-selected galaxies that meet both the Lacy et al. and Stern
et al. criteria. Green triangles and red squares represent sources that meet only
the Lacy et al. or Stern et al. criteria, respectively. The small open circles are IR-
normal galaxies. The shaded regions represent the AGN selection regions, and
the diagonal lines within are the loci of perfect power laws with α = −0.5 to −3.0.
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two criteria. The color-selected sources that meet both criteria primarily define

an extension of the power-law locus to a blue slope of α = +0.5 (recall that our

definition of PLGs includes only those sources with red slopes of α < −0.5). We

will discuss in detail the effects of different power-law slope criteria in §6.

The Lacy-only sources occupy two regions in color-space. The first, located

in the lower portion of the Lacy diagram, corresponds to the concentration in

the upper-left corner of the Stern et al. selection region. These sources were

intentionally excluded from the Stern selection region to minimize contamina-

tion from high-redshift (z ∼ 2) star-forming galaxies. The second concentration

of Lacy-only galaxies is scattered throughout the star-forming locus of the Stern

diagram. Are these normal, low-z star-forming galaxies, or obscured AGN not

selected by the Stern criteria?

The Stern-only sources fall almost exclusively in the lower left portion of the

Stern wedge, and occupy the region dominated by low-redshift IR-normal galax-

ies in the Lacy et al. color diagram, suggesting that, like the Lacy criteria, the

Stern et al. criteria are likely to suffer from low-redshift star-forming galaxy con-

tamination. Because of the exclusion of z ∼ 2 star-forming galaxies, however,

the Stern et al. criteria should perform better at high z. To test this hypothesis,

we next consider the evolution in IRAC color-space of a number of high-quality

star-forming and AGN templates.

4.5.2 Star-forming Templates

As discussed above, the availability of high-quality near- and mid-infrared data

has allowed the construction of high-quality star-forming SEDs, particularly for

luminous and ultra-luminous infrared galaxies (LIRGS and ULIRGS). In Figure 4,

we plot the redshift evolution of these templates in IRAC color-color space over

z = 0 − 4, where purple and blue tracks represent the purely star-forming ULIRG
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Figure 4.4 Tracks in color-space of the purely star-forming SEDs of ULIRGS (pur-
ple, triangles), LIRGS (blue, squares), spirals and starbursts (green, stars), and
elliptical galaxies (red, circles), from redshifts of z = 0 (large symbols) to z = 4.
Small symbols mark redshift intervals of 1. The power-law locus with α = −0.5
to −3.0 is shown as a line inside the shaded AGN selection regions. The star-
forming SEDs enter the AGN selection regions at both low and high redshift.

and LIRG templates of Rieke et al. (2008, see Table A1), green tracks represent the

spiral and starburst templates of Polletta et al. (2007) and Dale & Helou (2002),

and red tracks represent the elliptical templates of Silva et al. (1998). Large circles

mark the tracks at z = 0, and small circles mark each integer redshift from z = 1

to 4.

While the star-forming templates generally avoid the power-law locus itself,

they enter the Lacy and Stern selection regions at both low and high redshifts,

tracing out the same regions in color space occupied by many of the color-selected

AGN, particularly those selected via only one of the two criteria. The templates

therefore suggest potential star-forming galaxy contamination of color-selected

AGN, as previously predicted by Barmby et al. (2006), Donley et al. (2007), and

Cardamone et al. (2008), and indicate that the current AGN selection regions may

inadequately separate AGN and star-forming galaxies.
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Our results can be compared with the simulations of Sajina, Lacy, & Scott

(2005), who calculated mathematical models of galaxies from three spectral com-

ponents: stars, aromatic features, and a continuum. For 0 < z < 1, we agree with

their Figure 8 (upper left) that starburst luminosity galaxies do not significantly

’invade’ the Lacy AGN color wedge (see our Figure 4). However, we find that

more luminous galaxies can invade this wedge much more seriously (again see

Figure 4). The difference may arise because the inputs to their models included

few star-forming LIRGs and only one ULIRG (Arp 220, an atypical case). There-

fore, it is likely that the behavior of the most luminous star forming galaxies is

not captured as accurately in their models as is that of lower luminosity ones.

By z = 1, the typical Spitzer 24 µm survey sensitivity limit reaches only to the

bottom of the LIRG range, so the Lacy AGN color wedge is more susceptible to

contamination than was concluded by Sajina et al. (2005).

4.5.3 Redshift-dependent color selection

While the star-forming templates appear to trace quite well the positions of many

of the color-selected galaxies in color-color space, Figure 4 covers a wide range of

redshifts (z = 0 − 4). To understand better the overlap between the star-forming

templates and the color-selected galaxies (and PLGs), we must take the redshift

information into account. We therefore break the sample down into smaller red-

shift bins, as shown in Figures 5 and 6. We overplot on the color-color diagrams

the redshift-appropriate colors of purely star-forming galaxies. To simplify the

plots, we do not plot each galaxy track separately, as was done in Figure 3, but

instead draw 1 σ contours around the tracks, where σ is taken to be the median

IRAC measurement error of the full MIPS sample. We find that, unlike the PLGs,

the majority of the color-selected AGN candidates fall within or very close to the

contours for star-forming galaxies of similar redshifts. Thus, it is likely that their
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mid-IR SEDs are dominated by star formation. This result suggests that simple

mid-IR color-color cuts cannot identify reliable AGN samples without also in-

cluding redshift-based or additional SED (e.g. power-law) criteria. We discuss in

Appendix C the individual redshift intervals.

The summary of our findings can be found in Table 3, where we present the

overall fraction of color selected galaxies and PLGs that lie outside the 1, 2, and 3σ

star-forming contours. The top half of the table gives the fractions assuming no

errors on the photometric redshifts; the lower half incorporates 10% errors which

for clarity are imposed on the templates rather than on the individual galaxy mea-

surements. For the PLGs, we give two percentages: the fraction of sources that

lie outside the star-forming contours in Lacy and Stern color-space, respectively.

As is clear from Table 3, the fraction of color-selected galaxies that lie outside

the star-forming contours is lower than that of the PLGs by a factor of 2-10 at

all three levels of significance. For instance, while 57% - 71% of PLGs lie more

than 3σ from the star-forming contours in Lacy color space, the same can be said

for only 5%-10% of the color-selected galaxies. In addition, increasing the signifi-

cance from 1σ to 3σ has a far greater effect on the reliability of the color-selected

galaxies than on that of the PLGs, especially in Lacy color-space, indicating that

the color-selected galaxies lie noticeably closer to the star-forming templates than

do the PLGs, as expected. We note that this analysis depends on the templates

being used, as the addition or removal of any one star-forming template will re-

sult in changes in the numerical results presented above and in the table. The

overall trends discussed above, however, will remain the same.

4.5.4 Properties of Color-selected AGN candidates

While the majority of color-selected AGN candidates lie inside the star-forming

contours (see Table 3), a number of non-power-law color-selected galaxies meet
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Figure 4.5 Position in Lacy et al. (2004) color-space of the MIPS-selected sam-
ple, as a function of redshift, where PLGs are shown as stars, X-ray–cataloged
sources are given by filled (red) symbols, and X-ray weakly-detected sources are
given as small cyan symbols. Overplotted are the redshift-appropriate contours
representing the IRAC colors of purely star-forming templates, assuming no er-
rors on the photometric redshifts. The thick (purple) contours and dot-dashed
(green) contours in the z = 1.75 − 2.25 redshift bin represent star-forming galaxy
templates for which 10% errors were incorporated into the redshift range, and
AGN templates, respectively.
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Figure 4.6 Position in Stern et al. (2005) color-space of the MIPS-selected sample,
as a function of redshift. Symbols and contours are as described in Figure 5.
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Table 4.3. Fraction of sources that lie outside the star-forming contours

Selection 1σ 2σ 3σ

Lacy 52% 21% 10%

Stern 40% 18% 8%

Power-law 93%,82% 79%,61% 71%,43%

Lacy 29% 12% 5%

Stern 22% 5% 0%

Power-law 71%,68% 61%,46% 57%,39%

Note. — The upper portion of the table as-

sumes no errors on the photometric redshifts.

The lower portion assumes 10% errors. The two

values given for the PLGs represent the frac-

tion of sources that lie outside the star-forming

contours in Lacy and Stern color-space, respec-

tively.
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the AGN selection criteria and have colors inconsistent with those of our star-

forming templates. Are these AGN, as predicted? How do their redshift distri-

butions, X-ray detection fractions, and numbers compare to those of the PLGs? In

the following discussion, we define as ’secure’ color-selected galaxies (and PLGs)

those AGN candidates that lie > 1σ away from the redshift-appropriate star-

forming templates.

As discussed above, and as shown in Figure 2, the redshift distributions of the

color-selected sources show a strong peak at z = 2.0, attributed to the 7.7 µm aro-

matic feature, a star-formation indicator. In contrast, the PLGs have a relatively

flat redshift distribution, indicating little or no contribution from aromatic fea-

tures. If we do not account for errors in the photometric redshifts, the resulting

sample of ’secure’ color-selected galaxies retains the large z = 2 peak, suggesting

a large star-formation contribution. If we incorporate 10% errors on the redshifts

of the star-forming templates when selecting our secure candidates, however, the

redshift distributions of the remaining color-selected galaxies become relatively

flat, with mean redshifts of z = 1.59 ± 0.83 and z = 1.62 ± 0.84 for the Lacy and

Stern-selected sources, respectively, suggesting that a significant fraction of the

high-redshift star-forming contaminants have been removed. For comparison,

the mean redshifts and rms ranges of the secure PLGs selected in Lacy and Stern

color-space are 1.98 ± 0.87 and 2.09 ± 0.78.

While the redshift distribution therefore suggests that many of the star-forming

contaminants have been rejected from the secure sample, the X-ray detection frac-

tions, shown in Table 4, suggest otherwise. At distances of 1 and 2 σ from the

star-forming templates, the X-ray detection fraction of the PLGs exceeds that of

the color-selected galaxies by factors of > 2 − 3. This factor, however, should be

taken with reservations; X-ray sources are far more likely to have spectroscopic
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Table 4.4. X-ray detection fraction (and total number) of sources that lie outside

the star-forming contours

Selection 1σ 2σ 3σ

Lacy 21% (19) 26% (10) 42% (8)

Power-law (Lacy) 70% (19) 83% (19) 90% (19)

Stern 19% (5) 25% (3) 40% (2)

Power-law (Stern) 67% (16) 72% (13) 85% (11)

Lacy 29% (15) 36% (8) 67% (6)

Power-law (Lacy) 81% (17) 89% (16) 88% (15)

Stern 14% (2) 0% (0) 0% (0)

Power-law (Stern) 80% (16) 86% (12) 82% (9)

Note. — The upper portion of the table assumes no errors

on the photometric redshifts. The lower portion assumes

10% errors.

redshift estimates, and are therefore far more likely to be included in our secure

sample, which requires redshift information. While this has a minimal effect on

the color-selected galaxies, for which the redshift completeness is high, it has a

large effect on the PLGs, boosting their probable X-ray detection fraction.

A better comparison is therefore with the IR-normal galaxy population, 11%

of which are detected in the X-ray. The X-ray detection fractions of the secure

color-selected AGN candidates (14-29%), exceed this value, but only by a factor
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of ∼ 1−3. In comparison, the full sample of PLGs has an X-ray detection fraction

of 45%, which exceeds that of the IR-normal galaxies by a factor of 4. Only at the

highest significance, 3σ from the star-forming contours, does the X-ray detection

fraction of the secure color-selected galaxies approach that of the full PLG sample.

This significant offset in X-ray detection fraction could be due either to a dif-

ference in intrinsic luminosity or to lingering contamination of the color-selected

sample by star-forming galaxies. While the average X-ray luminosity of the se-

cure PLGs, log Lx(ergs s−1)= 44.1, exceeds that of the secure Lacy and Stern-

selected sources detected in the X-ray, log Lx(ergs s−1)= 43.8 and 43.9, respec-

tively, the offset is relatively small, suggesting that the large discrepancy in the

X-ray detection fractions is not driven primarily by a systematic offset in X-ray

luminosity of the relevant AGN. Instead, it likely arises from the inclusion of

star-forming galaxies, even in the 1σ ’secure’ color-selected population, suggest-

ing that a larger cut in σ (e.g. 3σ) is required to define a reasonably secure sample.

Also shown in Table 4 are the total number of X-ray selected galaxies in both

the secure color-selected and PLG samples. After applying completeness correc-

tions for the fraction of Lacy, Stern, and PLG X-ray sources that have redshifts

and that can therefore be included in the secure sample (94%, 83%, and 76%, re-

spectively), the number of secure X-ray selected PLGs exceeds that of the secure

X-ray–detected color-selected galaxies, regardless of whether we define the se-

cure sample as those sources that lie 1, 2, or 3σ from the star-forming contours.

This indicates that the PLG selection criterion identifies the overwhelming majority of

secure AGN candidates in IRAC color-space.

4.5.5 Flux dependency of color selection

While the Lacy and Stern AGN selection criteria were defined using relatively

shallow surveys, these selection techniques are now being applied to samples
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with a range of flux densities (e.g. Cardamone et al. 2008). How does the limit-

ing flux affect the completeness and reliability of AGN color selection? Are the

problems discussed above present in shallow as well as deep surveys?

There are several reasons why we might expect to see a shift in reliability with

flux. First, the AGN fraction of MIPS sources depends quite strongly on the 24 µm

flux density (e.g. Treister et al. 2006, Brand et al. 2006). For instance, while only

∼ 4% of MIPS sources at our flux limit of 80 µJy are expected to be AGN (Treister

et al. 2006), the fraction at 5 mJy is more than an order of magnitude greater

(∼ 45%). Therefore, MIPS-selected shallow surveys should contain fewer star-

forming galaxies, although those that remain are likely to be LIRGs/ULIRGs that

enter the AGN selection region in greater numbers than spirals and starbursts

(see Figure 4).

Second, many of the ’problem’ sources that lie inside the AGN color selection

region but that also fall inside the star-forming contours have moderately high-

redshifts (z > 1.25), and are therefore likely to drop out of shallow surveys. While

shallow samples may therefore contain high-luminosity ULIRGS, the exclusion of

lower-luminosity high-redshift galaxies reduces the risk of contamination. Other

flux cuts, such as the R magnitude < 21.5 requirement of Stern et al. (2005),

also prevent contamination at high-z, as normal galaxies at this magnitude are

detected only to z ∼ 0.6.

To investigate the effect of intermediate flux density cuts on the AGN color se-

lection, we show in Table 5 the fraction of ’secure’ color-selected and PLGs (those

that lie outside the 1σ star-forming contours) as a function of flux density. If we

do not incorporate errors in the photometric redshifts into our definition of the

secure sources, we find that the fraction of secure sources is relatively constant at

∼ 50% regardless of flux density. If we allow errors on the photometric redshifts
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when constructing our ’secure’ sample, the reliability of Lacy-selected sources at

f ≥ 80 µJy drops to 29%, and that of Stern-selected sources drops to 21%. At

f ≥ 500 µJy, the fraction of secure sources amongst both samples rises, but only

to 50%. Regardless of our assumptions, therefore, the fraction of potential con-

taminants is still high (∼ 50%), even at the highest fluxes probed by our survey.

Because of the pencil-beam nature of the CDF-S survey, 95% of the sources in our

sample have f24 µm ≤ 600 µJy, so our ability to comment on brighter samples is

limited.

It is also worth noting that the brightest MIPS sources tend to lie above the

power-law locus in Lacy color-space and to the right of the power-law locus in

Stern space, regions where we expect minimal contamination from star-forming

galaxies. Not surprisingly, these sources are also almost always detected in the

X-ray, suggesting that these regions of IRAC color-space are the most secure.

4.5.6 Comparison with previous work

In a study of 77 AGN candidates selected from the Spitzer First-Look (Lacy et al.

2005b) and SWIRE surveys (Lonsdale et al. 2003) via the Lacy et al. (2004) criteria,

Lacy et al. (2007) found that 33% are unobscured type 1 quasars, 44% are type 2

AGN, and 14% are dust-reddened type 1 quasars. Only 9% have star-forming

or LINER spectra. Is this relatively low contamination by star-forming galaxies

consistent with our findings?

There are three main factors that lead to the high reliability of the Lacy et al.

(2007) sample. First, the sample members are very bright, with a typical 24 µm

flux density of 5 mJy. As discussed above, Treister et al. (2006) predict that 45%

of sources at this flux density should be AGN, regardless of their MIR SEDs,

compared to only 4% of sources at our flux limit of 80 µJy. Indeed, of the brightest

50 sources in the XFLS (whose median 24 µm flux density is 9.4 mJy), 58% are
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Table 4.5. Percent of secure color-selected galaxies vs. 24 µm flux

24 µm flux cut Lacy Stern Power-law

(µJy)

80 52% 40% 93%, 82%

100 54% 44% 96%, 84%

150 53% 43% 94%, 78%

200 60% 63% 100%, 76%

300 53% 25% 100%, 72%

400 52% 50% 100%, 66%

500 56% 50% 100%, 71%

80 29% 21% 72%, 68%

100 29% 24% 76%, 72%

150 25% 21% 73%, 63%

200 32% 27% 92%, 76%

300 31% 25% 90%, 72%

400 39% 50% 88%, 66%

500 50% 50% 85%, 71%

Note. — The upper portion of the table as-

sumes no errors on the photometric redshifts.

The lower portion assumes 10% errors. The two

values given for the PLGs represent the frac-

tion of sources that lie outside the star-forming

contours in Lacy and Stern color-space, respec-

tively.
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optically classified as AGN (Lacy et al. 2007). Thus, the sample from which these

color-selected AGN was drawn contains far fewer star-forming galaxies than the

deeper GOODS sample.

Second, while the sources in the Lacy et al. (2007) sample have redshifts rang-

ing from z = 0.053 to 4.27, the median redshift of the sample is low: z = 0.6. Only

5 color-selected sources have redshifts in excess of z = 1.75, the redshift above

which nearly all sources in our sample (AGN or star-forming) meet the Lacy et

al. criteria. We would therefore expect little or no contamination by high-redshift

star-forming galaxies, the predominant source of contamination in our faint sam-

ple.

The third and most important reason for the high reliability of this sample,

however, is the high PLG fraction of the Lacy-selected AGN candidates. Of the

77 sources in the Lacy et al. (2007) sample, 59 are PLGs as defined in §2. The

18 sources that are excluded by the PLG criteria include the only two starburst

galaxies detected in this subsample, one starburst/LINER, an unclassified high-

redshift galaxy with narrow UV emission lines, two composite galaxies, 8 Type 2

AGN (the identification of 4 of which were based on a BPT analysis), 3 reddened

Type 1 AGN, and 1 Type 1 AGN. If we relax the probability constraint of the PLG

criterion to Pχ > 0.01, as was done in Alonso-Herrero et al. (2006), we recover

69 of the 77 Lacy et al. (2007) sources selected for optical follow-up. Excluded

are the two starburst galaxies, one high-z unidentified galaxy, three Type 2 AGN,

one reddened Type 1 AGN, and 1 Type 1 AGN whose slope of α = −0.41 falls

just short of our cut of α ≤ −0.5. The high reliability of this luminous color-

selected sample is therefore consistent with our findings in §6 that while non-

PLG color-selected AGN are subject to contamination by star-forming galaxies,

sources selected via a power-law criterion are reliable.
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4.6 IRAC Power-law selection

Thus far, we have focused primarily on the reliability of the AGN color selection

criteria of Lacy et al. (2004) and Stern et al. (2005). In doing so, we have separated

out the subset of sources that meet the power-law criteria of Alonso-Herrero et

al. (2006) and Donley et al. (2007). Here, we discuss the PLG selection itself, in

particular the consequences of various choices of limiting power-law slope, α.

Our default cut of α < −0.5 was chosen to match the spectral indices of typical

AGN (e.g. Alonso-Herrero et al. 2006, Donley et al. 2007). In the optical, AGN

have spectral slopes of α = 0.5 to -2 (SDSS, Ivezić et al. 2002), with a mean value

of α ∼ −1 (Neugebauer et al. 1979, Elvis et al. 1994). In the IRAC bands, broad-

line AGN exhibit similar slopes, with a mean value of α = −1.07 ± 0.53 (Stern et

al. 2005).

In Figures 7 and 8, we plot PLGs selected via cuts in α ranging from +0.5 to

-1.5. At high redshift (z ∼ 1.5−2) the IRAC bands trace the blue side of the stellar

bump. It is therefore not surprising that at the bluest slopes (α = +0.5), the PLG

sample is dominated by the population of high redshift X-ray–non-detected star-

forming galaxies discussed above. As the required slope reddens towards our

cut of α < −0.5, the high-redshift star-forming galaxies gradually drop out of the

sample, and the X-ray detection fractions rise from 21% at α = +0.5 to 30%, 45%,

67%, 88%, and 80% at α = 0.0,−0.5,−1.0,−1.5, and -2.0. While choosing a redder

cut in α therefore increases the apparent reliability of the PLG selection, it also

decreases the number of galaxies selected, and may exclude interesting heavily

obscured, X-ray–non-detected AGN like those seen in the CDF-N (e.g. Donley et

al. 2007).

The X-ray–non-detected PLGs in the current sample tend to be the faintest

sources both in the IRAC bands and at 24 µm, where their mean flux density,
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Figure 4.7 Position in Lacy et al. (2004) color space of PLGs as a function of the
power-law slope cut, α. X-ray–detected sources are shown as filled (red) symbols.
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Figure 4.8 Position in Stern et al. (2004) color space of PLGs as a function of the
power-law slope cut, α. X-ray–detected sources are shown as filled (red) symbols.
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146 µJy, is over a factor of 2 lower than that of the X-ray–detected sample, 334 µJy.

The low X-ray detection fraction of these faint sources may therefore be due sim-

ply to their systematically lower fluxes. At z > 2.6 − 2.9, however, the star-

forming ULIRG templates have IRAC SEDs that meet the PLG criteria, although

dropping the power-law slope criterion to α ≤ −1.0 and α ≤ −1.5 raises this

redshift range to z > 2.74−3.92 (depending on the template) and to z > 3.4−4.2,

respectively (with the IRAS 22491-1808 template never reaching an α of -1.5). It

is therefore possible that the X-ray non-detected PLGs (which tend not to have

redshift estimates, to be faint, and to lie at relatively high α) are high-redshift

star-forming galaxies. To test this hypothesis, we plot in Figure 9 the ratio of the

MIPS 24 µm flux density to that of the 3.6 µm IRAC band. At the redshifts of

interest (z > 2.6), this flux ratio allows a direct comparison of the hot dust emis-

sion at 5-7 µm to the stellar emission at ∼ 1 µm. Overplotted on the colors of our

MIPS-selected sample are the redshifted colors of the AGN templates of Polletta

et al. (2007, see Table 1) and the purely star-forming LIRG and ULIRG templates

of Rieke et al. (2008). The mean colors of PLGs without redshift estimates are

given by large symbols placed at z = 2.6, the redshift above which contamina-

tion by star-forming galaxies is possible. The circle, square, and triangle represent

all PLGs without redshifts, those that are detected in the X-ray, and those that are

not, respectively.

As can be seen in Figure 9, the X-ray–detected and X-ray–non-detected PLGs

lacking redshifts have consistent 24 µm to 3.6 µm colors, suggesting that there is

no significant difference between these two sub-samples. In addition, while the

colors of these sources are consistent with those of AGN, they lie well above those

of star-forming galaxies, not only at high redshift, but at all redshifts greater than

z ∼ 0.6. In other words, the PLGs that are undetected in the X-ray and that lack
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Figure 4.9 Observed 24 µm to 3.6 µm color as a function of redshift. The tracks
represent the AGN templates of Polletta et al. (2007, red) (see Table A1), and
the purely star-forming LIRG and ULIRG templates of Rieke et al. (2008, cyan).
Triangles represent all sources in our sample with redshift estimates, and filled
(red) triangles indicate a PLG source. The mean colors of PLGs without redshift
estimates are given by a large circle (all PLGs), a large square (X-ray–detected
PLGs), and a large triangle (X-ray–non-detected PLGs). We arbitrarily placed
these mean colors at a redshift of z = 2.6, above which contamination of the PLG
sample by star-forming galaxies is possible. The colors of these sources, however,
are consistent with AGN, not star-forming galaxies.
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redshifts (preventing us from testing their reliability as in §5.3) appear to have

more hot dust emission than can be explained by purely star-forming templates,

especially at high-z where star-forming contamination of the PLG sample is most

likely. This result suggests that these sources are more likely to be AGN than star-

forming galaxies. Other lines of evidence, e.g. variability (Klesman & Sarajedini

2007), and X-ray properties (Steffen et al. 2007), tend to support this conclusion.

In addition, we note from Figure 9 that a number of the other galaxies at z ∼ 2

have colors slightly redder than those predicted by star-forming galaxies at this

redshift. This behavior may be due to a minor issue with the templates, a small

AGN contribution to the MIR flux density, or to reddening that exceeds that seen

in our local LIRG/ULIRG templates.

Finally, the segregation of the X-ray–detected and X-ray–non-detected sources

about the power-law locus, seen in Figures 7 and 8, warrants discussion, as this

was not seen in the CDF-N (Donley et al. 2007). This behavior appears to be due

largely to the different selection methods and limiting fluxes of the two samples.

While the CDF-N PLG sample was selected on the basis of IRAC fluxes, the cur-

rent sample was selected from a flux-limited MIPS sample with far deeper IRAC

data. If we require the CDF-S sample to meet the IRAC detection limits of the

CDF-N study, the PLG sample size decreases by a factor of 2 and the X-ray de-

tection fraction rises to 78%. The segregation in the PLG sample is also greatly

reduced, due largely to the loss of many of the X-ray–non-detected sources. This

high X-ray detection fraction of 78%, however, is surprising as it is significantly

higher than the 55% found for the CDF-N PLG sample. To test whether this

change is a result of the much improved IRAC data, we recalculated the spec-

tral properties of the galaxies in the CDF-N using the most current IRAC data,

which now includes the super-deep GOODS-N coverage not previously avail-
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able. Drawing PLGs from the same initial sample used in Donley et al. (2007), we

find an updated X-ray detection fraction of 57%, a value nearly identical to that

found previously. For consistency with the current sample, we further restricted

the PLG sample to those sources detected in the super-deep GOODS field, where

the X-ray exposure is generally higher. Doing so raises the X-ray detection frac-

tion to 65%. The remaining offset in the X-ray detection fractions of the IRAC

flux-limited PLGs in the GOODS-N and GOODS-S fields, 13%, therefore appears

to be due primarily to cosmic variance and small number statistics.

4.7 IR-Excess Selection

Both high-redshift star-forming galaxies and AGN can exhibit extremely red in-

frared to optical colors when heavily dust-obscured (e.g. Dey et al. 2008). While

the relative fractions of AGN and star-forming galaxies among IR-excess sam-

ples is still a matter of debate, the fraction of dust-obscured galaxies (DOGs) with

AGN-like power-law SEDs has been shown to decrease with decreasing flux from

∼ 70% at f = 1 mJy to ∼ 20−25% at f ≤ 300 µJy (Dey et al. 2008). We might there-

fore expect a relatively small AGN fraction amongst the faint IR-excess sources in

the GOODs fields, whose mean 24 µm flux is 215 µJy. Fiore et al. (2008), however,

estimate that 80% of their red, IR-excess galaxies are heavily obscured, Compton-

thick AGN. Here, we probe the nature of the IR-excess sources and examine the

overlap between the IR-excess galaxies and the X-ray, color-selected, and power-

law samples discussed above.

The positions of the IR-excess galaxies in Lacy and Stern IRAC color-space

are shown in Figure 10, and their overlap with the X-ray, PLG, and color-selected

samples is given in Table 2. Of the 101 IR-excess sources, 24 (24%) are PLGs and

all but 7 meet either the Lacy, Stern, or power-law criteria. At least 1/4 of the IR-
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Figure 4.10 Position in Lacy et al. (left) and Stern et al. (right) color-space of the
IR-excess sources.

excess galaxies therefore show evidence for AGN-heated dust (with the fraction

rising to 100% for the luminous AGN selected via the Polletta et al. (2008) criteria,

as expected). Not all PLGs, however, have IR-excess colors. Of the 55 PLGs, only

44% meet one or more of the IR-excess criteria. The same can be said for 33% of

the IRAC color-selected galaxies, but for only 2% of the IR-normal galaxies.

Of the IR-excess sources, only 15% have cataloged X-ray counterparts, with

the fraction rising to 45% when weak (≥ 2σ) X-ray detections are considered (see

Table 2). Of the X-ray–cataloged sources, 47% are PLGs, 47% are color-selected

galaxies, and 1 (6%) is IR-normal. The statistics are quite different for those

sources with no cataloged X-ray emission, where the power-law fraction drops

to 19% and the color-selected fraction rises to 73%.

While a strong argument can be made for the AGN nature of the 32 IR-excess

sources with cataloged X-ray counterparts and/or PLG SEDs, what can be said

about the remaining IR-excess sources? As discussed in §3, the concentration of

the redshifts of these sources about z = 2 may be due to the passage of the 7.7 µm
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aromatic feature through the 24 µm band, suggesting a significant contribution

from star-formation. In addition, the vast majority of color-selected sources at

z = 2 (of which these are a subset) have IRAC colors consistent with those of

star-forming galaxies or low-luminosity AGN whose IRAC SEDs are dominated

by the host galaxy. In combination with the lack of significant X-ray emission,

these facts suggest that the remaining 68% of the IR-excess sample could be either

star-forming galaxies, or extremely obscured AGN. To distinguish between these

two possibilities, we consider in more detail the sources selected via the Daddi et

al. and Fiore et al. criteria.

4.7.1 Daddi et al. (2007) Compton-thick AGN candidates

Of the 88 IR-excess AGN candidates selected in the ISAAC region of GOODS-S

by Daddi et al. (2007a), the list of which was kindly provided by D. Alexan-

der (private communication, 2008), 42 fall in our MIPS-selected sample. Twenty-

three of the remaining 46 galaxies have MIPS fluxes that fall below our cut of

f24 µm ≥ 80 µJy, and 6 galaxies lack MIPS and/or IRAC counterparts in our cat-

alogs, indicating that they too are faint. Seven galaxies were excluded because

of observable blending in the MIPS or IRAC bands, and an additional 10 were

removed from our sample because of multiple optical counterparts.

The positions of the Daddi et al. sources in IRAC color-space are shown in

Figure 10. Thirty-eight of the 42 Daddi et al. sources in our sample meet the

Lacy et al. IRAC color-selection criteria. Only 10 meet the Stern et al. AGN

selection criterion, and only 5 are PLGs (4 of which have relatively shallow slopes

of only α ∼ −0.6). In addition, only 15 (36%) meet any of the other IR-excess

criteria. This is not surprising, as the MIR emission from the Daddi et al. IR-

excess sources exceeds that of a typical star-forming galaxy by a factor of only

∼> 3 (Daddi et al. 2007b). Of the 42 IR-excess galaxies, 18 have IRAC colors that
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lie > 1σ from the redshift-appropriate star-forming contours in either Lacy or

Stern color-space. Only 3 and 1, however, have colors that lie outside the 2σ and

3σ contours, respectively. As discussed above, however, this indicates only that

any AGN activity can not be identified on the basis of the MIR IRAC colors alone.

To determine the nature of the Daddi et al. (2007) sources in our sample, we

therefore turn to the X-ray data. While none of the IR-excess galaxies are individ-

ually detected in the hard X-ray band (by definition), 3 have soft X-ray detections

and 13 have faint (> 2σ) X-ray counterparts. Twenty remain X-ray–undetected,

and 6 sources have a nearby X-ray counterpart that prevents an accurate test for

low-σ X-ray flux. Using the procedure outlined in Steffen et al. (2007), with the

only change being our slightly different choice of source aperture radius, 2′′, we

coadded the three sources detected in the soft band, whose soft-band luminosi-

ties of Lx > 1042 ergs s−1 indicate that they are AGN. We verify that our stacking

method reproduces the results of Daddi et al. (2007b) for the same sample of 59

IR-excess galaxies used in that work. While the coaddition of the 3 soft X-ray

detected sources did not lead to a hard band detection, we place a 3σ limit on

the hard-band flux that constrains their column density to NH ∼< 2 × 1022 cm−2,

assuming an intrinsic photon index of Γ = 1.8.

A coaddition of the 13 weakly-detected sources leads to a 3.3σ hard-band de-

tection, a 9.7σ soft-band detection, a hardness ratio of HR = −0.31, and a photon

index of Γ = 1.4. If we assume that these sources are AGN at their mean redshift

of z = 1.81, the hard to soft flux ratio corresponds to an obscured column density

of NH = 3.6×1022 cm−2. At this modest obscured yet Compton-thin column den-

sity, the observed soft band flux is only attenuated by a factor of 2, implying that

the sources must have relatively low luminosities. Indeed, the rest-frame 2-10

keV absorption-corrected luminosity derived from the observed soft-band flux is
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only Lx = 1.6 × 1042 ergs s−1.

However, Daddi et al. (2007b) argue that the coadded soft X-ray flux of their

full IR-excess sample can be attributed to star-formation. When they subtract

this component from the detected fluxes, the hardness of the remaining X-ray

emission implies a significantly larger (e.g. Compton-thick) column density as

well as a larger absorption-corrected luminosity.

To test the origin of the X-ray emission, we plot in Figure 11 the 2-10 keV lu-

minosity and 25 µm power (νLν) of a sample of starburst and AGN-dominated

galaxies and ULIRGs drawn from Franceschini et al. (2003), Ranalli et al. (2003),

and Persic et al. (2004). The 25 µm luminosities were extracted from the IRAS

Revised Bright Galaxy Sample (RBGS, Sanders et al. 2003) when available, and

from ISO (Klaas et al. 2001) or the IRAS Faint Source Catalog otherwise. As both

the hard X-ray and MIR flux densities of star-forming galaxies trace the current

star-formation rate (e.g. Ranalli et al. 2003, Franceschini et al. 2003), these two

luminosities are well correlated for starbursts and starburst-dominated ULIRGS

(though there is a hint of a turnover to lower X-ray luminosities amongst the

ULIRG sample). AGN, however, show an increased X-ray output for their ob-

served 25 µm flux density.

To compare the Daddi et al. sample to these local starburst and ULIRG sam-

ples, we convert the observed soft-band (rest frame ∼ 1.5 − 6 keV) luminosity to

a rest-frame 2-10 keV luminosity, and the observed 70 µm (rest-frame ∼ 23 µm)

flux density given by Daddi et al. (2007b) to a rest-frame 25 µm power. The mean

luminosities of the full Daddi et al. (2007b) IR-normal and IR-excess samples

fall on the best-fit correlation for star-forming galaxies, confirming that their ob-

served soft X-ray flux can be attributed to star-formation. The X-ray luminosity

of the X-ray weakly-detected IR-excess galaxies in our MIPS sample, however,
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Figure 4.11 Rest-frame 2-10 keV luminosity vs. rest-frame 25 µm power. The
small symbols represent the starburst and ULIRG samples of Franceschini et al.
(2003), Ranalli et al. (2003), and Persic et al. (2004), where starburst dominated
sources are given as squares and circles, and AGN-dominated sources are given
by crosses. The solid line gives the best-fit linear relationship between the X-ray
and 25 µm luminosities of the star-formation-dominated sources. The large filled
and open stars represent the full IR-excess and IR-normal samples from Daddi et
al. (2007b), respectively, and the large squares represent the X-ray weakly- and
non-detected members of the Daddi et al. sources in our sample. Because these
sources comprise the brighter subset of the full Daddi et al. sample, we treat the
full 25 µm flux density (derived from the coadded 70 µm flux density given by
Daddi et al. (2007b)) as a lower-limit.
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is somewhat higher than predicted. The AGN origin of the soft X-ray emis-

sion is supported by the 2-10 keV luminosity implied by the soft X-ray flux,

Lx = 1.6 × 1042 ergs s−1. If the soft X-ray flux has a significant contribution from

the AGN, then it cannot be fully subtracted from the AGN spectrum, resulting in

column densities lower than estimated by Daddi et al. (2007b).

However, the indicated AGN contribution is modest, and is based on an aver-

age. Therefore, it is likely that there will be a significant range of star-formation–

corrected absorbing columns, including some that are Compton thick. Indeed,

Alexander et al. (2008) show that a sample of 6 spectroscopically-confirmed

Compton-thick AGN would be selected via the Daddi et al. (2007) method, al-

though 4 of the 6 have infrared excesses of a factor of > 100, and thus represent

the most extreme IR-excess sources.

A coaddition of the 20 X-ray non-detected Daddi et al. sources in our sample

leads only to a marginal 2.0σ detection in the full band (0.5-8 keV), and 1.8σ and

1.0σ detections in the hard and soft bands, respectively. A 3σ limit on the soft

flux gives a 2-10 keV luminosity of Lx ≤ 3.8 × 1041 ergs s−1, fully consistent with

a star-forming origin (see Figure 11). (The 2-10 keV luminosity derived from

the marginal full-band detection is even lower: Lx ≤ 2.2 × 1041 ergs s−1). The

near-detection in the hard-band, however, suggests that these sources may have

relatively hard X-ray spectra. By coadding the weakly and non-detected sources,

the photon index drops to Γ = 1.04+0.16
−0.14, from a value of Γ = 1.39+0.21

−0.17 measured

for the weakly-detected sources. There is therefore marginal (1σ) evidence that

the X-ray non-detected sources have spectra harder than those of their weakly-

detected counterparts. Does this hard spectrum confirm that these sources are

AGN, or might there be another explanation?
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4.7.1.1 A Star-formation Origin?

While it is well-known that heavily obscured AGN exhibit hard X-ray spectra,

star-forming galaxies can also produce such spectra. As discussed in Persic &

Rephaeli (2002) and Persic et al. (2004), the hard (> 2− 10 keV) X-ray emission of

star-forming galaxies is dominated by low and high-mass X-ray binaries (LMXBs,

HMXBs), with the HMXB fraction increasing from ∼ 20% at starburst luminosi-

ties to ∼ 100% at ULIRG luminosities. As shown by White, Swank, & Holt (1983),

HMXBs have X-ray spectra with Γ = 1.2 ± 0.2, a cutoff energy of 20 keV, and an

e-folding energy of ∼ 12 keV (see e.g. Persic & Rephaeli 2002). At z = 2, the 0.5-2

keV and 2-8 keV X-ray bands sample the rest-frame 1.5-6 keV and 6-24 keV X-ray

bands, and therefore should be minimally affected by the power-law cutoff. A

luminous star-forming galaxy undergoing an isolated burst of star-formation is

therefore expected to display a hard X-ray spectrum of Γ = 1.0 − 1.4 over the

energies observed in our sample. X-ray binary emission has been proposed as

an explanation for the hard (Γ ∼ 1.0) spectrum of Arp 220 (Iwasawa et al. 2001),

the spectra of the apparently starburst-dominated ULIRGS of Ptak et al. (2003)

and Teng et al. (2004), whose photon indices tend to lie at Γ = 1.0 − 1.5, and the

starburst-dominated ULIRGS of Franceschini et al. (2003). The IR-excess sources

are the most luminous galaxies in the Daddi et al. sample (see Figure 2 in Daddi

et al. 2007b) and are therefore most likely to exhibit this X-ray behavior.

While the hard X-ray properties of the IR-excess sources do not therefore re-

quire an AGN origin, can the same be said of their MIR properties? To test the

nature of these sources, we first plot in Figure 12 the median SEDs of the full

GOODS-S IR-normal and IR-excess samples, as given in Figure 4 of Daddi et al.

(2007b). Although these high-redshift sources appear to be highly luminous (see

Figure 12), there are indications that local templates for lower-luminosity galaxies
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are appropriate for them, at least in the optical–MIR (Rigby et al. 2008). It is there-

fore not surprising that the optical–MIR SED of the IR-normal galaxies is well-fit

by the M82 SB template of Polletta et al. (2007). (The discrepancy between the

observed SED and template at shorter wavelengths is likely due to a difference

in the reddening and/or age of the stellar population.) The IR-excess SED is also

very well fit by the purely star-forming template of the LIRG NGC 3256 (Rieke et

al. 2008), to which we have applied an additional reddening of AV ∼ 0.8. While

this does not rule out an AGN contribution to the Daddi et al. IR-excess sample,

it does indicate that an AGN need not be present to produce the observed SEDs

of the IR-excess sources, and that their IR-excesses may simply be due to strong

aromatic emission associated with their systematically higher IR luminosities, as

suggested by Daddi et al. (2007a).

If these IR-excess sources are dominated by star-formation, then it appears ei-

ther that their IR SFRs have been overestimated or that their UV-derived SFRs

have been underestimated. The former scenario could be partially attributed

to the larger than unity slope between 24 µm luminosity and Paα-derived SFR

(Alonso-Herrero et al. 2006, Calzetti et al. 2007), which indicates that as the SFR

increases, an increasing fraction of the resulting light is emitted in the MIR. A

simple proportional relationship between SFR and IR luminosity (e.g. that of

Kennicutt 1998) will therefore increasingly overpredict the SFR for more lumi-

nous infrared galaxies.

An underestimate in the UV-derived star-formation rates could be due to the

inherent difficulties in determining accurate UV SFRs for luminous, heavily ob-

scured galaxies (e.g. Goldader et al. 2002, Buat et al. 2005). While UV extinction

is known to correlate with luminosity (see Goldader et al. 2002; Vijh, Witt, &

Gordon 2003; Buat et al. 2005), Daddi et al. (2007a) find no difference between
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Figure 4.12 Median SEDs of the full Daddi et al. (2007a,b) IR-normal and IR-
excess GOODS-S samples, as given in Figure 4 of Daddi et al. (2007b). Over-
plotted are the purely star-forming SEDs of the starburst galaxy M82 (left) and
LIRG NGC 3256 (right) (The Rieke et al. (2008) templates only extend down
to ∼ 0.4 µm). We have applied an additional reddening of AV = 0.8 to the
NGC 3256 template. The open diamonds represents the flux that would be mea-
sured in the MIPS 24 µm band when the bandpass is convolved with the SED.
The optical-MIR SEDs of both the IR-normal and IR-excess sources are well-fit by
star-forming SEDs.
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the average derived A1500 values of the IR-normal and IR-excess samples, de-

spite the systematically higher 8 µm luminosities of the IR-excess sample (see

Figure 2 of Daddi et al. 2007b). Under the assumption that the radio emission

arises purely from star-formation, the radio luminosities of the 16 radio-detected

IR-excess galaxies similarly indicate the UV SFRs have been underestimated by a

mean factor of 6.4, and a median factor of 3.5 (see Figure 12 of Daddi et al. 2007a).

A stack of all IR-excess galaxies, however, leads to radio SFRs that are consistent

with those derived in the UV.

4.7.1.2 Summary

We have divided the 42 Daddi et al. IR-excess galaxies in our MIPS-selected sam-

ple into three subsamples: those that are X-ray detected (3), those that are weakly-

detected in the X-ray (13), and those that remain undetected in the X-ray down to

2σ (20). (The remaining 6 sources lie too close to an X-ray source to test for faint

emission.) The 3 X-ray detected sources are AGN with Lx > 1042 ergs s−1, but

have relatively low obscuration (NH ≤ 2 × 1022 cm−2).

A coaddition of the weakly-detected sources leads to a hard (Γ = 1.4) X-ray

detection. If these sources are obscured AGN, the hardness ratio implies a col-

umn density of NH = 3.6 × 1022 cm−2. A hard detection, however, could be

attributed either to obscured AGN activity or to star-formation via HMXBs, es-

pecially among the luminous IR-excess sources. Furthermore, the median SED

of the full Daddi et al. (2007b) IR-excess sample is consistent with that of a local

star-forming LIRG, suggesting that the MIR emission alone also cannot be used

to rule out a star-forming origin. A comparison of the X-ray and MIR luminosi-

ties of these weakly-detected sources does not conclusively distinguish between

a star-forming or AGN origin for the X-ray emission. There are therefore 3 pos-

sible explanations for the members of this sample of IR-excess galaxies: (1) the
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sources are Compton-thick AGN whose soft X-ray emission can be attributed to

star-formation and whose hard X-ray emission comes from the AGN, (2) they are

relatively low-luminosity, Compton-thin AGN, whose soft X-ray emission can

not be entirely attributed to star-formation, or (3) they are star-forming galaxies

whose soft and hard X-ray emission arise from star-formation. While the derived

2-10 keV X-ray luminosity of ∼ 1042 ergs s−1 suggests explanation (2), it is not

sufficiently high to definitively rule out the remaining scenarios. It is likely that

no single possibility applies to all 13 galaxies, but that the possibilities define the

range of their behavior.

The X-ray non-detected sources, when coadded alone and with the X-ray

weakly-detected sample, also appear to have a relatively hard X-ray spectrum.

Their X-ray luminosity, however, is significantly lower than that of the weakly-

detected sources, Lx ≤ 3.8 × 1041 ergs s−1. If the hard spectrum arises from

HMXBs, the properties of this sample would be consistent with a star-formation

origin.

In summary, while we cannot rule out an obscured AGN origin for the Daddi

et al. IR-excess sources in our MIPS-selected sample, their properties may also

be consistent with a purely star-formation origin in the majority of cases. Further

analysis, taking into account the additional 1 Ms of X-ray exposure in the CDF-S,

is therefore required to establish their nature.

4.7.2 Fiore et al. (2008) Compton-thick AGN candidates

Fiore et al. (2008) select IR-excess galaxies with the following properties:

f24 µm/fR ≥ 1000 and R − K > 4.5. Using the MUSIC catalogs (see §2.3), we

selected 64 sources that meet these criteria and that have 24 µm flux densities

> 80 µJy. However, 9 of these sources were removed from our MIPS sample

because of visible blending in the MIPS and/or IRAC bands (see §2), which may
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have been responsible for their anomalously high IR to optical flux ratios (unlike

Grazian et al. (2006), we do not attempt to de-blend such sources). A visual

inspection of the remaining sources led to the removal of 3 additional sources

with blended K-band fluxes, leaving 52 high-quality IR-excess sources.

The first Fiore criterion was designed to select obscured AGN with large X-

ray to optical flux ratios (see their Figure 2) whose column densities tend to range

from NH = 1022 to 1023 cm−2 (see Fiore et al. 2008 and references therein). The

R−K criterion ensures that only extremely red objects (EROs) fall in the sample.

The AGN amongst ERO samples tend also to be X-ray obscured with NH = 1022−

1024 cm−2 (Brusa et al. 2005). Obscured AGN are therefore likely to be targeted

by these criteria. However, these two selection criteria are known to identify

both AGN and star-forming galaxies (e.g. Alexander et al. 2002b, Doherty et al.

2005, Dey et al. 2008). We therefore examine whether these criteria are sufficiently

stringent to exclude the possibility that the properties of these sources could arise

from star formation.

The first of the three main arguments for the Compton-thick AGN nature

of the Fiore et al. sources is the ability of the obscured AGN template of IRAS

09104+41091 (Pozzi et al. 2007) to reproduce the extreme colors of these sources,

and the comparable inability of the M82 and Arp 220 star-forming templates to

do the same (see their Figure 3). When fitting SEDs to the sources in their sample,

Fiore et al. find that only 36% of their X-ray non-detected sources are best-fit by

elliptical, spiral, M82, N6090, or Arp 220 star-forming templates. Of the sources

in our MIPS-selected sample that meet the Fiore et al. criteria and have good

redshift fits, we find an even lower fraction of sources best-fit by these templates:

20%. However, as shown in Figure 13, the purely star-forming IRAS 22491 tem-

plate of Polletta et al. (2007) satisfies the Fiore et al. criteria when modest addi-
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tional reddening (AV ≤ 1.2) is allowed, indicating that the extreme colors of these

sources can be reproduced not only by obscured AGN, but by highly reddened

star-formation as well. Indeed, when we include this star-forming template, as

well as the star-forming LIRG/ULIRG templates of Rieke et al. (2008), the frac-

tion of Fiore sources in our sample best-fit by a star-forming template rises from

20% to 66%.

The second argument for the Compton-thick nature of the Fiore et al. sources

is the high fraction of heavily obscured AGN (NH = 1023 − 1026 cm−2) required

to reproduce the hardness ratios and counts of the stacked X-ray emission. Us-

ing a simulation, Fiore et al. (2007) estimate that 80% of their sources are ob-

scured AGN. The prediction for the X-ray non-cataloged sources in our sample

is somewhat lower: 60%+20%
−40%, although this fraction rises for the weakly-detected

IR-excess sources to 80%+10%
−20% (F. Fiore, private communication, 2008).

To test this finding for the sources in our sample, we coadded the 36 X-ray

non-cataloged Fiore et al. sources that lie far enough from known X-ray sources

to allow an accurate test for faint X-ray emission. The coaddition gave a soft

detection (0.5-2 keV, 3.9σ), but only a weak hard detection (2-8 keV, 1.7σ). The

resulting hardness ratio, HR = (H − S)/(H + S) = −0.17 is only slightly harder

than that of the 10 X-ray cataloged Fiore et al. sources, HR = −0.21, whose

column densities fall in the unobscured to highly obscured (log NH (cm−2)= 23.9)

range (Tozzi et al. 2006), with a median value of log NH (cm−2)= 22.6).

If we stack only the 10 sources with weak X-ray counterparts (that also lie

sufficiently far from known X-ray sources), however, we find a 5.3σ hard-band

detection, a 4.7σ soft-band detection, and a hardness ratio of HR = 0.33, signif-

icantly harder than that of the X-ray cataloged sample. At a redshift of z = 2,

this HR corresponds to a column density of NH = 2.7 × 1023 cm−2. The observed
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Figure 4.13 Redshifted (z = 1.5 − 2.5) tracks of the star-forming template
IRAS 22491-1808 in Fiore et al. color space. Additional extinctions of AV =0.0,
0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 were applied via the SMC (solid, Prevot et al. 1984,
Bouchet et al. 1985) or Calzetti (dashed, Calzetti et al. 2000) extinction laws. The
dotted lines represent the Fiore et al. (2008) selection criteria, and circles repre-
sent the 52 sources in our sample that meet those criteria. The 10 X-ray–detected
sources are given as filled circles. The star-forming template enters the selection
region with only a modest (AV ∼ 1) amount of additional extinction.
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photon index, Γ = 0.33, indicates an obscured AGN origin, as it is inconsistent

even with the moderately hard spectra of HMXB-dominated star-forming galax-

ies (Γ ∼ 1.0 − 1.4). Stacking the remaining 26 X-ray–non-detected Fiore sources

does not lead to a detection in any band. It therefore appears plausible, at least

in this bright subset of the Fiore et al. sample, that the hard X-ray flux can be

attributed to a small number of obscured, yet mostly Compton-thin, AGN, as

opposed to a large number of obscured, Compton-thick AGN.

The third argument for the AGN nature of the Fiore et al. sources is the sig-

nificant (factor of 30) offset between the IR and UV-derived SFRs. However, the

inherent difficulties in determining accurate UV SFRs for luminous, heavily ob-

scured galaxies (e.g. Goldader et al. 2002, Buat et al. 2005), as well as the sys-

tematic uncertainties of factors of 10-30 in the TIR luminosity (Fiore et al. 2008),

make this the weakest of the 3 arguments.

Of the 52 Fiore et al. sources in our MIPS sample, 10 (19%) are therefore X-

ray–selected AGN, and 10 (19%) are weakly detected in the X-ray, with coadded

properties consistent with their being obscured AGN. As for the remaining 26

sources for which we can test for faint X-ray emission, we cannot rule out the

presence of Compton-thick AGN. However, the lack of coadded hard counts from

this X-ray non-detected sample, the significant fraction of such sources that can be

fit by star-forming templates, and the Compton-thin nature of the X-ray–detected

Fiore et al. sources all suggest that many of these sources, which make up the

remaining 56% of the sample, are instead star-forming galaxies.

4.8 Implications for IR Selection of AGN

Our evaluation of the performance of the infrared selection methods allows a pre-

liminary estimate of the overall role of Spitzer-discovered AGN in the total pop-
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ulation. Of the 109 X-ray sources in the MIPS-selected sample, 95 have redshifts,

and of these, 73 (77%) have AGN-like X-ray luminosities of (log Lx(ergs s−1)> 42).

We therefore assume a sample of 84 (77% of 109) X-ray–selected AGN in the

MIPS-selected sample. We now consider how many IR-selected AGN can be

added to this total.

4.8.1 Infrared power-law and color-selected AGN

Of the 55 power-law AGN in our sample, 30 lack cataloged X-ray counterparts.

If we assume that all of the X-ray weakly- and non-detected PLGs are AGN, the

power-law selection criteria increases the number of known AGN (84) by 36%.

Of the 25/30 X-ray non-cataloged sources for which we could test for faint emis-

sion, 7 (28%) show weak X-ray emission at the > 2σ confidence level, and 18

show no sign of X-ray emission. Correcting for the 5 sources with nearby X-ray

counterparts therefore gives an estimate of 8.4 weakly-detected sources. To place

a conservative lower-limit on the contribution of X-ray non-detected PLGs to the

AGN population, we select as AGN those PLGs that are either weakly-detected

in the X-ray (8.4) or that have extremely red slopes of α < −1.0 (8, see §6). Com-

bining these two criteria results in a sample of 11.6 AGN candidates missed in

the X-ray catalogs, for a contribution of 14%. We therefore conclude that PLG

selection increases the number of known MIPS-detected AGN by ∼ 14 − 36%.

Further adding the 3 color-selected galaxies that lie outside the 3σ star-forming

contours and that lack cataloged X-ray counterparts (after correcting for the frac-

tion with redshifts and for which the distance from the star-forming contours

could therefore be determined) increases the contribution of IRAC-selected AGN

to ∼ 18 − 40%.

A search for weak X-ray emission from the full sample of color-selected galax-

ies results in the detection of 44 additional sources, 70% of which have X-ray lu-
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minosities typical of AGN (see Table 2). Of these 30 AGN candidates, however, 19

(63%) lie at z > 1.75, the redshift above which nearly all (94%) MIPS sources meet

the Lacy et al. criterion, regardless of their nature (AGN/star-forming). Their

selection as AGN candidates is therefore not primarily a function of their IRAC

colors, but of their X-ray properties. As such, we do not add these additional

∼ 30 AGN candidates to our Spitzer-selected total.

4.8.2 Radio/Infrared-selected AGN

Radio/infrared selection, in which objects are selected for excess radio emission

relative to that at 24 µm, provides an alternative way to identify AGN indepen-

dently of their optical and X-ray characteristics. In Donley et al. (2005), radio-

excess AGN are defined as those sources with log f24 µm/f1.4GHz < 0. Unlike

PLGs, radio-excess AGN tend to lie at z ∼ 1, have Seyfert-like X-ray luminosi-

ties of log Lx(ergs s−1)∼ 42 − 43, and have NIR SEDs dominated by the stellar

bump (Donley et al. 2005). Of the PLGs detected in the CDF-N, only 3% meet

the radio-excess criteria (Donley et al. 2007). While there is therefore almost no

overlap between these two AGN populations, their X-ray detection statistics are

very similar: only 40% of radio-excess AGN are cataloged in the 2 Ms CDF-N. If

we consider only those radio-excess AGN with 24 µm flux densities in excess of

80 µJy, the X-ray detection fraction rises to ∼ 60%. At this flux limit, the CDF-N

sample is complete to radio-excess AGN as defined by Donley et al. (2005).

In the CDF-N, the X-ray and MIPS–detected radio-excess galaxies (with X-ray

exposures greater than 1 Ms) account for 3% of the total number of such sources,

and their X-ray non-detected counterparts increase the number of known AGN

by 2%. Only 10-15% of AGN, however, are radio-intermediate or radio-loud.

This small observed sample of radio-excess AGN is therefore indicative of an

underlying population at least 7 times larger, which would increase the known



182

population of MIPS-detected AGN by ∼ 15% if a way could be found to identify

them.

Martinez-Sansigre et al. (2006) also select high-redshift obscured AGN candi-

dates via a 24 µm and radio flux cut, although of the 21 AGN candidates chosen

by them, only 6 (29%) are sufficiently radio loud to meet the infrared-to-radio se-

lection criteria used above to define radio-excess AGN. Their selection, however,

also includes a 3.6 µm IRAC cut designed to select red galaxies. Because it is de-

signed for use in shallow surveys, only three galaxies in the GOODS region of

the CDF-N meet their MIPS and radio flux cuts (using the radio data of Richards

2000), and none are red enough to meet all three criteria. This selection method

therefore does not contribute to the AGN sample in the deep CDF-S.

4.8.3 IR-excess Galaxies

As discussed above, the IR-excess samples of Daddi et al. (2007a), Dey et al.

(2008), Polletta et al. (2008), and Fiore et al. (2008) contain various fractions of

AGN and star-forming galaxies, with only the Polletta et al. selection criteria

unquestionably identifying AGN. Of the Polletta et al. sources, however, 80%

are detected in the X-ray catalogs, and the remaining source is a weakly-detected

PLG, whose contribution to the AGN population has already been considered.

Daddi et al. (2007a,b) conclude that at least 50% of their IR-excess galaxies are

Compton-thick AGN. If this hypothesis holds for the sources in our sample, the

Daddi et al. selection criteria would contribute ∼> 21 AGN to the MIPS-selected

sample in the ISAAC field, or ∼> 31 AGN to the full MIPS sample (as the ISAAC

region comprises only 68% of our full survey area). As discussed in §7.1, how-

ever, it appears plausible that the properties of many of these sources can be

attributed to star-formation. We therefore add only the weakly-detected galaxies,

whose mean X-ray luminosity suggests a likely AGN origin. Of the 13 weakly-
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detected Daddi et al. IR-excess galaxies, 1 is a weakly-detected PLG and 1 is a

color-selected galaxy that lies > 3σ from the star-forming contours, leaving 11

sources whose contribution is yet to be counted (or 12.6 when we correct for the

sources for which we could not test for weak X-ray emission). Further scaling

to the full sample region results in an additional contribution of 18.6 sources, or

22%.

F. Fiore (private communication, 2008) likewise concludes that ∼ 60% of the

X-ray non-cataloged sources in our sample are obscured AGN. If so, our MIPS

sample in the ISAAC field should contain 25 X-ray weakly or non-detected Fiore-

selected AGN. Of the 36/42 X-ray non-cataloged Fiore sources in our sample

(which do not lie too close to a known X-ray source to test for faint emission),

however, only 10 (28%) are X-ray weakly-detected (with properties indicative

of heavy obscuration). The remaining 26 sources show no evidence for X-ray

emission, and have properties that may also be consistent with star-formation.

We therefore only consider the contribution from the 10 weakly-detected sources.

Of these 10 sources, 3 are weakly-detected power-law galaxies. Correcting for the

ISAAC field of view (and the 6 sources for which we could not test for weak X-ray

emission) results in an additional contribution of 12.0 AGN, or 14%.

4.8.3.1 Combined Contribution

By combining the contribution of reliable power-law, color-selected, radio/ in-

frared, and IR-excess AGN candidates, we therefore estimate that Spitzer–selected

samples increase the known X-ray–selected AGN population by ∼ 54 − 77%,

down to a 24 µm flux density of 80 µJy. In addition, the radio/infrared selec-

tion implies a ∼ 17% contribution from radio-excess and radio-quiet AGN yet to

be identified. The number of AGN with 24 µm flux densities > 80 µJy is therefore

71 − 94% larger than that of current samples detected both in the X-ray and at
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24 µm in the deepest X-ray fields.

4.9 AGN Fraction of the MIR Sample

We plot in Figure 14a the fraction of the MIPS sample comprised of MIR- dom-

inated AGN as a function of 24 µm flux density. We define as ’MIR-dominated’

those AGN that (1) meet the PLG criteria, provided that they are also X-ray–

weakly-detected or have extremely red slopes of α < −1.0 (these criteria were

used above to place a conservative lower limit on the contribution from PLGs),

(2) meet the IRAC color-color cuts of Lacy et al. (2004) or Stern et al. (2005) and lie

outside the 3σ star-forming contours, (3) meet the Polletta et al. (2008) criteria, (4)

meet the Fiore et al. (2008) criteria and are X-ray cataloged or weakly-detected,

or (5) meet the Daddi et al. (2007) criteria and are X-ray cataloged or weakly-

detected. As above, we define as X-ray AGN those sources with cataloged X-ray

counterparts whose total X-ray luminosities (when redshifts are available) ex-

ceed 1042 ergs s−1. Because the PLG, Daddi et al. (2007), and Fiore et al. (2008)

selection criteria all identify AGN candidates with mean redshifts of z ∼ 2, the

vast majority of the IR-selected AGN lie at high redshift regardless of their flux

density.

As shown by Brand et al. (2006), the fraction of MIR sources dominated by

an AGN drops with decreasing flux density. We verify this trend, showing ex-

cellent agreement with the Brand et al. results (see Figure 13a), and confirm that

it continues down to ∼ 300 µJy. At lower flux densities, however, the fraction

of MIR-dominated X-ray AGN begins to decrease at a much lower rate, and that

of all MIR-dominated AGN plateaus at a value of ∼ 10%. This indicates that a

non-negligible fraction of faint MIR sources are not powered primarily by star-

formation, but by their central engines. The significant number of faint 24 µm
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Figure 4.14 Fraction of MIR-dominated AGN, and all AGN (regardless of their
contribution to the MIR light), as a function of 24 µm flux density. The full def-
initions of ’MIR-dominated’ and ’X-ray AGN’ are given in §9. Error bars rep-
resent the 1σ errors on the source number counts, and the width of the bins.
The MIR-selected sources missed in the X-ray comprise the majority of the MIR-
dominated AGN at low flux densities, where the trend towards lower AGN frac-
tions plateaus.
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sources that are AGN-dominated in the MIR is consistent with the finding of 6/19

such objects in the spectroscopy of faint 24 µm sources by Rigby et al. (2008). At

these low flux densities, it is also evident from Figure 14a that the majority of the

MIR-dominated AGN are not detected in the X-ray. For instance, at 80 µJy, the

total number of MIR-dominated AGN outnumbers that of MIR-dominated X-ray

AGN by a factor of ∼ 6. Using only the X-ray emission as a probe of AGN activity

will therefore result in a serious underestimation of the AGN contribution to the

MIR flux density.

Finally, we plot in Figure 14b the fraction of all AGN in the MIPS sample (not

only those whose MIR flux is dominated by the AGN), as a function of MIPS

24 µm flux density. To account for the contribution of the AGN amongst the 14 X-

ray sources lacking redshifts, we randomly add 11, or 77% (the AGN fraction of

the X-ray sample), of these 14 X-ray sources to the X-ray AGN sample. We further

supplement the AGN sample by including the assumed contribution from radio-

excess and radio-quiet AGN, 17%, or 14 sources. Because these sources have not

been individually identified in the CDF-S, we draw their flux densities randomly

from the range of observed flux densities in the CDF-N (80 − 300 µJy).

The X-ray non-detected AGN still comprise the majority of all AGN at the

lowest 24 µm flux densities, and their contribution at larger flux densities is sig-

nificant, raising the AGN fraction to > 15% at all 24 µm flux densities. As was

seen for the MIR-dominated AGN, the total fraction of AGN rises with increas-

ing MIR flux density, reaching a value of 37% at f24 µm ∼ 800 µJy, 15% higher

than that of MIR-dominated AGN of the same flux density. The X-ray AGN frac-

tions we find are somewhat higher than that of Treister et al. (2006). While the

cause of this offset is not entirely clear, it is likely to be due at least in part to cos-

mic variance, as their 24 µm sample was drawn from GOODS-N, and ours from
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GOODS-S. Once again, the vast majority of X-ray non-detected AGN at all flux

densities lie at z ∼ 2, the mean redshift of the sources selected via the PLG, Daddi

et al. (2007), and Fiore et al. (2008) criteria. Only the radio-selected AGN samples

lie at systematically lower redshifts of z ∼ 1.

4.10 Summary

Infrared selection of AGN is a powerful technique. Using new accurate star-

forming and AGN templates along with a flux-limited MIPS-selected sample

drawn from the GOODS-S field, we critically review three MIR selection criteria:

(1) the IRAC color cuts of Lacy et al. (2004) and Stern et al. (2005), (2) the power-

law galaxy (PLG) selection technique of Alonso-Herrero et al. (2006) and Donley

et al. (2007), and (3) the IR-excess selection criteria of Daddi et al. (2007a,b), Dey

et al. (2008), Fiore et al. (2008), and Polletta et al. (2008). From this analysis, we

then quantify the contribution of Spitzer-selected AGN to the X-ray selected AGN

population. The main conclusions of this paper are as follows:

• The majority of non-power-law IRAC color-selected AGN candidates have

IR colors consistent with those of redshift-appropriate star-forming tem-

plates. In comparison, the majority of PLG AGN candidates lie outside

of the star-forming contours. PLG selection recovers the majority of high-

quality AGN candidates.

• The reliability of AGN IRAC color-color selection improves with increasing

flux as high-redshift star-forming galaxies fall out of the sample. Neverthe-

less, the fraction of potential star-forming contaminants is still high (∼ 50%)

at the highest fluxes probed by our survey (f24 µm ∼ 500 µJy).

• A comparison of the 24 µm to 3.6 µm colors of the X-ray non-detected PLGs
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to those of AGN and star-forming templates suggests that the X-ray non-

detected PLGs, like their X-ray–detected counterparts, have more hot dust

emission than can be explained by star-formation alone.

• An analysis of the Daddi et al. (2007) IR-excess sources in our MIPS sample

indicates that while these sources may be Compton-thick AGN, it is also

possible that they are low-luminosity, Compton-thin AGN and/or lumi-

nous, highly-reddened star-forming galaxies.

• An X-ray stacking analysis of the sources selected via the Fiore et al. (2008)

criteria indicate that ∼ 42% are consistent with being obscured AGN, and

that the remaining 58% may be star-forming galaxies.

• Adding secure Spitzer-selected power-law, color-color, radio/IR, and IR-

excess AGN candidates to the deepest X-ray samples directly increases the

number of known AGN by ∼ 54 − 77%, and implies a total increase of

71− 94%. This fraction excludes the full contributions from the Daddi et al.

and Fiore et al. AGN candidates, whose nature is still uncertain.

• The fraction of MIR sources dominated by an AGN decreases with decreas-

ing flux density, but only down to a 24 µm flux density of ∼ 300 µJy. Be-

low this limit, the AGN fraction levels out at ∼ 10%. This indicates that a

non-negligible fraction of faint 24 µm sources are primarily powered not by

star-formation, but by the central engine. In addition, the majority of AGN

at low 24 µm flux densities are missed in the X-ray, indicating that X-ray

emission alone cannot be used to identify AGN, especially amongst faint IR

samples.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Radio-excess AGN

In Chapter 2, I selected AGN independently of their X-ray and optical properties

using the radio-infrared correlation. Approximately 60% of the AGN selected

in this way lacked counterparts in the 2 Ms X-ray catalog, and 25% lack even

faint (≥ 2σ) detections. This result therefore confirmed the prediction that even

the deepest X-ray surveys are substantially incomplete to obscured AGN by de-

tecting the first of this ’missing population’. While the actual number of sources

detected was relatively low (27 radio-excess AGN in total), radio-excess AGN

comprise only ∼ 15% of the full AGN sample.

The radio-excess AGN have a mean redshift of z ∼ 1 and have X-ray lumi-

nosities characteristic of Seyfert galaxies (1042 < Lx(ergs s−1) < 1044). While the

X-ray–non-detected sources remain Compton-thick candidates, the X-ray column

densities of the weakly-detected (e.g., non-cataloged) AGN indicate that they are

obscured, yet Compton-thin. In the models of Worsley et al. (2005), the galaxies

primarily responsible for the missing, unresolved CXRB radiation have proper-

ties generally consistent with those of the radio-excess AGN: they are predicted

to lie at z = 0.5−1.5, have column densities of NH > 1023 cm−2 and have X-ray lu-

minosities of < 5×1043 ergs s−1. It therefore seems plausible that the radio-excess

AGN comprise the radio-loud subset of this missing population.

Assuming that radio-excess AGN are not preferentially obscured compared to

their radio-quiet counterparts, the radio-excess sample discussed above therefore

implies a significant and still-hidden population of heavily obscured, z ∼ 1, and

Seyfert-luminosity radio-quiet AGN. How might such AGN be identified? As dis-
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cussed in Chapter 3, the power-law selection technique preferentially identifies

high-luminosity quasars. There is therefore little to no overlap between the radio-

excess and power-law samples. While the infrared-excess selection techniques

discussed in Chapter 4 may be less biased towards high AGN luminosities, they

select samples at z ∼ 2 and appear to be subject to contamination by star-forming

galaxies.

What options then remain? One possible approach comes from the Hershel far-

infrared and submillimeter observatory, scheduled for launch in early 2009. At

z = 1− 2, the 70− 100 µm emission probes the predicted peak of the reprocessed

radiation in heavily obscured, Compton-thick AGN. How well such radiation can

be used to successfully separate Compton-thick AGN from star-forming galaxies,

however, is yet to be determined. Alternatively, one could use the radio spec-

tral slope. Seymour et al. (2008), for example, select as AGN all sources whose

1.4 GHz to 4.8 GHz spectral slope does not lie in the range −0.4 ∼< α ∼< −1.1.

To do so, however, we would need deeper radio surveys; in current surveys,

only 30% of the luminous power-law AGN have radio counterparts. Likewise,

high-resolution radio data from MERLIN or the future EVLA could be used to

discriminate between AGN and star-formation powered sources via the radio

morphology.

In the absence of extremely deep and/or high-resolution radio data, however,

the best option lies in deeper X-ray surveys. Approximately 35% of the radio-

excess AGN in the CDF-N lack high-significance cataloged X-ray counterparts,

but show evidence for weak ≥ 2σ X-ray emission. Because the Chandra deep

fields are photon-limited, not background-limited, doubling the exposure results

in twice the sensitivity, at least in the inner regions of the X-ray field where vi-

gnetting is minimal. Increasing the depths of the deep X-ray field(s) to 5 Ms, for
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example, should therefore result in a 5σ detection of ∼ 75% of the radio-excess

(and radio-quiet) AGN samples, compared to the 40% detection rate in the cur-

rently available data.

Finally, it should be noted that the selection of AGN via their infrared and

radio properties has thus-far been limited to regions of the sky with deep Spitzer

coverage. This will soon change thanks to the Wide-field Infrared Survey Ex-

plorer (WISE), currently scheduled for launch in November, 2009. Over 500 times

more sensitive than IRAS, WISE will provide an all-sky survey from 3-25 µm

down to a 23 µm sensitivity limit of 2.6 mJy. This dataset will therefore be well-

matched to the FIRST VLA survey, whose source detection threshold is ∼ 1 mJy,

and will enable the identification and study of any radio-excess AGN with 20 cm

flux densities in excess of ∼ 3 mJy.

5.2 Infrared power-law AGN

In Chapter 3, I used the unique power-law spectral shape of luminous AGN

to select a sample of high-luminosity (Lx > 1044 ergs s−1) and high-redshift

(z ∼ 2) AGN, again independently of their X-ray and optical properties. While

there is almost no overlap between this sample of power-law galaxies (PLGs)

and the Seyfert-luminosity, z ∼ 1, radio-excess AGN discussed above, the X-ray

detection statistics are similar: only ∼ 50% of the PLGs are detected in the X-

ray. This result is in partial agreement with the predictions of Ballantyne et al.

(2006), who estimate that deep X-ray surveys miss ∼ 50% of obscured AGN with

Lx > 1044 ergs s−1. Contrary to the Ballantyne et al. prediction that most of

the missing objects are Compton-thick, however, all but 15% of the PLGs show

evidence for faint X-ray emission that indicates an obscured, but Compton-thin,

column density. This may be partially a function of the selection method. As
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discussed in Chapter 3, the possibility of substantial NIR extinction in Compton-

thick AGN may bias the power-law selection method against such sources. If

this is the case, however, the fraction of luminous AGN missed in the deep X-ray

fields will be even higher than observed.

Because of potential, though unlikely, contamination by high-redshift star-

forming galaxies, it would be useful to obtain independent confirmation of the

AGN nature of these sources. Such confirmation could come in the form of AGN

lines in optical and/or NIR spectra, from the detection of hard X-ray emission,

or from optical variability, which has already been observed for some X-ray non-

detected power-law galaxies (Sarajedini et al. 2008). Follow-up studies of PLGs

in the deep Chandra fields, however, are limited primarily by the faint optical and

MIR magnitudes of this sample as well as their relatively small numbers. This

limitation can be largely overcome by selecting a sample of PLGs in a larger field,

such as COSMOS. For instance, GOODS-S contains only ∼ 60 power-law galax-

ies and only 7 with I < 24. In contrast, a quick analysis of the public COSMOS

catalogs indicates that the this field (which is 20 times the size of the combined

GOODs fields) contains over 1000 power-law AGN, and over 100 with I < 24.

While the multiwavelength coverage is not as deep, the large area allows for

better selection of rare luminous sources such as PLGs. Optical spectroscopic

follow-up of the bright PLGs in COSMOS would help to constrain their redshift

distribution, and subsequent NIR observations could quantify the relative contri-

butions from AGN and star-formation activity via measurement of the [N II]/Hα

line ratio. Furthermore, X-ray coaddition of the large number of PLGs would pro-

vide far better constraints on the overall X-ray properties of this sample. Because

the coolant on Spitzer will soon run out, a detailed study of the MIR spectral prop-

erties, however, will have to wait for JWST, whose MIRI instrument will provide
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spectroscopic coverage from 5 to 27 µm.

5.3 The Combined Contribution from Spitzer-

selected AGN

In the 5+ years since the launch of Spitzer, a number of authors have developed

IR-based AGN selection criteria. In Chapter 4, I critically reviewed all of the

major selection methods defined to date, which include IRAC color-color and

IR-excess selection methods in addition to the radio-excess and power-law tech-

niques discussed above. As discussed in the introduction, the main difficulty

in developing successful IR-based AGN selection methods lies in the separation

of AGN- and star-formation-powered sources. Of course, these two processes

often operate concurrently, further complicating the identification of AGN. We

therefore set the following measure of success: the AGN selection criteria must

not be reproducible by the template of a purely star-forming galaxy. When we

consider only those AGN candidates that we believe to be secure, we confirm

that a significant number of AGN have been missed in the deepest X-ray fields

observed to date. Adding these secure Spitzer-detected AGN candidates to the

X-ray–selected sample increases the known number of AGN by up to 94%.

Spitzer-selection therefore nearly doubles the number of known AGN in the

distant Universe. Nevertheless, this number is likely a lower limit on the true

number of obscured AGN missed in the deep X-ray fields. While the implied

number of heavily obscured, z ∼ 1, Seyfert-luminosity, radio-quiet AGN is in-

cluded in the contribution above, only 60% of the most luminous AGN (1044 <

Lx(ergs s−1)< 1045) meet the power-law criterion, suggesting that a significant

number of luminous, heavily obscured AGN are yet to be identified. Further-

more, the infrared-excess criteria discussed in Chapter 4 primarily select moder-
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ate luminosity AGN that lie at z ∼ 2, and are insensitive to lower-redshift ob-

scured AGN. Future observatories such as Herschel, JWST, and ALMA are there-

fore likely to identify additional members of this missing population of obscured

AGN.

The infrared detection of AGN would also benefit from a better understand-

ing of the templates of high-redshift galaxies. In this work, we used the templates

of a relatively small number of local LIRGs and ULIRGs. While our tests indicate

that these templates trace quite well the general behavior of galaxies at high-z,

they do not encapsulate the full range of SED behavior at high-redshift. Simi-

larly, a better understanding of the SEDs of heavily obscured AGN will aid their

discovery and study in the distant universe. An effort to characterize the infrared

properties of local Compton-thick AGN is already underway (J. Rigby et al., in

preparation), and will likely guide future studies.

5.4 The Role of Obscured AGN in Galaxy Formation and Evolution

In addition to constraining the accretion history of the universe, the detection

and study of obscured AGN has direct implications for models of galaxy for-

mation and evolution. Ever since the discovery of the MBH/σ relationship (Fer-

rarese & Merritt 2000, Gebhardt et al. 2000), we have known that black hole and

galaxy growth are fundamentally connected. While many scenarios have been

suggested to explain this correlation, the currently favored explanation is one

in which the formation of both the galaxy bulge and the SMBH are driven by

a major merger (e.g., Sanders et al. 1988, Hopkins et al. 2008). As the galax-

ies collide, gas driven to the center triggers both ULIRG-level starburst activity

and heavily obscured yet rapid black hole accretion. Eventually, the reservoir of gas

is largely consumed, and feedback from the active galaxy and supernovae drives
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the remaining gas outwards. Only after the gas has dispersed is an unobscured

optically-bright quasar visible.

In this model, heavy obscuration is due not to the torus, but to large-scale gas

inflows. While this major-merger scenario does not appear to dominate AGN

growth in the local (z < 1) universe (e.g., Kauffmann et al. 2003), or the growth

of Seyfert-luminosity AGN at high redshift (Grogin et al. 2005), it may be the

dominant means of evolution for luminous massive galaxies at high-redshift. In

order to test this hypothesis, one must therefore define a sample of high-redshift

(z ∼ 2), high-luminosity (Lx > 1044) ergs s−1, and heavily obscured AGN. Not

only does the intrinsic obscuration serve as a coronagraph that blocks out the

bright optical emission from the central engine, but it is predicted to be most

prevalent during the final merger stages, when merger characteristics should be

easily identifiable.

The luminous, high-redshift, and heavily obscured power-law galaxies dis-

cussed in Chapters 3 and 4 therefore provide the best possible sample with which

to test the major-merger hypothesis. I therefore propose a morphological study

of power-law AGN in the GOODS and COSMOS fields. While GOODS has the

advantage of ultra-deep 2 Ms X-ray coverage, it covers only a small region of

the sky (∼ 0.1 sq. degrees). The AGN number counts are therefore dominated

by low-luminosity sources. By supplementing the GOODS sample with power-

law AGN from the 2 sq. degree COSMOS field, which has full XMM-Newton

coverage and deep 200 ks Chandra coverage of 0.8 sq. degrees, I will be able to

construct for the first time a statistically significant sample of high-luminosity,

high-redshift, and heavily-obscured AGN.

Both GOODS and COSMOS have deep (I < 27.1) ACS coverage, and it is

from these data that I will calculate asymmetry and concentration indices. The
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morphologies of the brighter sources will also be studied using the Gini and M20

indicators. In addition to testing for signs of merger activity in these luminous

obscured AGN, I will compare the results to a control sample of inactive galaxies

with similar redshifts and magnitudes, as well as the less luminous AGN that

have been the focus of previous studies. Finally, I will use deconvolved images

of nearby interacting galaxies to quantify the success of the asymmetry and con-

centration indices in identifying merger features in high-redshift galaxies. This

program, which will expand on the work described in this thesis, will provide an

important test of the proposed mechanism for the co-evolution of galaxies and

their SMBHs.
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APPENDIX A

STAR-FORMING TEMPLATES

To understand the performance of our power-law AGN selection at high redshift

and high luminosity, it is necessary to test it with template spectral energy dis-

tributions of appropriately luminous infrared galaxies. It has recently become

possible to construct accurate templates in the critical 0.8 to 10 µm range using

a combination of Spitzer data, 2MASS total galaxy measurements, and ground-

based spectroscopy in the 3 - 4 µm range. We used these data sources to build

templates for 3 ultra-luminous infrared galaxies. Arp 220 and IRAS 17208-0014

are both strongly dominated by star formation, whereas Mrk 273 appears to be

powered by a mixture of star formation and an obscured AGN (e.g., Ptak et al.

2003; Farrah et al. 2003).

The references in Table A1 provide total-galaxy flux densities in the optical,

near infrared, and at 3.6 and 4.5 µm. We derived the near infrared stellar con-

tinuum starting from the stellar spectra of Strecker et al. (1979). They have the

advantage of being consistently calibrated, are not affected by terrestrial atmo-

spheric absorption, and they extend to 5.5 µm. Specifically, we used the spectrum

of β And for the near infrared stellar continuum, since its CO absorption approxi-

mately matches that of actively star forming galaxies. At wavelengths shortward

of 1.2 µm, our starting point was the spectral energy distribution of Arp 220 from

Silva et al. (1998). For each galaxy, we joined these two spectra at 1.2 µm and then

adjusted the normalization and reddening to give a good overall fit through the

photometry (UBVR as available plus JHK). The resulting spectrum was taken as

the stellar photospheric part of the template (since we need a template valid up to

z = 3 in the IRAC 3.6 µm band, the behavior at wavelengths shortward of 0.8 µm
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Table A1. Input Data for Templates

Galaxy UBVR JHK 3 − 4 µm 3.6, 4.5 µm 6 − 15 µm Other

spectrum spectrum

Arp 220 1 4 5 7; 54.2, 46.6 mJy 9 12, 13

IRAS 17208-0014 2 4 6 8; 17.9, 17.3 mJy 10 14

Mrk 273 3 4 5 7; 27.6, 38.2 mJy 11 15

References. — (1) Frueh et al. 1996; (2) Duc, Mirabel, & Maza 1997; (3) Surace, Sanders, &

Evans 2000; (4) 2MASS via NED; (5) Imanishi, Dudley, & Maloney 2006; (6) Imanishi 2006; (7)

Spitzer PID 32, extraction aperture diameter of 90” for Arp 220 and 50” for Mrk 273; (8) Spitzer

PID 3672, extraction aperture 30” in diameter; (9) Armus et al. 2007; (10) Rigopoulou et al. 1999;

(11) Higdon et al. 2006; (12) Klaas et al. 1997; (13) Rieke et al. 1985; (14) Scoville et al. 2000; (15)

Rieke 1978

is unimportant). From Goldader et al. (1995), all three galaxies have strong CO

stellar absorption features (bandhead at rest 2.3 µm), so the photospheric spec-

trum is not significantly diluted by other sources at least to 2.4 µm. Therefore, we

use it to define the template from 0.8 to 2.4 µm.

For wavelengths longer than about 6 µm, the templates are based on the spec-

tra listed in Table A1. Because the infrared activity is generally concentrated in

the nuclei, and the beams used for these spectra are relatively large, we made

no corrections for extended emission. To bridge from 2.4 to 6 µm, we proceeded

as follows. The IRAC photometry at 3.6 and 4.5 µm matches the apertures for

the 2MASS total galaxy measurements, so it defines the overall output across the

bridge region. The spectrum of M82 (Stürm et al. 2000) indicates that we should

expect no strong spectral features between 4 and 6 µm (other than Br α, which

should have small equivalent width). To fold in the 3 - 4 µm region, we used
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Table A2. Templates

Arp 200 IRAS 17208-0014 Mrk 273

λ(µm) fν (Jy) λ(µm) fν (Jy) λ(µm) fν (Jy)

1.6572E-02 1.2100E-07 1.6177E-02 1.8200E-09 1.6256E-02 4.7100E-08

1.8124E-02 1.7100E-07 1.7693E-02 2.7100E-09 1.7778E-02 6.6600E-08

1.9823E-02 2.4300E-07 1.9352E-02 4.0800E-09 1.9445E-02 9.4900E-08

2.1690E-02 3.3200E-07 2.1174E-02 5.8800E-09 2.1276E-02 1.3000E-07

2.3723E-02 4.4200E-07 2.3159E-02 8.2500E-09 2.3271E-02 1.7200E-07

Note. — The complete version of this table is in the electronic edition of the Journal.

The printed edition contains only a sample.

the spectra indicated in Table A1. We estimated the photospheric contribution

to these spectra by applying corrections to our stellar template from small aper-

ture photometry in the JHK region, or from small aperture photometry at L, or

from both. This contribution was subtracted from the spectrum (using the β And

template) and the remainder, representing the excess emission, was added to the

total stellar template. This excess spectrum was scaled until the total template

matched the photometric point at 3.6 µm (the scaling factors required were small,

between 1 and 1.5, indicating that the excess emission was nearly all within the

∼ 1” slits used for the spectroscopy). We joined the longest wavelength point

from these spectra to the shortest wavelength point in the 6 - 15 µm spectra with

a scaled and adjusted spectrum from M82 (Sturm et al. 2000). We found that

adjusting the slope as a power law in wavelength and then normalizing gave a

smooth connection that also was compatible with the photometry at 4.5 µm. The

templates are shown in Figure 20 and are given in Table A2.
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Figure A.1 SED templates for Arp 220 (light solid line), IRAS 17208-0014 (heavy
solid line) and Mrk 273 (light dashed line) between 1 and 10 µm. The templates
have been normalized to the same value near 7 µm. The influence of the AGN
in Mrk 273 is apparent both in the reduced equivalent widths of the aromatic
features and in the filling-in of the SED near 5 µm.
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APPENDIX B

PHOTOMETRIC REDSHIFT TECHNIQUE

We used two methods to determine photometric redshifts. The first utilizes the

extensive high-resolution template set of Pérez-González et al. (2008), which

was created by fitting stellar population synthesis and dust emission models

to the ∼1500 galaxies in the CDF-N and CDF-S with secure spectroscopic red-

shifts. When applied to all spectroscopically-detected IRAC-selected galaxies in

the GOODS-N and GOODS-S, this template library returns photometric redshifts

with ∆(z)<0.1 for 88% of the sources, and ∆(z)<0.2 for 96%, where ∆(z) =

(zp − zs)/(1 + zs) ( Pérez-González et al. 2008). Because this method relies on

star-forming templates, however, we do not expect it to provide equally reliable

photometric redshifts for galaxies in which the stellar features are dominated by

emission from an AGN.

Our second method is based on the chi-squared minimization routine HY-

PERZ (Bolzonella, Miralles, & Pelló 2000). With a suite of normal star-forming,

LIRG/ULIRG, and AGN templates, we can better account for the range of sources

expected in our 24 µm selected sample, albeit with a smaller template library. To

create this library, we started with a sample of 10 star-forming templates and 8

AGN templates from Silva et al. (1998) and Polletta et al. (2007). The Polletta et

al. AGN templates cover a range of intrinsic obscurations (Type 1 and Type 2)

and luminosities (Sey/QSO). We then supplemented this sample with 10 empiri-

cal star-forming LIRG and ULIRG templates. The full template sample is listed in

Table 1. The LIRG and ULIRG templates, described in detail in Rieke et al. (2008,

in prep.), significantly improve upon previous semi-empirical templates by con-

straining the SEDs between 1 and 6 µm with 2MASS and IRAC photometry and
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by basing the SEDs from 5 to 35 µm on IRS spectra.

Using this template library, we ran HYPERZ on all robust optical–MIR data

for the IR-normal and color-selected galaxies. For the PLGs, we removed all pho-

tometry longward of 3.6 µm (IRAC channel 1). Including the full Spitzer photom-

etry for PLGs provided little or no additional constraint on potential redshifts,

and limited severely the SEDs for which a good fit could be found. We allowed z

to vary from 0 to 4 and Av to vary from 0 to 1.2. While its shape is still relatively

unconstrained, a number of studies have suggested that the extinction curve of

AGN most closely resembles that of the SMC (e.g. Richards et al. 2003). We

therefore assumed by default the SMC extinction curve of Bouchet et al. (1985)

for the PLGs and color-selected galaxies. For the IR-normal galaxies, we assume

the Calzetti (2000) extinction curve, as this curve was modeled to represent the

extinction properties of starburst galaxies. To prevent unrealistic redshift solu-

tions, we applied the redshift- and model-dependent absolute magnitude cuts

of Polletta et al. (2007). Finally, to increase the weight of the IRAC photometry,

which solely defines the red slope of the stellar bump, we set the errors on the

IRAC photometry to the measurement errors, as opposed to the total photomet-

ric errors. This procedure is acceptable because many types of photometric error

will have similar effects on the four IRAC bands, so we are making use of the

overall internal consistency expected for the data.

To improve the likelihood of obtaining a good fit for each source, we then

varied a number of these assumptions, and examined by eye the resulting fits

to choose the most convincing redshift solution. This visual inspection is an im-

portant characteristic of our work, and was made possible by the relatively small

number of sources in our sample. First, each PLG and color-selected galaxy was

fit by both the SMC and Calzetti extinction laws. In most cases, the resulting



203

redshift fits and solutions varied only slightly (in which case we chose the SMC-

derived fit), but for some galaxies, one of the two extinction laws provided a

clearly superior fit as determined by a visual inspection. Second, if the absolute

magnitude of the resulting best-fit template did not meet the redshift-dependent

absolute magnitude cut of Polletta et al. (2007), we allowed MB to vary between

-23.7 to -17 for star-forming templates and -28.8 to -19 for AGN templates (e.g.

Polletta et al. 2007). Third, we allowed the IRAC errors to increase to their total

estimated values by adding a 10% error to the flux; in only 4 cases did this lead to

a better fit. Finally, for the PLGs, we explored fits that did not include the 3.6 µm

IRAC channel; only 2 sources benefited from this change.

The final step in our redshift estimation was an independent review of the red-

shifts by two authors. By examining by eye the resulting redshift fits, we chose

for each PLG and color-selected galaxy the best HYPERZ redshift. We then com-

pared this to the redshift fit from the Pérez-González et al. (2008) technique, and

replaced the former with the latter if it clearly provided a better fit. For the IR-

normal galaxies, we use the Pérez-González et al. (2008) redshifts by default, as

these are optimized for normal galaxies. We do, however, remove unconvincing

redshift fits, and substitute a solid HYPERZ redshift if available. For all sources,

we only assign a photometric redshift if a convincing fit exists. We rejected 76

sources with poor data or other problems that compromise our redshift determi-

nation. The photometric redshifts classified as being of high quality are summa-

rized in Table 1 and shown in Figure 1.
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Table B1. Photometric Redshift Templates

Template Type Ref

Ell2 2 Gyr old elliptical (2)

Ell5 5 Gyr old elliptical (2)

Ell13 13 Gyr old elliptical (2)

S0 Spiral 0 (1)

Sa Spiral a (1)

Sb Spiral b (1)

Sc Spiral c (1)

Sd Spiral d (1)

Sdm Spiral dm (1)

M82 Starburst (1)

NGC 6090 LIRG/Starburst (1)

ESO320-G030 LIRG/Starburst (3)

NGC 1614 LIRG/Starburst (3)

NGC 2639 LIRG/Starburst (3)

NGC 3256 LIRG/Starburst (3)

NGC 4194 LIRG/Starburst (3)

Arp 220 ULIRG/Starburst (1)

Arp 220 ULIRG/Starburst (3)

IRAS 12112+0305 ULIRG/Starburst (3)

IRAS 14348-1447 ULIRG/Starburst (3)

IRAS 17208-0014 ULIRG/Starburst (3)

IRAS 22491-1808 ULIRG/Starburst (3)

IRAS 22491-1808 ULIRG/Starburst (1)

Mrk 231 ULIRG/Seyfert 1 (1)

Sey1.8 Seyfert 1.8 (1)
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Table B1—Continued

Template Type Ref

TQSO1 Type 1 QSO (1)

Sey2 Seyfert 2 (1)

NGC 6240 Starburst/Seyfert 2 (1)

IRAS 19254-7245 ULIRG/Seyfert 2 (1)

IRAS 20551-4250 ULIRG/Buried AGN (1)

QSO2 Type 2 QSO (1)

References. — (1) Polletta et al. (2007), (2) Silva

et al. (1998), (3) Rieke et al. (2008)
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APPENDIX C

REDSHIFT-DEPENDENT COLOR SELECTION

C.0.0.2 z = 0 − 0.25

The lowest redshift bin contains no PLGs and 2 color-selected galaxies, both of

which are detected in the X-ray, but with low observed X-ray luminosities of

log Lx(ergs s−1)= 41.3 and log Lx(ergs s−1)= 40.9, indicative of powerful star-

bursts or very low-luminosity AGN.

C.0.0.3 z = 0.25 − 0.75

The second redshift bin contains 3 PLGs, 27 Lacy-selected galaxies, and 4 Stern-

selected galaxies. Of the Lacy and Stern-selected sources, only 41% and 25% are

detected in the X-ray, respectively, compared to 100% of the PLGs. The average

observed 0.5-8 keV X-ray luminosity of the X-ray–detected color-selected galax-

ies, log Lx(ergs s−1)= 43.0, is consistent with AGN activity, but is an order of

magnitude less than that of the PLGs in this redshift bin, log Lx(ergs s−1)= 44.1.

This is not surprising, as power-law selection preferentially identifies the most

luminous AGN where the emission from the central engine is able to overpower

that of the host galaxy (Donley et al. 2007). The AGN that lie amongst the color-

selected sample clearly represent a less luminous AGN population than those

selected via the PLG criteria. Furthermore, of the 27 Lacy-selected (and 4 Stern-

selected) galaxies, only 11 (2) lie outside the 1σ star-forming contours in their

respective color-space, with the number dropping to 3 and 1 (2 and 0) at 2σ and

3σ. This suggests that the majority of the color-selected sources in this redshift

bin have infrared colors indicative of IR-normal galaxies. While all of the PLGs lie

outside even the 3σ contours in the Lacy color-space, they lie inside the contours
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in Stern-space, due primarily to the Sdm template of Polletta et al. (2007), whose

strong 3.3 µm aromatic feature passes through the 4.5 µm IRAC band at z ∼ 0.4,

causing the template to enter the Stern AGN selection region at z = 0.23−0.51. Of

the 2 PLGs whose colors overlap with this template, both have spectroscopic red-

shifts of z > 0.67, and would therefore be ’safe’ if we considered smaller redshift

bins. Removing this template, however, would have no effect on the number of

Lacy or Stern-selected sources that lie outside the 1σ contours.

C.0.0.4 z = 0.75 − 1.25

We find a higher proportion of secure color-selected galaxies in the z = 0.75 −

1.25 bin, with 10/12 of the Lacy-selected sources and 6/13 of the Stern-selected

sources lying outside the 1σ star-forming contours. This is not surprising, as it is

at z ∼ 1 that the star-forming contours are best separated from the AGN selection

region. If we extend our test to 2σ, however, the numbers drop significantly, to

5/12 and 1/13. The majority of the Stern-selected galaxies in this redshift bin

fill the lower-left corner of the AGN selection region, the region populated by

the Stern-only sources whose Lacy colors place them in the star-forming locus of

color-space. These star-forming galaxies are likely responsible for the fact that

this is the only redshift bin in which the Stern-selected sources outnumber the

Lacy-selected sources. Of the 5 PLGs in this redshift bin, all lie outside the 1σ

star-forming contours in both Lacy and Stern color-space, and while only 3 lie

outside of the 2σ contours in Stern color-space, all lie outside of the 2σ and 3σ

colors in Lacy color-space.

C.0.0.5 z = 1.25 − 1.75

The number of color-selected galaxies rises significantly in the z = 1.25−1.75 red-

shift bin. The fraction of potential IR-selected AGN, however, is by far the lowest
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at these redshifts, with only 6/38 Lacy-selected sources and 3/31 Stern-selected

sources falling outside the 1σ star-forming contours. In addition, only 3/38 Lacy

sources and 4/31 Stern sources have X-ray counterparts, further suggesting that

nearly all of the color-selected sources at this redshift are star-forming galaxies,

and not AGN. In contrast, the 2 PLGs found in this redshift bin fall outside of the

1σ contours in both the Lacy and Stern plots, and both are detected in the X-ray.

C.0.0.6 z = 1.75 − 2.25

The largest number of Lacy-selected sources, 77, is found in the z = 1.75 − 2.25

bin. In addition, an extraordinarily high fraction, 50/77, lie outside of the 1σ

star-forming contours, a surprising fact given the X-ray detection fraction of only

9%. Have we discovered a significant population of z ∼ 2 obscured AGN similar

to those claimed by Daddi et al. (2007), or is there another explanation for this

population?

The AGN contours (shown in green) provide a better match to the IR col-

ors of these color-selected galaxies than do the star-forming templates (shown in

blue). At this redshift, the primary difference between the IRAC regions of the

star-forming and the low-luminosity AGN templates is the strength of the CO in-

dex, which is stronger in the star-forming galaxies than in the AGN. The MIPS–

selected sources therefore may have smaller CO indices than those of our local

templates. One explanation for this offset is that an underlying AGN continuum

has diluted this feature. A lower CO index, however, could also be attributed to

evolution in the metallicity of the LIRGS/ULIRGS. At 1/3 solar metallicity, the

CO index drops by 4-6 percentage points (McGregor 1987), causing the contours

to shift upwards in Lacy color space by ∼ 0.08. While this lessens this offset be-

tween the colors of star-forming contours and the observed galaxies, it cannot

fully account for the observed discrepancy. Thus, if a change in the CO index is
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invoked for the offset, it is likely that AGN continua are also present.

However, other possible explanations exist. If we incorporate into the con-

tours a 10% error in (1+z) (recall that the measured σ for our photometric redshift

fits was 0.15 and that 11% of the sources in our spectroscopic redshift sample

have photometric errors > 10%) the resulting contours are far-better matched

to the IR-colors of the color-selected galaxies. Of the Lacy- and Stern-selected

galaxies, only 17% and 9% now lie outside of the 1σ contours, with the numbers

dropping to 8% and 0% at 2σ and 4% and 0% at 3σ, respectively.

The templates with which the photometric redshifts were best fit can provide

further insight into the sources in this redshift bin. Of the 90 non-PLGs in the

z ∼ 2 bin, 75 (86%) are best fit by a star-forming ULIRG template, 9 (10%) are

best fit by a ULIRG/hidden AGN template, 1 (1%) is best-fit by a type 2 AGN

template, and 1 (1%) is best fit by a type 1 AGN template. In contrast, all of the

PLGs in this redshift range are best-fit by a type 2 AGN template. Therefore,

while we can not rule out the possibility that we have detected a sample of high-

redshift, heavily obscured AGN, the extremely low X-ray detection fraction of

9%, the much improved fit of the contours for which 10% errors in the photomet-

ric redshifts were included, and the overwhelming fraction of sources for which

a purely star-forming ULIRG provided the best fit to the SED suggest that it is

more likely that the vast majority of color-selected galaxies in this redshift bin are

star-forming galaxies, not AGN.

C.0.0.7 z > 2.25

The number of color-selected galaxies in the remaining two redshift bins is rel-

atively low: 18 Lacy-selected sources and 5 Stern selected sources. Of these, a

large fraction (61% and 80%, respectively) lie outside of the star-forming con-

tours, which cover a comparatively small portion of the color-space. At 2σ and
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3σ, the fractions drop to 39% and 11% (Lacy) and 20% and 0% (Stern). At these

redshifts, the X-ray detection fractions of both the color-selected sources and the

PLGs are low: 17% for the Lacy sources, 40% for the Stern sources, and 23% for

the PLGs. At z = 2.5, an unobscured AGN with Γ = 2 requires a rest-frame 0.5-8

keV luminosity of log Lx(ergs s−1)= 42.8 to meet the flux limit within 1′ of the

CDF-S aimpoint. At z = 3, the required value rises to log Lx(ergs s−1)= 43.0, sug-

gesting that if these sources are AGN, they must have low luminosities, or high

obscuring columns.

C.0.0.8 z = unknown

Not all sources in our sample have redshift estimates. The redshift completeness

for the Lacy and Stern color-selected samples is high (93% and 90%, respectively),

but we have high-quality redshifts for only 49% of the PLGs. The difficulty in

fitting redshifts to these sources stems largely from their faint fluxes: the power-

law (color-selected) galaxies without redshifts are significantly fainter, V = 26.2

(25.3), than those with redshift estimates, V = 25.4 (V = 24.9), suggesting that

these sources may preferentially lie at high redshift.

The last panels of Figures 5 and 6 show the IRAC colors of sources without

redshift estimates. Overplotted are the star-forming contours for z = 0−4. Of the

sources without redshifts, all but 1 lie inside the Lacy selection region and all but

9 lie inside the Stern selection region. This is not surprising, as sources with non-

stellar continua are the hardest sources to fit. Of the 13 Lacy-selected sources, 5

lie outside the 1σ star-forming contours, and 2 have X-ray counterparts. Of the

26 PLGs, 11 lie outside the 1σ star-forming contours, and 6 are X-ray–detected.

There is a noticeable concentration of X-ray non-detected PLGs towards the red

end of the power-law locus. These sources are discussed in more detail in §6.
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Donley, J. L., Rieke, G. H., Pérez-González, P. G., Rigby, J. R., & Alonso-Herrero,

A. 2007, ApJ, 660, 167

Drake, C. L. McGregor, P. J., Dopita, M. A., & van Breugel, W. J. M. 2003, AJ, 126,

2237

Duc, P.-A., Mirabel, I. F., and Maza, J. 1997, A&AS, 124, 533

Engelbracht, C. W., Gordon, K. D., Rieke, G. H., Werner, M. W., Dale, D. A., &

Latter, W. B. 2005, ApJL, 628, L29

Elvis, M., et al. 1994, ApJS, 95, 1

Farrah, D., Alfonso, J., Efstathiou, A., Rowan-Robinson, M., Fox, M., & Clements,

D. 2003, MNRAS, 343, 585



215

Fazio, G. G., et al. 2004, ApJS, 154, 10

Ferrarese, L., & Merritt, D. 2000, ApJL, 539, L9

Fiore, F., et al. 2008, ApJ, 672, 94

Franceschini, A., et al. 2003, MNRAS, 343, 1181

Franceschini, A., et al. 2005, AJ, 129, 2074

Freeman, P. E., Kashyap, V., Rosner, R., & Lamb, D. Q. 2002, ApJS, 138, 185

Frueh, M. L., Corwin, H. G. Jr., de Vaucouleurs, G., & Buta, R. 1996, AJ, 111, 722

Gambill, J. K., Sambruna, R. M., Chartas, G., Cheung, C. C., Maraschi, L., Tavec-

chio, F., Urry, C. M., & Pesce, J. E. 2003, A&A, 401, 505

Gebhardt, K., et al. 2000, ApJL, 539, L13

Genzel, R., et al. 1998, ApJ, 498, 579

George, I. M., Turner, T. J., Yaqoob, T., Netzer, H., Laor, A., Mushotzky, R. F.,

Nandra, K., & Takahashi, T. 2000, ApJ, 531, 52

Georgakakis, A., et al. 2006, MNRAS, 371, 221

Giacconi, R., et al. 2001, ApJ, 551, 624

Giacconi, R., et al. 2002, ApJS, 139, 369

Giavalisco, M., et al. 2004, ApJL, 600, L93

Gilli, R., Salvati, M., & Hasinger, G. 2001, A&A, 366, 407

Gilli, R., et al. 2003, ApJ, 592, 721



216

Gilli, R. 2004, Advances in Space Research, 34, 2470

Gilli, R., Comastri, A., & Hasinger, G. 2007, A&A, 463, 79

Goldader, J. D., Joseph, R. D., Doyon, Rene, & Sanders, D. B. 1995, ApJ, 444, 97

Goldader, J. D., Meurer, G., Heckman, T. M., Seibert, M., Sanders, D. B., Calzetti,

D., & Steidel, C. C. 2002, ApJ, 568, 651

Gordon, K. D. et al. 2004b, ApJS, 154, 215

Gordon, K. D., et al. 2004a, Proc. SPIE, 5487, 177

Gordon, K. D., et al. 2005, PASP, 117, 503

Granato, G. L., Danese, L., & Franceschini, A. 1997, ApJ, 486, 147

Grazian, A., et al. 2006, A&A, 449, 951

Grogin, N. A., et al. 2005, ApJL, 627, L97

Hao, L., et al. 2005, ApJL, 625, L75

Hardcastle, M. J. & Worrall, D. M. 1999, MNRAS, 309, 969

Hasinger, G. 2004, Nuclear Physics B Proceedings Supplements, 132, 86

Hatziminaoglou, E., et al. 2005, AJ, 129, 1198

Helou, G., Soifer, B. T., & Rowan-Robinson, M. 1985, ApJL, 298, L7

Higdon, S. J. U., Armus, L., Higdon, J. L., Soifer, B. T., & Spoon, H. W. W., 2006,

ApJ, in press, astro-ph/0605359

Hopkins, P. F., Hernquist, L., Cox, T. J., Di Matteo, T., Robertson, B., & Springel,

V. 2006, ApJS, 163, 1



217

Hopkins, P. F., Hernquist, L., Cox, T. J., & Kereš, D. 2008, ApJS, 175, 356
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