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ABSTRACT

We have investigated 136 Chandra extragalactic sources, including 93 galaxies with narrow emission lines (NELGs)
and 43 with only absorption lines (ALGs). Based on fx/fp, Lx, X-ray spectral hardness, and optical emission-line
diagnostics, we have conservatively classified 36 normal galaxies and 71 AGNs. Their redshift ranges from 0.01 to
1.2, with normal galaxies in the range z = 0.01-0.3. Our normal galaxies appear to share characteristics with local
galaxies, as expected from the X-ray binary populations and the hot interstellar matter (ISM). In conjunction with
normal galaxies found in other surveys, we found no statistically significant evolution in Lyx/Lp, within the limited
zrange (<0.1). The best-fit slope of our log (N )-log (S') relationship is —1.5 for both S (0.5-2 keV) and B (0.5-8 keV)
energy bands, which is considerably steeper than that of the AGN-dominated cosmic background sources, but slightly
flatter than the previous estimate, indicating that normal galaxies will not exceed the AGN population until fx(0.5—
2.0 keV) ~ 2 x 107'® ergs s~! cm™2 (a factor of ~5 lower than the previous estimate). A group of NELGs appear
to be heavily obscured in X-rays. After correcting for intrinsic absorption, their X-ray luminosities could be Lx >
10* ergs s~!, making them type 2 quasar candidates. While most X-ray-luminous ALGs do not appear to be signif-
icantly absorbed, we found two heavily obscured objects that could be as luminous as an unobscured broad-line qua-
sar. Among 43 ALGs, we found two E+A galaxy candidates. The X-ray spectra of both galaxies are soft, and one of
them has a nearby close companion galaxy, supporting the merger/interaction scenario rather than the dusty starburst

hypothesis.

Subject headings: surveys — X-rays: galaxies — X-rays: general

Online material: color figures

1. INTRODUCTION

To understand the formation and evolution of galaxies, it is
important to study galaxies at a wide range of redshifts starting
from the time when they form and rapidly evolve. The X-ray ob-
servations of normal galaxies at high z provide valuable infor-
mation that is directly related to star formation episodes: hot
bubbles/winds and high-mass X-ray binaries (HMXBs) reflect
ongoing star formation or young stellar populations, and low-
mass X-ray binaries (LMXBs) reflect old stellar populations. In
particular, Ghosh & White (2001) predict that the X-ray lumi-
nosity at higher z could be 10—100 times higher than that in the
local galaxies with HMXBs peaking at z = 1-2, while LMXBs
peak at z = 0.5—1.0 due to the delayed turn-on.

Recent Chandra and XMM-Newton X-ray data have dramat-
ically increased our understating of both distant high-z galax-
ies and local galaxies. Investigating the Chandra Deep Fields
(CDFs), Hornschemeier et al. (2003) identified a significant num-
ber of normal galaxies out to cosmologically significant distances
and showed that normal galaxies outnumber active galactic nu-
clei (AGNs) at faint fluxes (see also Bauer et al. 2004). Norman
et al. (2004) have determined an X-ray-derived star formation
rate and suggested mild evolution with a star formation rate
~(1 4 2)*7. On the other hand, nearby galaxies are investigated
in detail with high-resolution X-ray images, primarily because
point sources, either LMXBs or HMXBs, are individually de-
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tected in both elliptical galaxies (e.g., Sarazin et al. 2001) and
late-type star-forming galaxies (e.g., Colbert et al. 2004). X-ray
luminosity functions of X-ray binaries have been built (e.g.,
Grimm et al. 2003; Kim & Fabbiano 2004), and their implica-
tions to star formation histories and to compact binary formation
models are being untangled (e.g., Gilfanov et al. 2004; Belczynski
et al. 2004).

The Chandra Multiwavelength Project (ChaMP; Kim et al.
2004a, 2004b; Green et al. 2004), with the advantage of a wide
area coverage, allows us to investigate a well-defined galaxy sam-
ple at redshifts intermediate between distant galaxies found in the
CDF and local galaxies. In this work, we combine our ChaMP
galaxy data with other data from the CDF and XMM-Newton sur-
veys to obtain a complete picture covering a wide range of red-
shifts and apply our knowledge (e.g., Lx /L) obtained from local
galaxies to the higher z sample.

This paper is organized as follows. In § 2 we describe our
sample selection, classification schemes, and sample character-
istics. In § 3 we discuss normal galaxies in terms of their Ly /Lp
evolution, log (NV)-log (S) relation, and X-ray luminosity func-
tion. In § 4 we present obscured type 2 AGNs and quasars. In § 5
we discuss an unusual population of X-ray-bright optically nor-
mal galaxies (XBONG:S). In § 6, we present two E+A galaxy can-
didates and discuss the origin of this mysterious phenomenon.
Finally, we summarize our conclusions in § 7.

Throughout this paper, we use Hy = 70 kms~! Mpc~!, Q,, =
0.3,and 25 = 0.7.

2. ChaMP GALAXY SAMPLE
2.1. Sample Selection

ChaMP fields (130 from observing cycles AO1 and AO2)
were selected by various criteria to optimize for extragalactic
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TABLE 1
NuMBER OF X-RAY SOURCES WITH DIFFERENT fx/fp OR Lx

NUMBER OF SOURCES DETERMINED

fx/fo (or Ly) In S Band In B Band Note
By Lx
logLx <42 81 (51 + 30) 51 (29 +22) Mostly galaxies
log Lx > 42 55 (42 +13) 85 (64 +21)  Mostly type 2 AGNs and XBONGs
Total ..c.ooveiiieiiene 136 136 .
By fx/fo
33+0) 0 Heavily absorbed type 2 AGNs/QSOs
38 (20 + 18) 36 (20 + 16)  Galaxies
40 (27 + 13) 29 (16 + 13)  Mixed
55 (43 +12) 71 (57 + 14)  AGN2 + XBONG
136 136

sources (Kim et al. 2004a). Among those X-ray sources detected
in 47 fields with follow-up ChaMP optical imaging and spectro-
scopic observations, we have selected galaxies based on opti-
cal spectroscopic identification (Green et al. 2004; Silverman
et al. 2005). Our sample includes narrow emission-line galaxies
(NELGs) and absorption-line galaxies (ALGs), but excludes
broad-line AGNs/QSOs (with a line width <1000 km s~') and
Galactic stars. To ensure our identification, we restrict our sam-
ple to 105 sources that have both a clear optical counterpart (i.e.,
highest match confidence in the ChaMP database) and a reliable
optical spectroscopic identification (i.e., highest type confidence
in the ChaMP database). We refer the reader to Kim et al. (2004a)
and Kim et al. (2006) for the detailed description of the X-ray data
analysis and to Green et al. (2004) and Silverman et al. (2005) for
the optical data analysis and spectroscopic identification.®

We have also cross-correlated ChaMP X-ray sources with
SDSS DR3 (Sloan Digital Sky Survey Data Release 3) optical
sources’ and found that 31 additional objects satisfy the same
selection criteria described above. A full report of the SDSS cross-
correlation will be presented in a forthcoming paper. Assuming a
small error in SDSS optical source positions, for the match radius
we have only applied an X-ray centroiding error, which is formu-
lated as a function of off-axis distance and source counts in Kim
et al. (2004a) and Kim et al. (2006). After matching using an au-
tomatic script, we visually inspected each source for confirma-
tion by the same technique as with ChaMP optical imaging. We
note that ChaMP uses the same optical photometric system as the
SDSS (Green et al. 2004).

The final sample consists of 136 galaxies with roughly a 2:1
ratio between NELGs and ALGs. For six bright galaxies (all el-
liptical galaxies) for which our ChaMP optical CCD photometry
was saturated, we have collected corresponding, but less accu-
rate, optical magnitudes from NED,® and marked them as such in
the following figures and Table 1. We have excluded targets
(nine sources) of selected Chandra observations to avoid any sys-
tematic effect.

2.2. Classification

Although we exclude broad-line (type 1) AGNs and QSOs,
galaxies in our sample still contain a significant contribution

® For additional details, we also refer the reader to the ChaMP public World
Wide Web page at http://hea-www.cfa.harvard.edu/CHAMP.

7 See http://www.sdss.org/dr3.

8 See http://nedwww.ipac.caltech.edu.

from the AGN (type 2) activity to their X-ray and/or optical emis-
sion. Therefore, to further separate AGNs from normal galaxies,
we use several diagnostics: the X-ray luminosity, X-ray to optical
flux ratio, X-ray spectral hardness, and optical line ratios.

An X-ray luminosity of Ly = 10* ergs s~! is often used to
distinguish the AGN and star-forming activities, because the most
luminous star-forming galaxy has Lx ~ 10* ergs s~! (e.g.,
Moran et al. 1999). Similarly, most AGNs have X-ray to optical
flux ratios between fx/fo = 0.1 and 10, as first recognized in the
Einstein survey by Maccacaro et al. (1988), whereas normal gal-
axies have fx/fo < 0.01 (e.g., Kim et al. 1992; Shapley et al.
2001). To be consistent with the original definition by Maccacaro
et al. (1988), we define log ( fx/fo) as

log (fx/fo) = log fx(0.5-8 keV) + 5.31 4+ r/2.5, or
log ( fx/fo) = log fx(0.5-2 keV) + 5.71 + r/2.5.

We have converted X-ray fluxes (corrected for Galactic ab-
sorption) in different energy bands, assuming I',, = 1.7 and the
Galactic line-of-sight Ny (Dickey & Lockman 1990). We assume
a 0.2 mag difference between Johnson V" and SDSS r magni-
tudes. Our definition ensures that fx/f, remains the same, re-
gardless of the X-ray energy band and optical band used in this
formula, except for the small effect caused by the variation of
X-ray spectral shapes and optical colors. We note that heavily
absorbed X-ray sources (e.g., type 2 AGNs) are often very weak
in the soft X-ray band with very low X-ray to optical flux ratios,
if determined in the soft band (0.5-2.0 keV'). We therefore use
X-ray to optical flux ratios determined in the broad band (0.5—
8 keV) throughout this paper, unless explicitly mentioned (see
also §§ 4 and 5).

In this study, we primarily use fx/fo to distinguish normal gal-
axies and AGNss: it is a normal galaxy if fx/fo < 0.01, and an
AGN if fx/fo > 0.1. In Figure 1, we plot r against fx and fx/fo
against Ly. We mark fx/fo =0.1 by a dashed line and
fx/fo = 0.01 by a dotted line. Also marked, by a vertical line in
the right panel of Figure 1, is Lx = 10** ergs s~!. The normal
galaxies with fx/fo < 0.01, AGNs with fx/fo > 0.1, and un-
classified objects with intermediate fx/f, are marked by filled
circles, filled squares, and open circles, respectively. The red and
blue colors indicate ALGs and NELGs, respectively. The six el-
liptical galaxies with less accurate optical photometry are marked
by open circles with a dot in the center. Also plotted are normal
galaxies identified by similar selection criteria ( fx/fo < 0.01,
but with a slightly different definition of fx/fp) from the
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Fic. 1.—Left: Optical r magnitude plotted against the X-ray flux (0.5-8 keV). Right: X-ray to optical flux ratio ( fx/fp) plotted against Ly. NELGs and ALGs are
distinguished by blue and red colors, respectively. Normal galaxies (with fx/fo < 0.01) and AGNs (with fx/fo > 0.1) are marked by filled circles and filled squares,
respectively. Open circles mark those unclassified objects with intermediate fx / fo . The open circles with a dot in the center indicate those galaxies with less accurate optical
photometric data (see the text). Also plotted are normal galaxies identified in CDF-N (Hornschemeier et al. 2003) and XMM-Newton NHS (Georgantopoulos et al. 2005),
marked by cyan and green triangles, respectively. The black dashed line and the red dotted line indicate fx /fo = 0.1 and 0.01, respectively. The diagonal solid line in the

right panel indicates a linear relation with slope of 1.

Chandra Deep Field-North (CDF-N; Hornschemeier et al. 2003)
and the XMM-Newton Needle in the Haystack Survey (NHS;
Georgantopoulos et al. 2005). They are marked by cyan and green
triangles, respectively. X-ray fluxes, luminosities, and fx/fp of
galaxies from these two samples are converted to be consistent
with our sample, as described above.

We summarize the number of sources in different bins of fx/fo
and Ly in Table 1. We have 36 normal galaxies (20 star-forming
spiral galaxies among NELGs and 16 elliptical galaxies among
ALGs; listed in Table 2), 71 AGNs including 57 NELGs (likely
type 2 AGNs), and 14 ALGs (these objects are called X-ray-
bright optically normal galaxies, or XBONGs). We note that no
galaxy with fx/fp < 0.01 is more luminous than Ly = 10** ergs
s~! and no AGN with fx/fp > 0.1 is less luminous than Ly =
10* ergs s~! (see Fig. 1, right), and hence our classification also
satisfies the distinction by the X-ray luminosity. However, by
this conservative scheme, we could not classify 29 sources (or
~20%) with an intermediate fx/f, (16 NELGs and 13 ALGs).
We discuss these unclassified objects further in § 2.3.

While AGNs could be heavily obscured in X-rays (e.g.,
X-ray type 2 AGN), normal galaxies are not expected to be sig-
nificantly absorbed (e.g., Kim et al. 1992). Therefore, we further
check the X-ray spectra to confirm whether X-ray-absorbed
(hence X-ray-faint) AGNs are mixed in the galaxy sample with
fx/fo < 0.01. We use the X-ray hardness ratio, defined as

HR =(H —S)/(H+ ),

where S and H are net counts in 0.5-2.0 and 2.0-8.0 keV, and
X-ray colors as defined in Kim et al. (2004a),

C21 = log (C1/Cy), C32 = log(Cy/C3),
where C;, C,, and C; are net counts in 0.3—-0.9, 0.9-2.5, and
2.5-8.0 keV, respectively. By definition, as the X-ray spectra
become harder, HR increases and X-ray colors decrease.

For faint sources with small numbers of counts, there are many
cases in which the source may be undetected in one of the energy

bands, and in almost all cases the assumption of a Gaussian dis-
tribution of the errors does not apply. HRs and colors then often
result in unrealistic values and unreliable errors. We have there-
fore applied a more sophisticated, Bayesian method (Park et al.
2005) that uses the correct Poisson likelihood values and accu-
rately represents the estimates and the confidence ranges at all
count levels. The algorithm also allows a proper accounting of
the relative effective areas across an instrument, which is useful
in our case because of the different response between the FI
(front-illuminated) and BI (back-illuminated) chips. We convert
the HR and color estimates of those sources detected in BI chips
to the FI system. Taking into account the ACIS (Advanced CCD
Imaging Spectrometer) QE (quantum efficiency) degradation,
which could change the soft-band counts by 20% or HR by 0.1
(Kim et al. 2004a), we also convert the counts to those that would
be obtained at the midpoint (2000 June) within the observation
period of our sample (AO1 and AO2). Figure 2 plots HR against
fx/fo with and without errors (1 o) for visibility. The symbols are
the same as in Figure 1. The means and standard deviations of
each group are listed in Table 3. While AGNs with fx /fo > 0.1 are
spread out in the whole HR range between HR = —1 and HR =
1, most galaxies with fx /fo < 0.01 are concentrated toward lower
HR (HR £0.2). In other words, most heavily absorbed objects
(HR > 0.6) are AGNs with fx/fo > 0.1 (see §§ 4 and 5 for the
obscured AGNs). The object with the highest HR among those
with fx/fo < 0.01 is CXOMP J151004.0+074037. 1t is likely an
absorbed type 2 AGN (see below). The remaining objects with
fx/fo < 0.01 are consistent with being galaxies within the given
error.

For NELGs, we have measured the emission-line strengths
and applied emission-line diagnostics (e.g., Baldwin et al. 1981)
to further check whether each NELG has an AGN signature.
Emission-line parameters (flux, equivalent width, FWHM, and
corresponding errors) were measured using IRAF splot for Ha
26563, [N 1] 216583, [N 1] 16548, [S u] 16730, [S 1] 46716, O 1
246300, [O ur] 45007, [O m] 44959, HB 14861, and [O 1] 43727.
The continuum was estimated by eye at fixed wavelengths.
Blended lines were fit with multiple Gaussian functions. We refit



TABLE 2
NorMAL GALAXY SAMPLE

r log fx log Lx 1 o Limit
Name Type z (mag) (ergs s~'em™?)  log(fx/fo) (ergss™h) HR (Lower, Upper)
CXOMP J012358.2—350654 ............ ALG 0.019  12.50 —13.70 —-3.39 40.22 —-0.23  (-0.56, 0.15)
CXOMP J033757.9—-050001 ............ ALG 0.036  13.40 —13.57 —2.90 40.88 0.38 (0.28, 0.48)
CXOMP J033851.8—353538 ............ ALG 0.006 9.10 —11.38 —2.43 41.38 —0.94 (—0.94, —0.93)
CXOMP J033943.1—-352159 .. ALG 0.062  16.64 —14.23 —2.27 40.73 —0.25 (—0.54, 0.07)
CXOMP J051942.2—454953 .. NELG 0.205 17.63 —14.40 —2.04 41.68 —1.00 (—1.00, —0.95)
CXOMP J082755.1+292659 ... NELG 0.030 15.87 —13.95 —2.30 40.33 —-0.35 (-0.77, 0.03)
CXOMP J083228.0+523620............. NELG 0.017 13.88 —13.24 —2.37 40.52 —-0.81 (—0.96, —0.62)
CXOMP J084527.4+342508 ............. NELG 0.026 14.22 —14.00 —3.00 40.15 —1.00 (—1.00, —0.46)
CXOMP J102543.9+471935 ............. ALG 0.062  14.53 —13.86 —2.74 41.11 —1.00 (—1.00, —0.74)
CXOMP J105648.9—-033725 ............ ALG 0.182  17.17 —14.32 —2.14 41.65 —0.74  (—0.85, —0.60)
CXOMP J111809.9+074654 ... NELG 0.042 15.33 —14.28 —2.84 40.34 —-0.78  (—0.97, —0.54)
CXOMP J113206.7+045338 ... ALG 0.150 16.73 —14.16 —2.16 41.62 —1.00 (—1.00, —0.52)
CXOMP J114058.4+660626 ... NELG 0.236 18.61 —14.93 —2.18 41.29 —-0.43 (—0.78, —0.08)
CXOMP J114134.0+661351 NELG 0.145 18.26 —14.70 —2.08 41.06 —0.54 (-0.80, —0.22)
CXOMP J122131.4+491036............. NELG 0.185 16.87 —14.51 —2.45 41.47 —-0.82 (—0.95, —0.57)
CXOMP J122139.7+491955 ............. NELG 0.125 16.83 —14.52 —2.48 41.08 0.20 (—0.07, 0.46)
CXOMP J122814.5+442710............. NELG 0.023 13.93 —13.52 —2.63 40.56 —-0.19  (-0.51, 0.15)
CXOMP J131206.4+424127 ... ALG 0.180  17.32 —14.89 —2.65 41.06 0.41 (0.06, 0.73)
CXOMP J134407.3—002832 .. NELG 0.102 16.24 —14.54 —2.74 40.88 —1.00 (—1.00, —0.15)
CXOMP J134421.6+555122 ... ALG 0.037 14.48 —14.69 —3.59 39.81 —0.60 (—0.94, —0.20)
CXOMP J134422.4+555703 ............. NELG 0.038 15.50 —14.80 —-3.29 39.73 —1.00 (—1.00, —0.90)
CXOMP J134428.3+000146.............. ALG 0.135 16.58 —14.26 —2.31 41.43 —1.00  (—1.00, —0.88)
CXOMP J134510.4+560143 ............. NELG 0.144 16.31 —14.32 —2.48 41.42 0.54 (0.24, 0.81)
CXOMP J141126.9+521551 NELG 0.234 18.61 —15.08 —2.32 41.14 —1.00 (—1.00, —0.56)
CXOMP J141715.7+445545 ... NELG 0.113 16.78 —14.15 —2.12 41.37 —0.50 (—0.88, —0.08)
CXOMP J151004.0+074037 ... NELG 0.046 15.88 —13.76 —2.10 40.92 0.69 (0.29, 0.97)
CXOMP J151427.1+363803 ... ALG 0.162 17.09 —14.43 —2.28 41.42 —0.68 (—0.94, —0.36)
CXOMP J153447.2+232913 ............. ALG 0.090 17.64 —14.55 —2.18 40.75 —0.63  (—0.95, —0.22)
CXOMP J171724.8+670911 ............. NELG 0.138 17.28 —14.62 —2.40 41.08 0.04 (—0.31, 0.38)
CXOMP J221306.5—-220724 ............ NELG 0.018 15.31 —14.23 —2.79 39.59 0.07  (—0.28, 0.40)
CXOMP J221326.2—-220547 ............ ALG 0.018 12.90 —13.42 —2.95 40.45 —-0.74  (—0.87, —0.60)
CXOMP J221722.7+002107 ............. NELG 0.095 16.70 —14.48 —2.49 40.88 —-0.33  (—0.61, —0.06)
CXOMP J230241.0+083856 ALG 0.041 14.70 —14.56 —3.37 40.01 —0.18  (—0.46, 0.08)
CXOMP J230241.2+084117 ... ALG 0.124  17.46 —14.61 —2.32 40.99 —0.48 (—0.69, —0.23)
CXOMP J230252.1+084134 ... ALG 0.042  13.20 —13.53 —2.94 41.06 —-0.80 (—0.89, —0.70)
CXOMP J230308.0+084233 NELG 0.044 17.15 —14.36 —-2.19 40.27 0.12  (—0.07,0.31)
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Fic. 2.—X-ray spectral hardness plotted against fx / f without error bars for visibility (/eff) and with error bars (right). The hardness ratio and the corresponding error are
determined by a new Bayesian technique (see the text). All the symbols are the same as in Fig. 1.
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TABLE 3
X-Ray HARDNESS AND COLORS

Jfx/fo <0.01 fxlfo =0.01—0.1 Sfxlfo > 0.1
PARAMETER NELG ALG NELG ALG NELG ALG
20 16 16 13 57 14
—0.40 £0.52 —0.53+044 —0.11 £048 —031+048 —0.09+0.64 —0.15+ 0.47
—0.38 £ 031  —0.04 + 038 —045+034 —0.55+044 —0.55+042 —0.65+ 0.28
0.35 + 0.48 0.36 + 0.45 0.12 + 0.49 0.34 + 0.37 0.09 + 0.60 0.19 + 0.38
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each line five times with different yet reasonable continuum place-
ments and derived the average measurement. In Figure 3 we plot
various emission-line ratios with the curves separating AGNs and
galaxies taken from Kewley et al. (2001). Galaxies with fx/fp <
0.01, AGNs with fx /fpo > 0.1, and intermediate objects are marked
by filled circles, filled squares, and open circles, respectively (us-
ing the same symbols as in Fig. 1). It is clear that AGNs are above
the curve, while galaxies are below the curve, indicating that the
classification by the X-ray to optical flux ratio is indeed consis-
tent with optical line ratios. One apparent exception (marked by a
large circle in the plot) is a galaxy (CXOMP J151004.0+074037)

T |||||||| T |||||||| T T T TTTT
n
% 10 3 .. n E
~ E = ] E
~ i N i
o 'S
S 1 3 OS@O“\ E
< - °s :
j— i ® o i
: i . )
2, 0.1 3 E
: 1 IIIIIIII 1 IIIIIIII 1 IIIIIII:
0.01 0.1 1 10

[NII] A6583 / Ha

:||||||| T |||||||| T |||||||| T ‘:
% 10 n E
~ F Q O .
> I = ® ]
S 1 3 [} .‘\ E
< E o E
—_ C P ]
201 = E

:IIIIII 1 IIIIIIII 1 IIIIIIII 1 :I

0.01 0.1 1

[0I] A6300 / Ha

that has fx/fo close to the boundary [log ( fx/fop) = —2.097] and
the highest hardness ratio (HR = 0.7) among the galaxy group
(as noted above), indicating that it is a type 2 AGN with a con-
siderable amount of obscuration. If corrected for absorption, this
object would have log ( fx/fo) ~ —1. Objects with intermediate
fx/fo (open circles) are found on both sides of the curve, indi-
cating that they consist of mixed types of galaxies and AGNs.
Since most high-z objects do not have Ha and [N 1] line mea-
surements, we have also checked those objects only with [O 1]
45007 and HG and confirmed that all AGNss with fx /fp > 0.1 are
consistent within the measurement error with having equivalent
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Fic. 3.—Optical line diagnostics. All the symbols are the same as in Fig. 1. The curves separating AGNs and galaxies are taken from Kewley et al. (2001). [See the

electronic edition of the Journal for a color version of this figure.]
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widths EW(5007 A) > 3 EW(H/), which is often used to iden-
tify the high excitation state induced by the AGN activity (e.g.,
Szokoly et al. 2004; Steffen et al. 2004).

2.3. Unclassified Objects with Intermediate fx/fo

Our classification scheme is optimized for the least contami-
nation in both normal galaxy and AGN samples. However, for
the same reason, we could not classify 29 objects (or ~20%) that
have an intermediate fx/f (16 NELGs and 13 ALGs). This group
will include galaxies with weak, obscured, or nonexistent con-
tributions from an AGN, as seen in Figure 3. If they are galaxies
with an insignificant AGN component, NELGs could be distant
starburst galaxies (e.g., ultraluminous infrared galaxies [ULIRGs])
with a high star formation rate (~100-1000 M, yr—!), whereas
ALGs could be giant elliptical galaxies with a large amount of hot
ISM (e.g., NGC 507; Kim & Fabbiano 1995). For example, X-ray-
bright local elliptical galaxies such as NGC 1399 and NGC 4472
have fx /fo ~ 0.01-0.1 and Lx ~ 10*? ergs s~!. Although rare, an
ALG could be a central elliptical galaxy in a cluster of galaxies
with a large amount of intracluster medium (ICM). We found
one serendipitous cluster (see Barkhouse et al. 2006).

The X-ray spectral properties of these intermediate systems
appear to be intermediate between galaxies and AGNs. As sum-
marized in Table 3, going from galaxies to AGNs, the mean hard-
ness ratio increases, while the mean X-ray colors decrease with
these intermediate objects in the middle, indicating that these ob-
jects consist of mixed types.

Among those NELGs with emission lines strong enough to
apply emission-line diagnostics (nine out of 16), we get mixed
results. Some objects are below the boundary curve, while others
are above, again indicating that they are mixed types. Unfortu-
nately, different line diagnostics produce different identifications.
For example, seven out of nine are below the curve in the [O m]/
Hp-[Nu]/Ha plot (Fig. 3, fop), while two of seven are below the
curve in the [O m]/HB-[S u]/Ha plot (Fig. 3, bottom right).
Therefore, in this study we do not attempt to classify these in-
termediate objects, but we do take into account these unclassified
sources in the following discussions. We remark that sources
with intermediate fx/fo are likely to be mixed and misclassified
in various samples in the literature.

2.4. Sample Characteristics

The distributions of optical/ X-ray flux/luminosity and redshift
of our sample are summarized in Figure 4. To calculate the rest-
frame r-band absolute magnitude (M,), we have applied the K-
correction and the evolution correction based on the prescriptions
in Poggianti (1997), adopting the E1 model with an e-folding
star formation timescale of 1 Gyr for ALGs and the Sc model for
NELGs. Although there is an uncertainty in selecting the proper
evolution model, this will not significantly affect our result, be-
cause the net correction is always less than 0.2 mag for the normal
galaxy sample and less than 0.3 mag for 95% of the whole sample.
The X-ray flux and luminosity are corrected for Galactic absorp-
tion. For the rest-frame X-ray luminosity, we assume I',, = 2 for
normal galaxies (Kim et al. 1992) and I'y, = 1.7 for AGNs and
apply corresponding K-corrections by multiplying by a factor
of (1 +z)m=2,

In Figure 4, NELGs and ALGs are distinguished by blue solid
and dashed lines, while normal galaxies and AGNs are marked
by red solid and dashed lines, respectively. The redshift of our
sample (in Fig. 4, bottom leff) ranges from z = 0.01 toz = 1.2,
while the normal galaxies are inz = 0.01-0.3. Since our sample
is primarily limited by the X-ray flux, with a limiting flux of
~10715 ergs s~! cm™? in the energy range of 0.5-8.0 keV, the
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X-ray luminosity spans a wide range of Ly = 103°—10* ergs s/,
depending on the distance. However, we note that the range of
optical luminosity is quite narrow, with M, spanning only ~3 mag,
in contrast to the » magnitude spanning 10 mag (see below for
more discussion).

In our sample, the ratio of NELGs to ALGs is roughly 2:1. The
ratio of AGNss to normal galaxies is also roughly 2: 1. We note that
AGN:s are preferentially found in NELGs (80% of AGNs are
NELGs), while normal galaxies are roughly equally divided into
NELGs (spiral galaxies) and ALGs (elliptical galaxies).

There is no significant difference between the NELG and ALG
subsamples, except for NELGs having a higher AGN fraction.
However, AGN and normal galaxy subsamples appear to be dif-
ferent, such that AGNs are more luminous in X-rays, while nor-
mal galaxies are more luminous in the optical. The former trend
is a natural consequence of our classification scheme, but the lat-
ter is rather surprising, since there is no selection effect on opti-
cal luminosity, particularly on its upper limit. Note that ~40% of
normal galaxies have M, < —22 mag, while ~10% of AGNs
have M, < —22 mag. The lower limit in optical luminosity could
be a selection effect, because it would be harder to measure z for
distant, less luminous normal galaxies than AGNs.

It is interesting to note that the AGN subsample has a very nar-
row dynamical range in M,; 85% of AGNs are within M, =
—21 £ 1 mag, i.e., the 1 o rms scatter is merely a factor of ~2.
There is a tight correlation between Ly and fx/fp (see Fig. 1,
right), as first reported by Fiore et al. (2003) with a sample of type
2 AGNs s and galaxies. This linear relationship (see the diagonal
line with a slope of 1) is basically dictated by the narrow range in
the optical luminosity, compared to the large range (a factor of
~10% in the X-ray luminosity. The line corresponds to an object
with a fixed M, = —21 mag. However, we note that normal gal-
axies do not follow this linear relation (see § 3).

3. NORMAL GALAXIES

3.1. X-Ray Emission Mechanisms and Expected
Ranges in Ly and fx/fo

In elliptical galaxies, the major X-ray sources are the hot ISM
and LMXBs from the old stellar populations (e.g., Fabbiano
1989). While the amount of hot ISM significantly varies from
one galaxy to another, the X-ray luminosity of LMXBs is well
correlated with the optical luminosity (e.g., Fabbiano et al. 1992;
Kim & Fabbiano 2004). Applying a completeness correction
based on extensive simulations to take into account the unde-
tected population of faint LMXBs, Kim & Fabbiano (2004) es-
tablished the relationship between the LMXB X-ray luminosity
and the total stellar luminosity of the galaxy as

Lx(LMXB)/Ls = (0.9 £ 0.5) x 10°° ergs s ' /Lo,

where Lyx(LMXB) is the total X-ray luminosity of (both de-
tected and undetected) LMXBs determined in the energy range
0f 0.3-8.0 keV and Lg is the B-band luminosity in units of L.
(adopting Mps =5.47 mag). If we adopt B — r ~ 1 mag for a
typical elliptical galaxy and correct for different energy ranges
(assuming I'y, = 2.0; Kim et al. 1992), the above relationship
corresponds to log ( fx/fo) ~ —3, or log ( fx/fo) ~ —3.5 for the
1 o lower limit. In Figure 5, which is the same as Figure 1 but
includes only normal galaxies (Table 2), the 1 o lower limit is
marked by the red long-dashed line to indicate the minimum

fx/fo expected from the local galaxies.

In star-forming galaxies (spirals, starbursts, and mergers), the
major X-ray sources are those associated with recent star formation,



No. 2, 2006

60||||||||||

40 —

z | R
20 5 ~

O Ml

42 44

log L, (0.5-8.0 keV)

60

— 40

20

s TR :|
—21 =
M. (mag)

[—III|III|III|I

LIIIlIIIlIIIlI

0

—
@s]

40
30
Z 20
10

|t|||||||||||||||||||

= L

0 0.5 1
redshift

ST A

1.5

CHANDRA MULTIWAVELENGTH PROJECT 835

80
60
Z 40
20
O L I | P S 12
-16 —-14 -12
log f, (0.5-8.0 keV)

:

30

20
Z,

10

N
o)

30_|||||

20

10

N
LI | T T 11 | LI
L

o

0.5 1
redshift

o

1.5

Fic. 4—Top and middle: Distributions of X-ray/optical luminosity/flux of our ChaMP sample. Botfom: Redshift distributions of our ChaMP sample (/eff) and CDF-N
and NHS galaxy samples (right). While the total sample is marked by green solid lines, NELGs and ALGs are distinguished by blue solid and dashed lines, respectively.
Normal galaxies (with fx/fo < 0.01) and AGNs (with fx/fo > 0.1) are marked by red solid and dashed lines, respectively.

as the X-ray luminosity is closely correlated with the star for-
mation rate (e.g., Grimm et al. 2003; Gilfanov et al. 2004). They
include HMXBs, supernova remnants, and the diffuse emission
associated with the young star clusters and superwinds. Colbert
etal. (2004) found a correlation between Ly(point sources) and Lg
among a sample of mixed types of galaxies including elliptical
galaxies, spirals, and mergers/irregulars. They found that starburst

galaxies (e.g., mergers and irregulars) have higher Ly for their Lg
than quiescent spiral galaxies and found a linear relation between
min{Lx(point) } and L for those nonstarburst galaxies. The linear
relation also corresponds to log ( fx/fo) ~ —3.5 and is plotted in
Figure 5 (blue dashed line). See also Hornschemeier et al. (2005)
for a comparison between Colbert’s relationship and other estimates
in star-forming galaxies. We therefore take the Kim & Fabbiano
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(2004) relationship as a min{ fx/fp} for elliptical galaxies and
Colbert’s relationship for later type star-forming galaxies.

In Figure 5, we also plot normal galaxies identified by similar
selection criteria (in §§ 2 and 3) from the Chandra Deep Field-
North (CDF-N; Hornschemeier et al. 2003) and the XMM-Newton
Needle in the Haystack Survey (NHS; Georgantopoulos et al.
2005). They are marked by cyan and green triangles, respectively,
as in Figure 1. ALGs and NELGs are distinguished by filled and
open triangles, respectively (with a dot inside an open triangle in-
dicating a mixed type). The symbols for ChaMP galaxies are the
same as in Figure 1. As shown in the bottom panels of Figure 4,
our sample consists of galaxies in the redshift range z = 0.01—
0.3, intermediate between the CDF (z = 0.1-1.0) and nearby lo-
cal galaxies, and hence covering an intermediate flux range. Our
sample is similar to the NHS (z = 0.005—-0.2), but extends to a
slightly higher z and a fainter X-ray flux. Combining them with
our sample allows us to cover a wide parameter space and to in-
crease the statistical confidence of our results.

While galaxies from the three different samples are distinct in
their X-ray flux due to the different observation depths (or red-
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shift coverage), as seen in the left panel of Figure 5, they are
well mixed in the fx/fo-Lx space (or in the L,-Ly space) with
Lx = 10*%-10*? ergs s~ and log ( fx/fp) = —3.5 to —2, as seen
in the right panel of Figure 5 (and also Fig. 6). This confirms that
they are indeed similar types of galaxies (but also implies little
variation as a function of z; see § 3.2 for more discussion). There-
fore, we use them together in the following analyses. The ob-
served minimum fx/fo in all three samples is consistently at
log ( fx/fo) ~ —3.5 (see Fig. 5), and this minimum fx/fy is
consistent with the lower limit of the Lx(point source)-L(stellar
light) relationship of early-type galaxies (Kim & Fabbiano 2004)
and of spiral galaxies (Colbert et al. 2004). Because none of these
three samples limits those objects with lower X-ray to optical
flux ratios [log ( fx/fo) < —3.5], this minimum fx/f, appears to
be real for normal galaxies and to remain constant as a function
of z. This indicates that the X-ray emission from X-ray binary
populations in our sample galaxies is similar to that expected
from nearby normal galaxies (see more in § 3.2).

While the X-ray binary contribution can be understood to
be proportional to the stellar optical emission, the diffuse X-ray
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Fic. 6.—The Lx-M, relation for elliptical galaxies (or ALGs; left) and spiral galaxies (NELGs; right). The dashed lines are the best-fit relations. [See the electronic

edition of the Journal for a color version of this figure.]
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emission (i.e., the excess X-ray emission above that expected
from X-ray binaries) is not linearly proportional to the optical
light and varies widely from one galaxy to another (e.g., Fabbiano
et al. 1992). Furthermore, there may be excess intrinsic absorp-
tion in some active star-forming regions (e.g., the Antennae;
Zezas et al. 2002). The nonlinear relationship between the op-
tical and X-ray luminosity was first established with the Einstein
database (e.g., Fabbiano et al. 1992). Fabbiano et al. (1992) and
later Eskridge et al. (1995) found Lx ~ L} in a sample of early-
type galaxies, whereas Shapley et al. (2001) found Lx ~ L} in
a sample of spiral galaxies. The steeper slope (>1) indicates the
presence of a significant amount of hot ISM in elliptical galaxies
(Kim et al. 1992) and in early-type spiral galaxies (Fabbiano &
Shapley 2002), and possibly a luminosity dependence of intrin-
sically absorbed X-ray emission regions (affecting the blue more
significantly than the X-ray band) in late-type spiral galaxies
(Fabbiano & Shapley 2002).

In Figure 6, we plot Ly against L, separately for early-type
and late-type galaxies. Again, we use all three samples. We note
that a single sample covers only a limited parameter space, par-
ticularly for early-type galaxies. It is clear that for both types of
galaxies, the Lx-L relation is steeper than a linear relation, as
expected from the local normal galaxies. The best-fit slopes are
1.47 £ 0.13 and 1.12 £ 0.11 for early- and late-type galaxies,
respectively. In fitting the early-type galaxies, we did not use those
saturated in optical images, marked by open circles with a dot in
the center. While the trend for the Lx-L relation to be steeper in
early-type than late-type galaxies is the same as in local galaxies,
in both cases our slopes are flatter than those of local galaxies
(1.8 and 1.5; see above). The difference is more significant in the
late-type galaxies (a significance level of ~3 o) than in the early-
type galaxies (a significance level of ~2 o).

The apparent discrepancy in late-type galaxies may be due to
our use of the 7 band, which is less affected by the optical extinc-
tion than the B band. In local spiral galaxies, the optical emission
from star-forming galaxies may be affected by intrinsic absorp-
tion, possibly indicating that Ly is intrinsically proportional to
Lo (Fabbiano & Shapley 2002).

We tested this possibility by using g-band photometry, which
is available for our ChaMP data but not for the CDF and NHS
data. We obtained a slightly steeper Lx-L, relation (a best-fit slope
of 1.2 £ 0.2), but still not as steep as that in Fabbiano & Shapley
(2002). Another possible reason for the flatter relation is the se-
lection effect imposed in our sample (as well as in the CDF and
NHS samples) by limiting fx/fo < 0.01, so that the most X-ray-
luminous galaxies (e.g., those with intermediate fx/fp) would
have been excluded. In addition, the slope may depend on the
optical luminosity, because our M, peak is more luminous by
~1 mag than the Fabbiano & Shapley Mp peak. Note that for
AGNSs there is a known decrease in Lx /Lo with Lo (Wilkes et al.
1994; Green et al. 1995).

The steeper slope (>1) in the Lx-L relation is also seen in the
fx/fo-Lx relation (see the right panels of Figs. 1 and 5). As dis-
cussed in § 2.4, while type 2 AGNs follow a linear fx/fo-Lx re-
lation (see also Fiore et al. 2003), normal galaxies do not follow
the same linear relation (solid line in the right panels of Figs. 1
and 5). Note that the linear relationship does not allow any mean-
ingful relation between the optical and X-ray luminosity, be-
cause Lx ~ Lf, and fx/fo ~ Lx simultaneously hold only if n >
1, if we assume fx/fp = Lx/Lo, i.e., no K-correction. On the
other hand, a linear Lx-L relation would make fx/f, constant,
i.e., independent of Ly. With our sample of normal galaxies, we
found a self-consistent result that the fx/fo-Lx relation is flatter
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than linear (a slope ~0.5), while the Lx-L relation steeper than
linear (Fig. 6).

3.2. Lx/Lg Evolution

As the star formation rate peaks at z = 2-3 (e.g., Madau
et al. 1996) and declines afterward, the fossil record of past star
formation imprinted on X-ray binaries could be detected by ob-
serving galaxies at high redshift (e.g., White & Ghosh 1998;
Ghosh & White 2001). In particular, White & Ghosh (1998)
predicted that the X-ray luminosity at higher z could be 10—100
times higher than that in the local galaxies, with HMXBs
peaking at z = 1-2, while LMXBs peak at z = 0.5—-1.0 due to
the delayed turn-on of the LMXB population.

Recent stacking analyses with the Chandra Deep Field data for
spiral galaxy samples produced mixed results. Hornschemeier
etal. (2002) tested Ly evolution for spiral galaxies atz = 0.4—1.5
and found that their Ly and Ly /L are statistically consistent with
those of local spiral galaxies (Shapley et al. 2001), although they
could not exclude an increase by a factor of 2—3. Lehmer et al.
(2005) studied Lyman break galaxies at z = 3—6 and found that
Lx/Lgis elevated at z ~ 3 over that of local galaxies, but consis-
tent at higher z. Applying a similar stacking technique with XMM-
Newton data of a sample of spiral galaxies at a mean redshift
(z) = 0.1, Georgakakis et al. (2003) found no Lx/Lg evolution.

We note that the observational measurement of Lx/Lp and its
interpretation in terms of the evolution of X-ray binary pop-
ulations depend critically on both the selection and the nonstellar
(i.e., AGN or the hot ISM) contribution to the total X-ray lumi-
nosity. An X-ray-luminous galaxy, which has a higher Ly /Ly by
a factor of 10—100 than a local galaxy as predicted (e.g., Ghosh
& White 2001), might be difficult to distinguish from an AGN.
Conversely, if normal galaxies were selected by fx/fo as in our
sample (and the CDF and NHS samples, as well), a normal gal-
axy with a high Ly /Lp (e.g., those unclassified with an interme-
diate fx/fp) would have been excluded. Therefore, a simple mean
value of Ly or Lx/Lp for a given sample may not reflect the real
X-ray properties of normal galaxies.

In Figure 7, we plot the X-ray to optical luminosity/flux ratios
as a function of z. Again, we have plotted normal galaxies from
the CDF-N and NHS surveys as well. The small difference be-
tween the flux and luminosity ratio is caused by the K-correction
and the evolution correction (mostly in the optical band), as de-
scribed in § 2. In an individual sample, the given X-ray flux limit
produces an apparent correlation between Ly /L g and z and makes
it impossible to search for any change as a function of z. None-
theless, using all three samples together, we cover a full Lx-z space
up to z = 0.1, where selection biases are not significant. Within
this limited z range (z < 0.1, or a look-back time of ~1 Gyr), the
distributions of Ly and Lx/Lp appear to be similar at different
redshifts with Ly = 1038-10% ergs s~'and log (Lx/Lg) = —3.5
to —2, indicating no significant change in the X-ray properties of
normal galaxies. More interestingly, the minimum value of Ly/
L (or fx/fp) remains constant up to z = 0.1. Because this min-
imum value directly reflects the X-ray binary populations, as seen
in the left panel of Figure 5 (or § 3.1), the constant minimum of
Ly /Lg indicates no luminosity evolution in the X-ray binary pop-
ulation up to z = 0.1. This is consistent with the previous results
by Georgakakis et al. (2003) over a similar redshift range, but our
usage of the minimum Ly /L rather than the mean value directly
relates to the X-ray binary populations. To observationally test
the evolution of X-ray binary populations, it is critical to cover
the faint Ly (~103® ergs s71) at high z (z = 0.5-1.0), but that
requires the next-generation X-ray mission.
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Fic. 7.—Plot of fx/fo (left) and Lx/Lg (right) as a function of z. The symbols are the same as in Fig. 1.

3.3. Normal Galaxy log (N )-log (S) Relationship

To determine the log (N )-log (S) relationship for normal gal-
axies, we explore a subsample of 24 Chandra observations (cov-
ering ~2 deg?) where the ChaMP optical coverage is complete
(as of mid-2004) for galaxies that are optically bright with » <
19 mag (see Fig. 1). This is the same data set used in the ChaMP
hard X-ray-emitting AGN study by Silverman et al. (2005). To
correct the X-ray completeness, we have performed a series of
simulations to determine the sky area as a function of fx. This
technique was originally developed by Kim & Fabbiano (2003,
2004) to determine an X-ray luminosity function of LMXBs in
elliptical galaxies (as briefly described in § 3.1). The technical
details applicable to ChaMP sources are presented in Kim et al.
(2006). Figure 8 shows our log (N )-log (S') plot, which was built
with galaxies with more than 10 net counts individually in the soft
and the broad energy band.

Our log (N )-log (S) relations in the S and B bands appear to
have the same shape, with a best-fit power-law slope of —1.5+
0.15 (i.e., Euclidean). The best-fit power-law distribution is
plotted in Figure 8. This similarity is not surprising, because we
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Fic. 8.—The log (N)- log (S) relations of ChaMP normal galaxies determined
inthe S and B energy bands. Also plotted for comparison are those determined with
the CDF-N (Hornschemesier et al. 2003) and NHS samples (Georgantopoulos et al.
2005). [See the electronic edition of the Journal for a color version of this figure.]

are dealing with a homogeneous sample of galaxies with a rela-
tively small amount of obscuration. This is in contrast to AGN-
dominated cosmic background sources, where obscured and
unobscured X-ray sources contribute differently in different en-
ergy bands (e.g., Kim et al. 2004b). We also note that unlike the
broken power-law distribution of cosmic background AGNs with
a break at fx(0.5-2.0 keV) = 6x 107" ergs s™! ecm™2 (e.g.,
Kim et al. 2004b), the log (N )-log (S) relation of normal galaxies
is well reproduced by a single power law in a wide range of fx. This
trend seems to continue to fx(0.5-2.0 keV) ~ 10712 ergs s~!
cm 2 (Tajer et al. 2005).

Also plotted in Figure 8 are those previously determined
with the CDF data in the S band (Hornschemeier et al. 2003)
and with the NHS data in the B band (Georgakakis et al. 2004).
It appears that our S-band log (N )-log (S) relation can be con-
nected to that of the CDF, if extrapolated. However, the CDF data
point at the faintest fx(0.5-2.0 keV) ~ 3 x 1077 ergs s~ cm™2
is slightly higher than the extrapolated value, and their best-fit
slope, —1.74 £ 0.3, although statistically consistent, is slightly
steeper than ours. Our B-band log (N )-log (S) is statistically iden-
tical with that of the NHS, except our data cover lower fluxes with
smaller error bars.

As discussed in Hornschemeier et al. (2003) and Bauer et al.
(2004), normal galaxies are the dominant cosmic X-ray back-
ground source at fainter flux levels, because the log (N )-log (S)
slope is steep, compared to the slope of —0.6 to —0.7 (e.g., Bauer
et al. 2004) of cosmic background AGNSs at faint fluxes ( fx <
10~'% ergs s~! cm™2, i.e., below the break). The dominance of
normal galaxies over the AGN population occurs at fx(0.5—
2.0 keV) ~ 1077 ergs s~! cm™2 if we extrapolate the best-fit
CDF log (N )-log (S) with a slope of —1.74. However, if we as-
sume a slope of —1.5, as suggested in our ChaMP sample, gal-
axies do not dominate until a significantly fainter flux, fx(0.5—
2.0 keV) ~ 2 x 10~'® ergs s~ cm~2. We note that a simple extrap-
olation of the Euclidean slope to faint, high-z galaxies may not
work. Because the effective volume elements are much smaller at
high z than the Euclidean volume elements, the numbers would
be smaller, and the slope would be flatter, possibly implying that
the normal galaxy dominance may occur at an even lower flux.
This has particular relevance for the design capacities of future
X-ray missions that seek to probe X-ray signatures of star for-
mation at cosmological redshifts.

3.4. X-Ray Luminosity Function of Normal Galaxies

With the same sample of galaxies used in determining the
log (N)-log (S) relation, we determine the X-ray luminosity
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monds). Also plotted are XLFs by Georgantopoulos et al. (2005; green circles)
and by Norman et al. (2004; cyan squares).

function (XLF) of normal galaxies. Using the 1/V, method
(Schmidt 1968), the source density in a given luminosity bin is
given by

QA

L) =) 5

i=1 ’

where N is the number of galaxies in a given luminosity bin and
Vi is the accessible volume for galaxy i. Following Hogg
(1999), the comoving volume can be written as

() [ (42D,

Va,[
Ho o o [Que(1 420 + Q]

7 dz,

where Q,( fx) is the sky coverage for fx of galaxy i, D is the
angular diameter distance at redshift z, and z;, and z,,,, are the
minimum and maximum redshifts possible for a source to stay in
the luminosity bin. We compare our XLF with those determined
from the NHS data (Georgantopoulos et al. 2005) and the CDF
data (Norman et al. 2004) in Figure 9. Norman et al. (2004)
present two XLFs with different redshifts. We take the one for
z < 0.5, which is more appropriate to compare with our data. We
convert the CDF XLF to the common energy band (0.5-8.0 keV)
assuming I'y, = 2 (Kim et al. 1992). Our XLF is consistent with
both of them within the statistical error. Using a single power
law, we fit the XLF with the best-fit slope of 1.15 £ 0.1.

4. TYPE 2 AGNs AND QSOs

We classify a type 2 AGN as an NELG with fx/fo > 0.1in§2.
Their X-ray luminosity ranges from Lx(0.5-8 keV) = 10*? to
10* ergs s~!, while their redshift ranges from z = 0.1 to 1.2. As
discussed in § 2, their optical luminosities are in a small dy-
namical range with ~90% having M, = —20 to —22 mag, which
produces the apparent tight correlation between fx/fp and Ly
(see Fig. 1, right).
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While most of these sources do not appear to be obscured in
X-rays, there is a group of 18 X-ray sources with extremely high
hardness ratios, HR > 0.5, corresponding to Ny > 3 x 102 cm—2
for a source spectrum of I'y, = 1.7. We note that a few of them
were only detected in the H band. Fifteen of them are among
AGNSs with fx/fo > 0.1, and their X-ray and optical properties
are listed in Table 4. Two are ALGs and are discussed in § 5. The
remaining one (CXOMP J114150.4+660219) has an interme-
diate fx/fp (see Table 4), but correcting the X-ray flux for the
internal absorption will put it in the AGN group.

These obscured NELGs fit the expected characteristics of type
2 AGNS, in that both X-ray and optical emission from broad-line
regions is consistently absorbed. The remaining type 2 AGNs
appear to have normal, unabsorbed X-ray spectra, in contrast to
the expectation, but this could be due to the different absorp-
tion mechanisms operating by gas and dust, separately (see also
Silverman et al. 2005). As shown in Kim et al. (2004b) and
Silverman et al. (2005), we also found a similar trend, where more
obscured sources are found among X-ray-faint sources.

Apparently, we have no X-ray source that belongs to a type 2
quasar, i.e., Lx > 10% ergs s~!. However, if we correct the
heavily absorbed type 2 AGN for intrinsic absorption, the X-ray
luminosity increases by a factor of 2—30 in Lyx(0.5—8 keV) for
Nu = 3 x 1022-10%* cm™2. Many of those obscured type 2 AGNs
listed in Table 4 are indeed candidates for type 2 quasars.

5. XBONGs

Although the existence of an unusual population of X-ray-
bright, optically normal galaxies (XBONGs) has been known
since the FEinstein mission (Elvis et al. 1981), they are recently
attracting more attention on both theoretical and observational
grounds as Chandra and XMM-Newton observations reveal a
significant number of XBONG candidates (Fiore et al. 2000;
Comastri et al. 2002; Georgantopoulos & Georgakakis 2005).
An XBONG is defined as an X-ray-luminous object with no
obvious signature of AGN activity, or conventionally as an ALG
with Ly > 10*? ergs s~!. Theoretically, they are interesting be-
cause an XBONG could be an intrinsically luminous but heavily
obscured AGN, where the obscuration must be of a large enough
covering factor that neither broad nor narrow lines escape.

In our sample, there are 21 XBONG candidates among ALGs
with Lx > 10% ergs s~! (see Table 1). The X-ray luminosity
(corrected for Galactic absorption, but not for intrinsic absorp-
tion) of 21 XBONG candidates ranges from Lx = 10*? to 5 x
10% ergs s~!, while their redshift ranges over z = 0.1-0.8. In
contrast to expectation, most XBONG candidates show no sign
of intrinsic absorption, indicating that the absorption model does
not explain the majority of these sources. Georgantopoulos &
Georgakakis (2005) and Hornschemeier et al. (2005) have re-
ported similar results. However, we found a significant excess of
X-ray absorption (with HR > 0.6 in 1 o error) in two sources
(see Fig. 2). Their optical and X-ray properties are listed in Table 5.
If they are indeed extremely obscured, their X-ray luminosity
will increase by a factor of 10—100, and they could be as lumi-
nous as unabsorbed broad-line quasars.

Another possible explanation for XBONGs is the dilution of
nuclear emission lines by the starlight of the host galaxy (Moran
et al. 2002), i.e., type 2 AGNs with optical stellar light bright
enough to outshine the AGN signature. Seven ALGs (out of 21)
with Ly > 10%? ergs s~!, but with fx/fp = 0.01-0.1, could be-
long to this type. However, for the remaining ALGs with Lx >
10% ergs s~1, but with fx/fo > 0.1, stellar dilution is unlikely,
because their X-ray and optical luminosities and the ratios are
similar to those of type 2 AGNs (see blue and red filled squares in
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TABLE 4
OBscurep TyPE 2 AGNs

Ner Counts
r log Lx 1 o Limir
NAME S H (mag) z log( fx/fo) (ergss™)) HR  (Lower, Upper)
fx /fo > 0.1
CXOMP J033803.0—050046 ........cevreeuennene 1.39 9.53 2346 1.192 0.09 43.31 1.00 (0.53, 1.00)
CXOMP J033934.2—352349 .... 1.69 14.85 21.52  0.533 —0.65 42.48 1.00 (0.62, 1.00)
CXOMP J045356.8—030227 .... 522 1931 20.05 0.423 —1.00 42.48 0.61 (0.38, 0.80)
CXOMP J054240.9—405627 . 2.51 52.51 21.06  0.639 —0.18 43.32 0.93 (0.85, 0.98)
CXOMP J134359.2+555259 .. 25.01 20.67 0.593 —0.66 42.93 1.00 (0.90, 1.00)
CXOMP J134415.5+561214 .. 1421  90.50 18.63 0.132 —0.74 42.15 0.76 (0.59, 0.95)
CXOMP J153311.2—004524 . 2.89 2575 17.82 0.151 —0.89 42.46 0.86 (0.66, 0.96)
CXOMP J154424.2+535546 .. 586 3081 1870 0.439 —0.43 43.63 0.70 (0.55, 0.82)
CXOMP J205602.1-043645 . 233 13.57 21.74  0.466 —0.39 42.51 0.77 (0.51, 0.97)
CXOMP J205618.7—043430.... 560 4125 21.59 0.527 0.01 43.10 0.78 (0.66, 0.87)
CXOMP J205624.8—043534 ... 246 4232 1948 0.260 —0.87 42.35 0.92 (0.82, 0.98)
CXOMP J205642.0—043301 099 19.69 2091 0.467 —0.61 42.63 1.00 (0.82, 1.00)
CXOMP J214010.5—233905 ...ocooveveiieee 27.17  20.66 0.453 —0.61 42.70 1.00 (0.88, 1.00)
CXOMP J214019.1-234838 . 7.14 2729 2159 0.387 —0.13 42.64 0.61 (0.41, 0.79)
CXOMP J234813.3+005611 486 3276 2150 0.550 —0.45 42.72 0.77 (0.62, 0.89)
fx /fo =0.01-0.1
CXOMP J114150.4+660219 ......c.oevvveeerrannne 25.84 19.18  0.235 —1.66 41.58 1.00 (0.88, 1.00)

Fig. 1). Alternatively, Yuan & Narayan (2004) suggested that
XBONGs might be explained by an inner radiatively inefficient
accretion flow, which could in turn produce relatively strong
inverse Compton X-ray emission.

6. E+A GALAXIES

Because E+A galaxies have strong Balmer absorption lines
with no emission in [O 1], they are considered to be poststarburst
galaxies that had a starburst less than ~1 Gyr ago, but exhibit no
sign of current star formation (e.g., Dressler & Gunn 1983). It is
still mysterious what truncated star formation so abruptly and
whether they are linked to other types of galaxies in their evolu-
tionary path. Recently, Goto (2005) investigated the morphology
of E+A galaxies selected from the SDSS DR2 and suggested that
E+A galaxies are created by a dynamical merger/interaction with
anearby galaxy (see also Blake et al. 2004). Another possible ex-
planation for this phenomenon is a heavily obscured starburst,
where emission lines associated with the ongoing star formation
are invisible (e.g., Smail et al. 1999). With the X-ray data, we can
search for substructures related to the merger/interaction signa-
ture, and we can also test whether their X-ray spectra are absorbed.
In particular, the latter test is critical, because the two hypotheses
(merger/interaction vs. obscuration) predict very different X-ray
spectra: very soft spectra for merging/interaction systems and very
hard spectra in obscured systems.

In our sample of ALGs, we measured hydrogen Balmer and
[O 1] lines to identify E+A galaxies. Following Goto (2005) and
Blake et al. (2004), we applied (1) EW(H6) > 5.5 A (in ab-

sorption) and (2) EW([On] 23727) < 2.5 A (in emission) and
EW(Ha) < 3 A (in emission) for the E+A selection criteria. If
Ha was not available, we used a combination of other Balmer
lines (see Blake et al. 2004).

While there is no E+A galaxy among the normal galaxies with

fx/fo < 0.01, two E+A galaxies are found with fx/fo > 0.01:

one among the intermediate fx/fp (0.01-0.1) group and another
among the AGN group with fx /fop > 0.1. They are listed in Table 6.
Although we have only two E+A candidates, they comprise
~5% of our ALG sample. Both E+A candidates have stronger
X-ray emission for their optical flux than those of typical nor-
mal galaxies, suggesting that E+A phenomena may enhance the
X-ray emission.

Since they are unresolved in the X-ray image (at z ~ 0.4), we
cannot directly identify any merger/interaction signature in the
X-ray image. However, their X-ray spectra are distinct, both being
very soft. See also Davis et al. (2003), who found a galaxy with a
poststarburst optical spectrum whose X-ray emission is luminous
(Lx ~2x10% ergs s~!) and soft (I'yn ~ 2.9). Strong soft X-ray
emission from the galactic hot bubbles/winds is often found in the
local merging/interacting galaxies (e.g., the Antennae; Fabbiano
etal. 2003). The X-ray emission may be related to luminous X-ray
binaries, e.g., ultraluminous X-ray sources (ULXs), which are
also found in the starburst galaxies (Hornschemeier et al. 2005).
In particular, CXOMP J113956.1+660553 is detected only in
the S band, indicating that the hot ISM dominates its soft X-ray
emission. This rules out the dusty absorption hypothesis. In ad-
dition, it has a close companion at the same redshift, a narrow

TABLE 5
OBscureD XBONGs

NEeT CounTs

r log Lx 1 o Limir
NAME S H (mag) z log( fx/fo) (ergss™)) HR  (Lower, Upper)
CXOMP J105626.8—033721 ...coovevennne 1446 86.04 2126 0.643 —0.08 43.36 0.72 (0.63, 0.81)
CXOMP J205601.2—042955 .....covvverenene 0.68 9.18 21.33  0.370 —0.74 42.09 1.00 (0.68, 1.00)




No. 2, 2006

CHANDRA MULTIWAVELENGTH PROJECT 841

TABLE 6
E+A GALAXIES

Ner Counts
I log Lx 1 o Limit
NAME S H (mag) z log( fx/fo) (ergs s™h) HR (Lower, Upper)
CXOMP J113956.1+660553 .......cocoeeeeeennee 17.5 0.0 0.376 —1.96 42.25 —1.00  (—1.00, —0.82)
CXOMP J230243.1+083945 ....c.ovviercrenne 136.5 535 0.438 —0.69 43.14 —0.44  (—0.53, —0.34)

emission-line galaxy ~10” (or ~50 kpc) away, which is also an
X-ray source (CXOMP J113957.4+660547 atz = 0.378). There-
fore, CXOMP J113956.1+660553 fits well into the scenario of
a merger/interaction with a closely accompanying galaxy at
<100 kpc scale (see Goto 2005). The second candidate, CXOMP
J230243.1+083945, also has soft X-ray emission. It has no clear
companion in either optical or X-ray images. Its high fx/f, sug-
gests that its X-ray emission may be contaminated by an AGN.
Regardless of AGN contamination, the soft X-ray emission again
suggests that it is not obscured. Finally, we note that both galaxies
are in a Chandra field of which the target is a cluster (MS 1137.5+
6625 and CL J2302.8+0844), but the clusters are at different dis-
tances and not physically associated with the galaxies. Goto (2005)
also concluded that E+A galaxies are not associated with clusters.

7. SUMMARY

Using ChaMP X-ray and follow-up optical data, supple-
mented with the SDSS DR3 data, we select 136 extragalactic
X-ray sources without broad optical lines (i.e., non—type 1 AGNs/
quasars). Their redshift ranges between 0.01 and 1.2. Combining
our ChaMP sample with previously studied samples (CDF by
Hornschemeier et al. 2003; NHS by Georgantopoulos et al. 2005),
we summarize our results as follows:

1. To distinguish normal galaxies and AGNs, we use several
diagnostics: Ly, fx/fo, X-ray spectral hardness, and optical line
ratios. We find that conservatively applying fx/f limits provides
the most reliable method to separate two populations: normal
galaxies for fx/fo < 0.01 and AGNs for fx/fo > 0.1. We find
only one exception, which apparently has a lower fx/fp (<0.01),
but is likely an obscured AGN with AGN-like optical line ratios.

2. One-fifth of 136 X-ray sources have intermediate X-ray to
optical flux ratios ( fx/fo = 0.01-0.1). They consist of mixed
groups of galaxies and AGNs, with different classifications in dif-
ferent diagnostics. They could be high-z starburst galaxies (among
NELGsS), giant elliptical galaxies with a large amount of hot ISM
(among ALGs), or obscured low-luminosity AGNs. We note that
samples selected using a single fx/fo limit are likely contami-
nated by these objects.

3. The X-ray to optical flux ratios of normal galaxies are in
the range of log ( fx/fo) = —3.5 to —2.0. Interestingly, the lower

limit [log ( fx/fo) = —3.5] is consistent with the lower limit of
the Lx(point sources)-Lo relation found in nearby early-type
(Kim & Fabbiano 2004) and late-type galaxies (Colbert et al.
2004). It appears that the minimum fx/f; remains constant up to
z = 0.1, indicating no evolution up to z = 0.1 (or a look-back
time of ~1 Gyr).

4. Using a subset of our galaxy sample with complete optical
imaging/spectroscopic coverage and applying an X-ray complete-
ness correction, we build a log (V)-log (S') relation for ChaMP
normal galaxies. The best-fit slope is 1.5 £ 0.15, which is con-
siderably steeper than that of the general cosmic background
source population. This is consistent with previous results, but
slightly flatter than that of the CDF sample (Hornschemeier et al.
2003). As Bauer et al. (2004) pointed out, normal galaxies will
outnumber AGNs at faint fluxes, but our estimated flux where
the two populations are equal ( fx < 2x 1078 ergs s~' em~?) is
a factor of ~35 lower than the previous estimate.

5. Sixteen NELGs (mostly with fx/fo > 0.1) are heavily ob-
scured in X-rays, and after correcting their intrinsic absorp-
tion, approximately half are type 2 QSO candidates with Ly >
10* ergs s~

6. Twenty-one ALGs are X-ray luminous, with Lx >
10*? ergs s~!, but optically normal galaxies (XBONGs). As
opposed to the expected obscuration, we find only two signifi-
cantly obscured objects with an absorption-corrected Ly com-
parable to broad-line quasars. It appears that dilution by the host
galaxy may not work for the majority. The remaining XBONG
candidates require alternative explanations, e.g., an inner radia-
tively inefficient accretion flow (Yuan & Narayan 2004).

7. We have identified two E+A galaxies with strong Balmer
absorption lines, but no [O 1] line. Their X-ray spectra are soft,
and one of them has a companion galaxy ~50 kpc away. Our
results support the merger/interaction hypothesis for the origin
of this unusual phenomenon (Goto 2005) and rule out the dusty
absorption hypothesis.

This work was supported by CXC (Chandra X-Ray Center)
archival research grant AR4-5017X. We acknowledge support
through NASA contract NAS8-39073 (CXC).
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