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Abstract. We present a spectroscopic study of 41 hard X-ray sources detected serendipitously with high significance (>50
in the 2-10 keV band) in seven EPIC performance/verification phase observations. The large collecting area of EPIC allows
us to explore the spectral properties of these faint hard X-ray sources with 2 < F,_j9 < 80 x 10™'* erg cm™ s! even though
the length of the exposures are modest (~20 ks). Optical identifications are available for 21 sources of our sample. Using a
simple power law plus Galactic absorption model we find an average value of the photon index I ~ 1.6-1.7, broadly consistent
with recent measurements made at similar fluxes with ASCA and with Chandra stacked spectral analyses. We find that 31 out
of 41 sources are well fitted by this simple model and only eight sources require absorption in excess of the Galactic value.
Interestingly enough, one third of these absorbed sources are broad line objects, though with moderate column densities. Two
sources in the sample are X-ray bright optically quiet galaxies and show flat X-ray spectra. Comparing our observational results
with those expected from standard synthesis models of the cosmic X-ray background (CXB) we find a fraction of unabsorbed
to absorbed sources larger than predicted by theoretical models at our completeness limit of F,_1g ~5 X 107'* erg cm™2 s™!. The
results presented here illustrate well how wide-angle surveys performed with EPIC on board XMM-Newton allow population
studies of interesting and unusual sources to be made as well as enabling constraints to be placed on some input parameters for

synthesis models of the CXB.
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1. Introduction

It is now widely accepted that the bulk of the Cosmic X-ray
background (CXB) in the range 0.1-10 keV is the result of
the integrated emission of unresolved sources over cosmic
time (Giacconi et al. 2001). Recent extremely deep surveys by
Chandra (Tozzi et al. 2001; Brandt et al. 2001a) and XMM-
Newton (Hasinger et al. 2001), have resolved up to ~75-90%
of the CXB into discrete sources, down to a limiting 2—-10 keV
flux of ~1071% erg cm™2 s~!. On-going follow-up optical identi-
fication programs suggest that most of these sources are AGNs,
while a sizeable fraction of the rest are optically faint (/ > 24)
objects (~30%), likely to be highly obscured AGNs (Alexander
et al. 2001) or luminous bulge-dominated galaxies (Barger
et al. 2001; Cowie et al. 2001). Large area surveys (e.g. from
ASCA and BeppoSAX; Akiyama et al. 2000; Della Ceca et al.
1999; Giommi et al. 2000), limited to higher fluxes but provid-
ing a larger number of sources, confirm the above results. At a
flux limit of ~5 x 10™'* erg cm™ s7! in the range 5-10 keV,
the bulk of the sources are broad line AGNs, while most of
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the others are classified as Seyfert 1.8-2 galaxies and optically
“red” quasars (La Franca et al. 2000). Surprisingly, Chandra
serendipitously discovered that also some normal galaxies,
without evidence for any activity (i.e. AGN and/or starburst)
in the optical band, are X-ray loud (Fiore et al. 2000).

To date very few X-ray spectra of such faint sources are re-
ported in the literature (but see pioneering results from Vignali
et al. 2000; Sakano et al. 1998 and Crawford et al. 2001).
Such spectral information is crucial in order to accurately de-
termine source-by-source the amount of absorption, the spec-
tral shape and the presence of reprocessed features (see e.g.
Yaqoob 2000). These can also be used as input parameters
for the synthesis models of the CXB in order to evaluate the
contribution of the various AGN types and constrain their
evolution (Comastri et al. 2001; Gilli et al. 2001). Important
questions are still unanswered, such as the relationship be-
tween optical identification and X-ray characteristics as well
as the role of absorption in the different types of active galax-
ies (Salvati & Maiolino 2000; Pappa et al. 2001a). There is
growing evidence that not only narrow line but also broad line
AGNs suffer from intrinsic absorption (Risaliti et al. 2000),
which is present both in radio-quiet (Gallagher et al. 2000;
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Brandt et al. 2001b; Maloney & Reynolds 2001; Collinge &
Brandt 2000) and in radio-loud objects (Cappi et al. 1997; Yuan
et al. 2000; Sambruna et al. 1999) at all redshifts. These ob-
scured sources show hard spectral indices which match well
with the CXB slope in the hard X-ray band (~1.4, e.g. Marshall
et al. 1980). Moreover doubts are emerging about the existence
of the long sought after high luminosity type 2 AGNs (Halpern
et al. 1999), the so-called QSO 2s, which should play a signif-
icant (and perhaps a major) role in the production of the hard
CXB (Fabian & Iwasawa 1999): from recent deep observations
only two cases have been reported (Norman et al. 2001; Stern
et al. 2001). It would appear to be difficult to discover a large
number of distant Compton-thick QSOs with present X-ray ob-
servatories (Fabian et al. 2001).

Based on the above arguments, we have started an exten-
sive program with XMM-Newton aimed at studying the bright-
est (in the hard X-ray band) sources serendipitously detected in
a number of fields with moderate exposure (~20 ks). This work
has been designed to complement at an intermediate flux level
(~107"* erg cm™2 s7!) the X-ray population studies made by
very deep pencil-beam observations. On account of its good po-
sitional accuracy (~6 arcsec error radius) and its unprecedented
sensitivity in the 2—10 keV band, the XMM-Newton satellite is
currently the most appropriate telescope with which to pursue
such a study.

2. XM M-Newton observations
2.1. Data reduction

The XMM-Newton  observatory was launched on
December 10th 1999 and was placed in a 48 hour orbit
(Jansen et al. 2001). EPIC (European Photon Imaging
Cameras) on-board XMM-Newton consists of two MOS CCD
front-illuminated arrays (Turner et al. 2001) and one PN CCD
back-illuminated array (Struder et al. 2001) for X-ray imaging
and spectroscopy in the range ~0.1-10 keV. Each camera
is located in the focal plane of one of three X-ray grazing
incidence telescopes and provides a 30 arcmin diameter field
of view. EPIC is equipped with a filter wheel which carries
three different blocking filters, i.e. Thin (40 nm Al), Medium
(80 nm Al) and Thick (200 nm Al), optimised for different
investigations.

In the present study we investigate the EPIC fields of seven
observations performed during the performance/verification
phase. These fields are listed in Table 1 together with
their observational details. They cover in total an area of
~1.4 deg? of the sky and they all have » > 30 deg so that
we can exclude heavy contamination from Galactic sources
and high Galactic column densities along the line of sight.
We are able to reach 4-5 arcsec absolute pointing accu-
racy reconstruction for the boresight instruments using the
Attitude History Files (AHFs) available for all datasets, as
demonstrated by the EPIC calibrations (for more details
see http://xmm.vilspa.esa.es/users/calib_top.html).

The raw EPIC observation data files (ODFs) are re-
duced and analysed using the standard Science Analysis
System (S AS') software package (version 5.0, released in 2000,
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December 15th; Gondoin 2001). We use the EPCHAIN and
EMCHAIN tasks for the pipeline processing of the ODFs to
generate the corresponding event files. These tasks also al-
low dead and hot pixels to be removed. On each event file
we then apply an exposure time correction in order to exclude
intervals contaminated by soft proton flares: we extract back-
ground lightcurves at energy >10 keV to identify and remove
periods of high count rates (typically 0.2 cts/s). The result-
ing clean integration times for each EPIC camera are listed
in Table 1. We select pixel patterns <12 and =0 for MOS and
PN events, respectively, in order to filter out cosmic-ray tracks
and/or spurious noise events not created by X-rays. We use the
XMMSELECT task to filter data and to generate lightcurves, im-
ages and spectra. All our images are binned to obtain a pixel-
size of 4.4 x 4.4 arcsec.

2.2. Sample creation

We have created a 2-10 keV PN image of all but one
(IRAS 13349+2438) of the fields listed in Table 1 which have
then been used to detect hard X-ray serendipitous sources.
The PN observation of IRAS 13349+2438 was carried out in
small window mode (Studer et al. 2001) and so we have used
a 2-10 keV MOS1 image of this field. We investigate in the
2-10 keV range because to date it is the nearest X-ray spectro-
scopically accessible band to the CXB vF, peak at ~30 keV.
The main reason for which we choose the PN camera to per-
form such a survey is its greater effective area with respect to
the MOS (in particular in the hard band it is a factor ~2.5 times
at 8 keV), which enables us to be more accurate in the detection
of faint hard X-ray sources.

In the following we briefly summarize our detection pro-
cedure. For each 2-10 keV image we generate an exposure
map containing information about filter transmission and spa-
tial quantum efficiency which has been used by other SAS
tasks of the detection chain. The area of the image where source
searching is performed is marked by a detection mask cre-
ated by the EMASK task. We run the EBOXDETECT task, the
standard SAS sliding box cell detection algorithm, with lo-
cal background subtraction (i.e. “local mode”) in order to have
a list of candidate sources. This list is given as input to the
ESPLINEMAP task to produce a smooth background map. This
background map is then used in a second EBOXDETECT proce-
dure (i.e. “map mode”). We choose L = —In(P) = 15 as the min-
imum detection likelihood value corresponding to a probability
of Poissonian random fluctuations of the counts in the detection
cell of P = 3.0 x 1077 (roughly ~507). EBOXDETECT generates
a list of selected sources with their centroid coordinates (x, y).
Finally we include in our sample only those sources detected
with at least 35 net counts in a 5x5 pixel box centered on
(x,y). These counts are raw and they must be corrected for
both the energy encircled fraction (EEF) and the vignetting
factor: in this way our selection criterion (i.e. 35 counts) cor-
responds, for example, to a corrected final flux of Fh_j9 ~
23x 1071 erg cm~2 s~! for an on-axis source and to F,_jo ~
5 x 107* erg cm™2 57! for a 10 arcmin off-axis source in our
shortest PN exposure (i.e. 15 ks, see Table 1). As the PN and
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Table 1. Journal of the XMM-Newton observations.
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Field RA Dec Orbit Date Exposure (s) Filter
PN Mil M2 PN M1 M2
PKS 0312-770 03 1155.0 -76 5152 057 2000-03-31 26 000 25000 24000 Tc Tc Tc
MS 1229.2+6430 12 31 32.0 +64 14 21 082 2000-05-20 22900 18 600 22900 Th Th Th
IRAS 13349+2438 1337 19.0 +24 2303 097 2000-06-20 - 41300 38 600 — Me Th
Abell 2690 00 00 30.0 -2507 30 088 2000-06-01 21000 16 600 15300 Me Me Me
MS 0737.9+744 07 44 04.5 +74 33 49 063 2000-04-12 15000 17 800 26 100 Th Th Th
Markarian 205 1221 44.0 +75 18 37 075 2000-05-07 17 000 - 14800 Me — Me
Abell 1835 14 01 02.0 +02 52 41 101 2000-06-27 22900 23700 26400 Th Th Th

Optical blocking filters used during observations: Th = thin, Me = medium and Tc = thick.

MOS FOVs differ slightly we also perform the detection pro-
cedure described above on the MOS images in order to detect
those sources which lie in the gaps between the PN chips or out
of the PN FOV. The selection criterion remains the same, ex-
cept for the fact that in this case we accept only sources having
at least 20 net counts in a 5 X 5 pixel box centered on (x, y). In
this way we include a further 4 sources (2 in the gaps and 2 out
of the FOV) which were previously undetected. In total we ob-
tain a sample of 41 hard X-ray selected serendipitous sources.
They are listed in Table 2.

2.3. Spectral analysis

All spectra are extracted in the 0.3-10 keV band where EPIC
is best calibrated. The corresponding background regions are
extracted from offset positions close to the sources, in source-
free regions and with the same radii of the source regions
(i.e. 35 arcsec). For a few cases, the extraction radius was re-
duced due to the presence of another nearby source or of the
CCD gaps. The latest response matrices (released in July 2001)
for the corresponding filters are used for the analysis. All our
spectra are also corrected for vignetting. It is worth noting,
however, that for off-axis angles >10 arcmin the vignetting
function is energy independent below ~5 keV for all EPIC
detectors (with a ratio between off-axis and on-axis counts
of ~0.6, Gondoin et al. 2000): since ~80% of our sources
(32 out of 41) are detected within 10 arcmin off-axis the spec-
tral correction for vignetting is only significant for a small
number of sources. Therefore we expect little or almost neg-
ligible contamination in the determination of the spectral pa-
rameters during our analysis. For each source of the sample,
we perform a combined spectral fitting using the data of both
MOS and PN detectors, whenever both datasets are available.
Before spectral fitting, all spectra are binned with a minimum
of 20 counts per bin in order to be able to apply the y> min-
imization technique. In the cases of relatively poor statistics
(i.e. <400 final counts in the 0.3—10 keV band) the minimun
number of counts per bin is set to 15 and we apply the Gehrels
weighting method (Gehrels 1986) in our analysis. However
heavy binning of data with poor statistics can result in a loss of
spectral information, so for a worthwhile comparison we also
use the Cash statistic (Cash 1979) to estimate the fit parameters
and their errors in the PN data analysis of those sources

characterized by only few photons. This is a maximum like-
lihood method which allows the use of unbinned data but it
assumes that the counts in a given channel follow a Poisson dis-
tribution, so that it cannot be applied to background-subtracted
data. Hence before performing spectral modelling we accu-
rately parameterize the background in a large source-free re-
gion with a model consisting of a broken power law plus
Gaussian lines as suggested in Lumb et al. (2002). Then we
include this model for the background (fixing the values of the
parameters and rescaling the normalizations to the area of the
extraction region of the source) in the source spectral param-
eterization. However the use of the Cash statistic has a major
disadvantage in that it does not provide a goodness-of-fit cri-
terion for comparing different models: therefore in order to es-
tablish the best fit model for a source we apply the y? statistic
with the Gehrels weighting method and the F-test. The spectral
analysis is carried out using XSPEC v11.0. In computing fluxes
and luminosities of our sources, we apply an encircled energy
correction factor in order to take into account the EPIC energy
encircled fraction (Ghizzardi 2001). All luminosities are cal-
culated with Hy = 50 km s™' Mpc~! and go = 0. Throughout
the paper, errors are given at the 90% confidence level for one
interesting parameter (Ax? = 2.71; Avni 1976).

3. Results
3.1. Optical and radio properties of the sample

As reported in Table 2, 21 of our 41 X-ray sources (~50% of
the sample) are already optically identified: 9 from the liter-
ature, 4 from the XMM-Newton International Survey program
(AXIS, Barcons et al. 2002) and 10 from Fiore et al. (in prepa-
ration, hereafter FO2). Of these, the majority (15) are broad
line AGNSs, 2 are narrow emission line galaxies (NELGs), 1 is
a Seyfert 2 galaxy, 2 are normal galaxies and one is a red
quasar. Source No. 41 has two possible optical counterparts,
both of which are normal elliptical galaxies at z = 0.251 and
7 =0.254, respectively (F02). The redshift distribution of these
optically identified sources is shown in Fig. 1.

Source No. 3 (CXOU J031238.9—-765134) was first discov-
ered by Chandra and identified with a bulge dominated nor-
mal galaxy without strong optical emission lines at z = 0.158
(called “P3” in Fiore et al. 2000). Combined with its high X-ray
luminosity, this makes it a classic example of an “optically dull
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Table 2. List of the 41 X-ray serendipitous sources included in our sample.

N Source name RA Declination z Classification
(J2000) (J2000)
PKS 0312-770 field
1 CXO0OU J031015.9-765131 031015.3 =76 51 32 1.187 BL AGN“
2 CXO0OU J031209.2-765213 03 12 08.7 =76 52 11 0.89 BL AGN“
3 CXOU J031238.9-765134 03 12 38.8 -76 51 31 0.159 Galaxy*
4 CXOU J031253.8—765415 03 12 53.5 -76 54 13 0.683 Red QSO¢
5 CXO0OU J031312.1-765431 0313 11.5 -76 54 28 1.124 BL AGN“
6 CXO0OU J031314.5-765557 0313 14.2 =76 55 54 0.42 BL AGN“
7 XMMU J030911.9-765824 030911.6 -76 58 24 0.268 Sey 2?
8 XMMU J031049.6-763901 03 1049.5 -76 39 01 0.380 BL AGN?
9 XMMU J031105.1-765156 03 1105.1 =76 51 56 - No cl.
MS1229.2+6430 field
10 XMMU J123110.6+641851 12 31 10.6 +64 18 51 - No cl.
11 XMMU J123116.3+641114 123116.3 +64 11 14 - No cl.
12 XMMU J123218.6+640309 1232 18.6 +64 03 09 - No cl.
13 XMMU J123214.2+640459 1232 14.2 +64 04 59 - No cl.
14 XMMU J123013.4+642505 1230 13.4 +64 25 05 - No cl.
15 XMMU J123049.9+640845 12 3049.9 +64 08 45 - No cl.
16 XMMU J123058.5+641726 12 3058.5 +64 17 26 - No cl.
IRAS13349+2438 field
17 XMMU J133730.8+242305 1337 30.8 +24 23 05 - No cl.
18 XMMU J133649.3+242004 1336 49.3 +24 20 04 - No cl.
19 XMMU J133807.4+242411 133807.4 +24 24 11 - No cl.
20 XMMU J133747.4+242728 1337474 +24 27 28 - No cl.
21 XMMU J133712.6+243252 1337 12.6 +24 3252 - No cl.
Abell 2690 field
22 XMMU J000031.7-255459 00 00 31.7 —2554 59 0.283 BL AGN?
23 XMMU J000122.8-250019 00 01 22.8 -2500 19 0.968 BL AGN?
24 XMMU J000027.7-250441 00 00 27.7 -2504 41 0.335 BL AGN?
25 XMMU J000100.0-250459 00 01 00.0 -2504 59 0.851 BL AGN?
26 XMMU J000102.5-245847 00 01 02.5 -24 58 47 0.433 BL AGN?
27 XMMU J000106.8—250845 00 01 06.8 -2508 45 - -
MS 0737.9+744 field
28 1E0737.0+7436 07 43 12.5 +74 29 35 0.332 BL AGN¢
29 XMMU J074350.5+743839 07 43 50.5 +74 38 39 - No cl.
30 1SAX J0741.9+7427 07 4202.2 +74 26 24 - No cl.
31 XMMU J074351.5+744257 07 43 51.5 +74 42 57 - No cl.
32 XMMU J074401.5+743041 07 44 01.5 +74 30 41 - No cl.
Markarian 205 field
33 MS 1219.9+7542 12 22 06.6 +7526 14 0.238 NELG
34 MS 1218.6+7522 12 20 52.0 +75 0529 0.646 BL AGN?
35 XMMU J122258.3+751934 1222 58.3 +7519 34 0.257 NELG
36 XMMU J122351.3+752224 1223 51.3 +752224 0.565 BL AGN¢
37 NGC 4291 1220159 +7522 09 0.0058 Galaxy?
Abell 1835 field
38 XMMU J140127.7+025603 14 01 27.7 +02 56 03 0.265 BL AGN?
39 XMMU J140053.0+030103 14 00 53.0 +03 01 03 0.573 BL AGN?
40 XMMU J140130.7+024529 14 01 30.7 +02 4529 - No cl.
41 XMMU J140145.0+025330 14 01 45.0 +02 53 30 =t Gal.>f

Optical classifications and redshifts are from: ¢ Fiore et al. (2000), * Fiore et al. 2002 (F02; in prep.), ¢ Wei et al. (1999) and ¢ AXIS (Barcons
et al. 2002). T There are two possible candidates for the identification of this source: an elliptical galaxy at z = 0.251 or an elliptical galaxy
at z = 0.254 (F02).
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Fig. 1. Redshift distribution of the 21 optically identified sources in the
sample. The plotted values range from 0.0058 to 1.187. The average
redshift is (z) ~ 0.5.

X-ray loud” galaxy (Elvis et al. 1981). In the optical image the
galaxy appears to be extended with the Chandra source cen-
tered on its nucleus. Source No. 33 (MS 1219.9+7542) was
detected for the first time by the Einstein observatory (Gioia
et al. 1990), and was first optically identified with a clus-
ter of galaxies by Stocke et al. (1991) in the EMSS survey.
Subsequently, Rector et al. (2000) classified MS 1219.9+7542
as a BL Lac object on the basis of its spectral energy distribu-
tion (SED). Very recently, however, Barcons et al. (2002) un-
ambiguously classified MS 1219.9+7542 as a narrow emission
line galaxy (NELG) on the basis of an observation performed
with the 2.5 m INT telescope. Source No. 37 (NGC 4291) is
an early-type (E2) absorption line galaxy at redshift z = 0.0058
(Ho et al. 1997), which is also weakly detected in a 8.5 GHz
NRAO VLA observation (Pgsgm, < 6.3 x 108 W Hz™!,
Wrobel & Herrnstein 2000). Stellar dynamical measurements
indicate that NGC 4291 has a massive central black hole
of 1.8 x 10® solar masses (Gebhardt et al. 2000). This nearby
galaxy appears extended in the EPIC image. The centroid of
the hard X-ray source (a(J2000) = 12"20™15%, §(J2000) =
75°22'09”) is displaced by ~9 arcsec from the optical center
of the galaxy (a(J2000) = 12"20™17%, §(J2000) = 75°22'18"").
This value is larger than the XMM astrometric errorbox
(6 arcsec): the X-ray source is however well inside the optical
contour of NGC 4291. We choose a 30 arcsec extraction radius
in order to avoid contamination from the nearby X-ray source
1AX J122024+7521 (Ueda et al. 2001) and the previously un-
known X-ray source XMMU J122005.14+752143, which are
at 55 and 49 arcsec from NGC 4291, respectively.

Finally, the sample is cross-correlated with the FIRST
(Becker et al. 1995) and the NVSS (Condon et al. 1998) ra-
dio catalogs in order to identify any possible radio counter-
parts. Only 2 out of 7 fields analyzed here have been cov-
ered by the FIRST survey while the NVSS covers all but
one fields (PKS 0312-770) but with a higher flux limit. We
find that only three X-ray sources have a radio counterpart:
sources No. 23, 25 and 38 coincide (within a few arcsec)
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Fig.2. Broad-band (0.3-10 keV) photon indices obtained using
a power law plus Galactic absorption (SPL) model versus 2-10 keV
flux for each source in our sample.

with the radio sources NVSS 000122.7-250018.6 (S 1.4 Guz =
69.2 mJy), NVSS J000100-250503 (S 1 4 gu, = 130 mJy) and
FIRST 140127.59+025606.8 (S 14 cu, = 1.54 mly), respec-
tively. All these sources have optical-to-radio indices a;, > 0.3
and can therefore be classified as radio loud AGNs.

3.2. X-ray spectral properties
3.2.1. Single power law model (SPL)

In order to understand the shape of the continuum, the spec-
trum of each source is first fitted with a simple model con-
sisting of a power law with absorption fixed at the Galactic
value (hereafter, model SPL). The results of these fits are re-
ported in Table 3 and graphically displayed in Fig. 2 where we
plot " versus 2—10 keV flux. The resulting photon indices range
from 0.15 to 2.8, with the majority of the sources clustering at
around 1.9, i.e. close to the canonical value for broad line un-
absorbed AGNs. One source in Fig. 2 is compatible with an
inverted (negative) spectral slope and another has I' ~ 3. These
extreme cases will be discussed in detail in the next Sections.
The results obtained by applying the Cash statistic are fully
consistent with those obtained using the ¥? (see Table 3). We
also check out the possible presence of systematic variations
(i.e. hardening or softening) of the photon index with the off-
axis distance of the sources but we find no particular trend.
Possible artifacts of the PSF emerging at large radii have been
also rejected by Bocchino et al. (2001) after a detailed MOS and
PN spectral analysis of 3C 58. Interestingly enough, it appears
from Fig. 2 that very flat I" (<1.1-1.2) are present at different
flux levels and no trend of I" versus flux is evident in the data.

3.2.2. Absorbed power law model (APL)

A flat photon index could indicate that the simple power law
model is not appropriate. In fact, typically flat X-ray spectra
are obtained when absorption intrinsic to the source is present.
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Table 3. Fits with a single power law model with Galactic absorption (model SPL).

N Source name Nga'a I’ x2/(d.o.f.) Best—fit
(10% cm™?)
1 CXOU J031015.9-765131 8 1.87+003 0.90/250 Yes
2 CXOU J031209.2-765213 8 2.041021 0.91/52 Yes
3 CXOU J031238.9-765134 8 1.03%0:2/(1.26+030) 0.69/11 No
4 CXOU J031253.8-765415 8 L61%314 1.02/39 Yes
5 CXOU J031312.1-765431 8 1.88+0.16 1.22/48 Yes
6 CXOU J031314.5-765557 8 1.95+009 0.79/81 Yes
7 XMMU J030911.9-765824 8 0.15*030/(0.36+01%) 1.28/28 No
8 XMMU J031049.6-763901 8 1.36+0.18 1.07/35 Yes
9 XMMU J031105.1-765156 8 1.324076/(1.88+041) 0.81/11 Yes
10 XMMU J123110.6+641851 2 19114 0.76/37 Yes
11 XMMU J123116.3+641114 2 1.82+013 1.00/52 Yes
12 XMMU J123218.6+640309 2 1884024 0.71/24 Yes
13 XMMU J123214.2+ 640459 2 1.40%030/(1.31+018) 0.92/24 Yes
14 XMMU J123013.4+642505 2 1.79%021 1.14/22 Yes
15 XMMU J123049.9+640845 2 2.37+013 1.05/31 Yes
16 XMMU J123058.5+641726 2 1.08+034/(1.26+023 0.32/9 Yes
17 XMMU J133730.8+242305 12 2.25+021 0.5824 Yes
18 XMMU J133649.3+242004 12 2.05+022 0.94/24 Yes
19 XMMU J133807.4+242411 12 21301 1.21/72 No
20 XMMU J133747.4+242728 12 19203 0.80/24 Yes
21 XMMU J133712.6+243252 1.2 1.66+043 1.46/17 Yes
2 XMMU J000031.7-255459 2 2.13+013 0.91/19 Yes
23 XMMU J000122.8-250019 2 1.97+02 1.11/31 Yes
24 XMMU J000027.7—250441 2 1.91+014 0.99/46 Yes
25 XMMU J000100.0-250459 2 0.897010 1.44/28 No
26 XMMU J000102.5-245847 2 2.28+020 0.85/52 Yes
27 XMMU J000106.8-250845 2 1.61#039/(1.71+020) 0.64/19 Yes
28 1E 0737.0+7436 3.5 2.28+004 1.05/227 No
29 XMMUJ074350.5+743839 3.5 1.08%025/(1.11+017 1.11/13 No
30 1SAX J0741.9+7427 3.5 1.92+013 1.11/64 Yes
31 XMMUJ074351.5+744257 35 1.84%03 0.97/29 Yes
32 XMMUJ074401.5+743041 3.5 1.71#034/(1.78+020 0.59/11 Yes
33 MS 1219.9+7542 3 1514007 0.86/87 No
34 MS 1218.6+7522 3 1714008 0.69/100 Yes
35 XMMU J122258.3+751934 3 1.41#927/(1.61+013 0.93/18 Yes
36 XMMU J122351.3+752224 3 1.76+017 0.84/31 Yes
37 NGC 4291 3 2.81+019 5.26/72 No
38 XMMU J140127.7+025603 23 1214005 1.55/215 No
39 XMMU J140053.0+030103 23 1.80%019 0.90/37 Yes
40 XMMU J140130.7+024529 23 0.197052/(0.14+0:48 0.87/7 No
41 XMMU J140145.0+025330 23 0.76033/(0.66*02! 0.85/19 Yes

@ Galactic column density are taken from Stark et al. (1992). > The values reported in brackets are obtained using the C statistic (Cash 1979),
see text for details.

We have therefore refitted our data using a power law but improvement in the fit. In source No. 3 the fit improvement
absorbed this time both by Galactic and intrinsic absorption is not so significant (at >90%) but the slope is steeper (I' ~
(model APL). Table 4 lists all sources (8 out of 41) for which 1.84) than without absorption (I' ~ 1.03). In source No. 7,
there is evidence of excess absorption on the basis of a y> the fit improves only slightly but this source clearly requires
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Table 4. Fits with a single power law model with extra absorption component (model APL).

Source No. I Ny* F—statistic Cl Best-fit
(10*' cm™?)
3 1.847195/(2,12+048) 7.10180/(11.8+37 3.1 90.0% Yes
7 1 .203:%2/(1 .39f8§§ 48.533:2/(37.&%32 1.14 80.0% No
25 1.317929 52739 18.0 99.99% Yes
29 1.75%072/(1.59+030) 2772821418 7.9 98.5% Yes
33 16409 0.59%02 48 97.0% Yes
37 >8.69 10.7493 65.1 >99.99% No
38 1.66%99 1.5%03 98 >99.99% No
40 2.15537/(1.7442 7% 23.533%8/(1 8.1:%%3 6.1 96.0% Yes

¢ The values reported in brackets are obtained using the C statistics (Cash 1979), see text for details.

an additional soft component (see Sect. 3.2.3). In all other
sources (Nos. 25, 29, 33, 37, 38 and 41) the improvement is
highly significant (at >97%).

In any case it is evident from Table 4 that the power laws
steepen to more standard I' values in most objects, while the
column densities obtained range from ~6 to ~200 X 1020 cm2,
i.e. a very broad range of values: in source No. 37 I" is intrinsi-
cally steep but this is due to the peculiar spectral shape of this
source (see Sect. 3.2.3).

As expected the only known Seyfert 2 (No. 7) present in the
sample is the source with the largest value of Ny. Note however
that other objects characterized by narrow lines (Nos. 4, 33,
35), and so potentially obscured, show very low column den-
sity values. Furthermore, although not yet optically classified,
XMMU J140130.7+024529 (No. 40) is very likely associated
with a type 2 object just on the basis of the column density re-
sult obtained here. Significant absorption is also found in two
broad line AGNs (Nos. 25 and 38), indicating that also this type
of object can contain large amounts of gas; furthermore 2 out
of 3 radio loud sources in our sample are obscured in X-rays.
Even more interesting is the presence of absorption in two out
of three normal galaxies of the sample. Under the assumption
that the dust to gas ratio in these objects is similar to our own
Galaxy, the observed column densities imply an optical extinc-
tion Ay ~ 1-2 mag, not high enough to obscure the broad line
region of an AGN, and so confirming their optical classification
as normal galaxies. Finally source No. 41 does not require any
additional absorption component and its spectrum appears to be
intrinsically flat (I' ~ 0.7). We have also tried imposing a I' =
1.9, resulting in a column density Ny = 1.1*]7 x 10** cm ™2 but
this fit is worse than that found with the SPL. model. However
the lack of optical identification for about half of the sources
in the sample and the poor statistics characterizing some faint
sources could lead to an artificial underestimate of Ny. In fact,
it is worth noting that some sources with flat best-fit slopes (I' <
1.5) could be obscured by large absorption columns but the low
statistics may prevent us from making a correct measurement
of the true absorption column density. We have faced both these
problems by imposing a photon index of I' = 1.9 to all sources
and z = 1 to optically unidentified objects, before re-estimating

the Ny values. Results of this spectral fitting will be discussed
in Sect. 4.2.2.

3.2.3. More complex models

After the introduction of models SPL and APL four
sources (Nos. 7, 19, 28, 37) are still not satisfactorily fitted;
in fact the residuals show (see Figs. 3—0) that the presence of
a soft excess is these objects is evident. We have therefore re-
fitted these sources introducing an extra spectral component in
the form of a power law (PL in Table 4) or a thermal model
(TM in Table 4) in addition to the primary power law contin-
uum. The photon index of the secondary power law is left free
to vary in all sources whereas in source No. 7 it is fixed to the
value of the primary power law photon index as expected in a
type 2 object where the soft excess is often due to a scattered
component (Turner et al. 1997). The thermal model is parame-
terized by Raymond-Smith plasma.

Source No. 19 is not optically classified and the intro-
duction of a thermal component is dictated by the high value
of the secondary power law photon index (I' = 5.171‘1%‘).
In source No. 28, a double power law model is a good fit to
the data and the change in slope is located at 1.30703) keV.
Many radio-quiet QSOs, as source No. 28 has been optically
classified, show such an excess in the soft X-ray band (Reeves
& Turner 2000; George et al. 2000; Mineo et al. 2000). This
excess is likely due to the high energy tail of the UV bump
and is often parameterized by a blackbody component. In fact
using such a component in place of the second power law
gives an equally good fit (at >99% confidence level with re-
spect to model SPL) and providesa I' = 1.96i8:(1)8 and a kT =

0.13*3:9> keV in the quasar rest frame.

Source No. 37 (NGC 4291) is a normal galaxy and so
a thermal component is expected: for the X-ray emitting gas
we infer a rather low temperature (k7 ~ 0.4 keV) and metal-
licity Z/Z = 0.07f8:8‘2‘. The introduction of the soft component
solves the problem of the rather steep spectral slope but reveals
the presence of a hard tail in this object (e.g. Fig. 7). A similar
feature has also been found in other X-ray early-type galaxies

(Allen et al. 2000; Matsumoto et al. 1997) and is possibly due
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Table 5. Fits with an absorbed/unabsorbed power law plus soft thermal (TM)/power law (PL) component model.

Source No. Model Loore/ kT Ny Thara F—statistic C.l Best-fit
eV) (10*' cm™)
7 PL = Tharg 94*92/(98+ 3! 1 76*? ?‘7)/(2 17+0 48 “ 4.4 96% Yes
19 ™ 150739 =Ng 1.74%923 8.1 >99% Yes
28 PL 2. 47’:8 8§ =NGal 1. 93“:8 }8 23.5 > 99% Yes
37 ™ 360“_';8 23704 1. 11“_’8 ig 96.7 >99.99% Yes

“ The values reported in brackets are obtained using the C statistic (Cash 1979), see text for details.
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Fig.3. The PN spectrum of XMMU J030911.9-765824 (No. 7)
(upper panel) fitted with a power law modified by an extra X-ray ab-
sorption component (model APL, see Table 4). The residuals of the fit
are also shown (lower panel). Note the excess in the soft portion of
the spectrum.
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Fig.4. MOSI+MOS2 spectra of the unidentified source XMMU
J133807+242411 (No. 19) fitted by a simple power law plus Galactic
absorption model (upper panel). The residuals (lower panel) show ev-
idence of a soft excess emission component.

either to the presence of an obscured nucleus or to the summed
contributions of discrete X-ray sources in the galaxy. If we im-
pose a slope of 1.9 to the power law component likely associ-
ated W1th the nucleus, we obtain a column density of 41”0 X

10%' cm™2, thus invoking an obscured nucleus could be a Vlable
explanation for the hard tail. However, using this model we find

0.1

normalized counts/sec/keV
0.01

1072

churme\ energy (keV)

Fig. 5. The PN spectrum (upper panel) and residuals (lower panel) of
the broad line QSO 1E 0737.0+7436 (No. 28) when fitted by a simple
power law plus Galactic absorption (SPL) model (Table 3).
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Fig. 6. The EPIC PN spectrum of NGC 4291 (No. 37) fitted by a power
law (upper panel) and relative residuals (lower panel). The large resid-
uals indicate that this model is inadequate to describe the present data
(Table 3).

L9 = 1.7 x 10% erg s~! which provides an Ly /Lgddington Ta-
tio ~4 x 107°, too low for a normal AGN. Recent Chandra re-
sults (Sarazin et al. 2001; Loewenstein et al. 2001) indicate that
the bulk of the 2—10 keV emission in a number of early-type
galaxies originates from discrete galactic sources like LMXBs,
HMXBs and/or galactic BHs (Fabbiano et al. 2001; Foschini
et al. 2002) and so it is likely that this contribution is present
in NGC 4291 too. Unfortunately we cannot investigate more
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Fig.7. The EPIC PN vFv spectrum of NGC 4291. We also show the
two components of the best fit model (see Table 6).
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Fig. 8. The PN+MOS2 spectrum of XMMU J140127.7+025603.4 fit-
ted with a simple power law (model SPL). Absorption features in the
soft as well as in the hard portion of the spectrum are evident.

deeply the origin of the hard X-ray tail because of the lim-
ited spatial resolution of EPIC with respect to Chandra and the
low signal to noise ratio at high energies. An observation with
higher angular resolution (i.e. with Chandra) and longer expo-
sure could instead place stringent limits on the relative contri-
bution of the diffuse gas, discrete sources and a possible hidden
low luminosity active nucleus to the total 2-10 keV luminosity
of this source.

Finally source No. 38, a broad line radio loud quasar,
is characterized by a warm absorber as shown in Fig. 8. In
the soft portion of the spectrum we find an edge at 0.82 +
0.10 keV (quasar-frame) with an optical depth 7 = O.42igﬁ,
likely due to OVIII K-shell absorption. With this additional
component, whose significance is at ~95% level, the associ-
ated y*(v) is equal to 218(212). The other edge is found at
Eas = 7.12*932 keV (quasar-frame) with an optical depth

-0.43

T = 0.71f83‘g and a significance >95% confidence level (F-test
value = 4.5). This edge is consistent with Fel-XVIII K-shell
at 90% confidence for 7 > 0.3, assuming that the absorbing

material is intrinsic to the source. Including this feature in
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the spectral fitting gives a slightly harder photon index (I' =
1 55+0.05)
’ _0‘05 ’ . . .

We have also checked in the optically identified sources the
possible presence of an emission feature centered at 6.4 keV
in the source rest frame. No convincing evidence for this line
has been found, and in all of the sources considered the upper
limits on EW we can set are compatible with the values usually

observed in active galaxies (<350 eV).

3.2.4. Summary

About 75% of our sources have not been detected in X-rays
before and except for 6 objects (Nos. 1 to 6 in Table 2) in
the PKS 0312-770 sky field (for which we find similar results
to Lumb et al. 2001), all others have not been spectroscopi-
cally studied above 2 keV. 31 out of 41 sources are well fit-
ted with a simple power law plus Galactic absorption (SPL)
model (see Table 3). In 7 sources an extra absorption com-
ponent is required at >95% confidence level (see Tables 4
and 5). Furthermore another source (No. 3 in Table 4) shows
a very flat photon index which is indicative of obscuration,
but an accurate spectral fitting is limited by the poor statis-
tics. In four sources we find significant soft excess emission,
which can be parameterized with a thermal (TM) model in two
cases and with a power law (PL) in another case (source No. 7,
a Seyfert 2 galaxy) while in one object (No. 28), both the TM
and PL models provide an equally good fit. One source (No. 38)
is characterized by warm absorber features both in the soft and
in the hard portion of its spectrum (indicated as model WA
in Table 6). In Table 6 we report the best fit models found
for all our of the sources with the corresponding fluxes in the
0.5-2 keV and in the 2-10 keV band as well as the unabsorbed
2-10 keV luminosity. The hard X-ray fluxes range from ~3 to
~80 x 10™!* erg cm™2 s~!, with more than 60% of the sources
having F»_19 < 1073 erg cm=2 s!. The luminosities span from
~2 x 10% to ~5 x 10% erg s~!. Sources with a hard X-ray
luminosity >10%? erg s~' match well with their optical classifi-
cation as AGNss, except for the two intriguing “normal” galax-
ies (Nos. 3 and 41) which are too X-ray bright for their class.

4. Discussion
4.1. Photon index

Using model SPL over the 0.3-10 keV band (see Table 3) we
find an average spectral index (I) = 1.67 = 0.04 (or (I') =
1.69 + 0.04 if we consider only the subsample consisting
of the 27 sources with a 2—-10 keV flux brighter than ~5 x
107 erg cm™2 s~!, the value above which we are complete).
Using the best fit model (see Table 6) for 40 out of 41 objects!,
the average photon index becomes even steeper ((I') = 1.74 +
0.09). This value matches well with those typical of broad
line quasars as found in previous works (Lawson & Turner
1997; Reeves & Turner 2000) and it is also consistent with
the fact that the large majority of our identified sources are

I We exclude NGC 4291 (No. 37) because its spectrum is better
described by a thermal model (e.g. Table 6) as expected on the basis
of its optical classification.
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Table 6. XMM-Newton properties of the sample. Fluxes and luminosities are obtained using the best fit model listed in Col. 2 for each source

of the sample.

Source No. Best fit Fos_ F>_1o Lr_1o
Model (107" ergcm™2 571 (107" erg cm™2 s71) (10% erg s™1)

1 SPL 22.10 38.1 52.7
2 SPL 4.50 3.15 32
3 APL 0.66 2.59 3.5x 1072
4 SPL 341 8.95 2.5
5 SPL 4.31 7.70 9.1
6 SPL 10.13 15.14 1.7
7 PL 0.55 12.85 6.8
8 SPL 6.25 14.42 1.3
9 SPL 0.83 3.19 -
10 SPL 2.62 3.61 -
11 SPL 3.60 5.62 -
12 SPL 3.52 5.07 -
13 SPL 1.84 5.48 -
14 SPL 3.51 5.74 -
15 SPL 3.95 2.21 -
16 SPL 0.88 4.22 -
17 SPL 3.86 3.07 -
18 SPL 2.61 3.20 -
19 ™ 8.52 14.10 -
20 SPL 1.88 2.51 -
21 SPL 1.43 2.83 -
22 SPL 7.11 7.06 0.3
23 SPL 9.08 13.88 12.2
24 SPL 4.37 5.95 0.4
25 APL 4.10 17.88 7.3
26 SPL 6.40 5.12 0.7
27 SPL 2.10 3.87 -
28 PL 72.32 82.42 53
29 APL 2.47 7.11 -
30 SPL 14.41 19.38 -
31 SPL 7.50 11.70 -
32 SPL 1.74 2.95 -
33 APL 18.33 44.6 1.3
34 SPL 30.62 60.93 15.9
35 SPL 1.96 4.84 0.2
36 SPL 6.76 10.11 2.1
37 ™ 24.41 11.21 1.7x107*
38 WA 22.23 61.22 2.2
39 SPL 3.62 5.91 1.3
40 APL 0.31 3.7 -
41 SPL 1.10 8.7 -

TSPL = power law model + Galactic absorption; ABL = SPL + additional absorption; TM = SPL (or APL) + thermal model for the soft excess
component; PL = SPL (or APL) + non-thermal model for the soft excess component; WA = SPL (or APL) + warm absorber features.

indeed broad line AGNs (see Table 2). Concerning the sub-
sample of sources with Fo_jg > ~5 x 107'% erg cm™2 s7!,
the average slope we find is fully consistent with the results
in Ishisaki et al. (2001) based on the 1-7 keV hardness ra-

tio analysis of 29 hard X-ray selected sources with fluxes

107% < Fi_; <1073 erg cm™2 s7! found in a deep ASCA
exposure of the Lockman Hole field. Indeed the above au-
thors reported an apparent photon index of (I') = 1.65 = 0.10.
Our value is instead somewhat steeper than that found using
the ASCA LSS survey ((I') = 1.51 = 0.05; Ueda et al. 1999)



E. Piconcelli et al.: An XMM—Newton spectral survey of faint hard X-ray sources

[

0.8 - —

Fraction

107 10 107" 107 107°

Flux (2-10 keV) cgs

107" 107 107™

Fig. 9. Fractions of absorbed sources in our complete subsample
(points) compared to theoretical predictions (/ines) of Comastri et al.
(2001). We use the parameters resulting from the best fit model
(Table 6) and, for the optically unidentified sources, z = 0. The solid
hexagon and the solid line are for log Ny < 22 cm™2; the open square
and the dashed line are for 22 < log Ny < 23 cm™2; the solid triangle
and the dash-dotted line for log Ny > 23 cm™2. Note that the points
relative to 22 < log Ny < 23 cm™2 (square) and to log Ny > 23 cm™>
(triangle) are coincident. The plotted y-error bars correspond to 1o
confidence level according to Gehrels (1986).

obtained from a stacked spectra analysis of 39 X-ray serendip-
itous sources selected in the 2-10 keV band with F>_jp > 8 X
107" erg cm™2 s7!. Ueda et al. (1999) noted however that their
result was affected by an artificial spectral flattening due to
their hard X-ray selection criterion.

On the other hand, recent Chandra and XMM-Newton deep
surveys indicate that the bulk of sources with flat spectra
(intrinsic and/or due to obscuration) which are required to solve
the CXB spectral paradox, emerges at 2—10 keV fluxes fainter
than 10714 erg cm~2 57!, In fact, our value of T ~ 1.6—1.7 is con-
sistent with the results obtained from the stacked spectra analy-
sis of the Chandra Deep Field South (CDFS), where Giacconi
etal. (2001) foundI' = 1.71 + 0.07. A progressive hardening of
the average slope towards fainter fluxes which is necessary to
explain the 2-10 keV CXB spectral shape, has however been
measured by Tozzi et al. (2001). Our results are also qualita-
tively consistent with those recently obtained by Baldi et al.
(2002) and Della Ceca et al. (2002) based on a hardness ra-
tio analysis of XMM-Newton data where a lack of flat sources
above a few 1074 erg cm™ s™! is observed.

Overall, these results match well with the fact that the
sources which contribute the most to the hard CXB, lie around
the break of the Log N-LogS distribution, i.e. at Fr_j9 ~
10~ erg cm=2 57!, below which the slope of the Log N-Log S
slightly flattens (Cowie et al. 2002; Hasinger et al. 2001; Baldi
et al. 2002a). Finally we find no significant correlation be-
tween I" and z for all our optically identified sources.
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Fig. 10. Fractions of absorbed sources in our complete subsample
(points) compared to theoretical predictions (/ines) of Comastri et al.
(2001). The difference with Fig. 9 is that, in this case, we force a fit
withI" = 1.9 for every source and, for the optically unidentified sources
in the sample, also we use z = 1. Symbols are as in Fig. 9.

4.2. Absorption
4.2.1. Broad line X-ray absorbed objects

Interestingly enough we find that ~33% of the sources requir-
ing significant (at 97% confidence level, see Table 4) absorp-
tion in excess of the Galactic value are broad line objects with
Ny ranging from 1 to 5 x 10?! cm™2. Therefore our analy-
sis confirms the existence of broad line AGNs which suffer
from absorption in X-rays (Fiore et al. 2001; Georgantopoulos
et al. 2001; Schartel et al. 1997, Sambruna et al. 1999) al-
though with lower column densities compared to those found
in these works. Also Wilkes et al. (2001) recently reported sim-
ilar results for a sample of 2MASS selected AGNs observed by
Chandra: from the X-ray hardness ratio analysis they found
that the majority of type 1 objects are absorbed by intermediate
column densities i.e. Ny ~ 10?!723 cm™2. It is worth stressing
that these obscured broad line objects could contribute signifi-
cantly at progressively fainter fluxes to the fraction of the mod-
erately absorbed sources which produces the bulk of the CXB
above 2 keV (see next section).

4.2.2. Comparison with CXB synthesis models

In Fig. 9 we compare the fractions of absorbed sources that
we find to the theoretical predictions of the CXB synthesis
model of Comastri et al. (2001) relative to the 2—10 keV band.
For this plot we consider only sources with Fp_jp > 5 X
107" erg cm™2 s7!  (i.e. our completeness limit). The col-
umn densities Ny are from the best fit model, as reported in
Table 6 for each source. The horizontal error bars associated
to the points in Fig. 9 correspond to our completeness limit
and to the highest flux in the sample; the vertical error bars
indicate instead the Poissonian error for each fraction value.
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A mismatch between our findings and the theoretical model
predictions is evident from this plot. The latter appear to over-
estimate by a factor of 2 to 10 the fraction of absorbed sources
i.e. with Ny > 10%2 ¢cm™2, and understimate the fraction of
sources with low absorption. At these flux levels (Fr-19 ~
10713 erg cm2 s7!) the model predicts that about 55% of the
sources should be obscured, while we find a fraction of 20%
at most.

There are, however, some possible biases in our result that
should be taken into account. The determination of the true
column density for the objects without redshift is difficult and
we possibly underestimate some Ny values as N7 oc (1+2)%°
(Barger et al. 2001). To account for this effect as reported in
Sect. 3.2.2 we fitted all spectra with an absorbed power law
model imposing I' = 1.9 (and z = 1 for the unidentified sources
in the sample) to infer upper limits on the absorption distribu-
tion. The results corresponding to these conservative assump-
tions are reported in Fig. 10. Also in this case we find that the
fraction of absorbed sources appears to be lower than the theo-
retical predicted value, with an upper limit of about 30%.

Another bias we consider important is related to the high
energy roll-over of the PN effective area above 4 keV. The
effective area decreases by about a factor of two between 4
and 9 keV while in order to compute the theoretical predictions
showed in Figs. 9 and 10 Comastri et al. (2001) assumed an uni-
form flat detector response. This fact may have introduced in
our analysis a selection bias against the hardest X-ray sources.
This problem mostly affects heavily obscured sources with
Ny = 107272 cm~2 which have the bulk of their X-ray emis-
sion above 3—4 keV i.e. exactly those sources we do not find
in large quantities as foreseen by theoretical models. Because
of this bias it is possible that we have lost here some of the
faintest, absorbed sources. Spectral analysis of a larger num-
ber of sources could help to solve this issue. Note, however,
that even if we consider the subsample of sources in the harder
5-10keV energy band with F5_1o > 5 x 107 erg cm™2 s7!, the
mismatch between our findings and the theoretical predictions
(Comastri et al. 2001) remains. Albeit the number of sources is
small (i.e. 15), we notice that our fraction of sources with Ny <
10?2 cm™2 is ~60-80% compared to the Comastri et al. (2001)
prediction of ~35-40%.

We also performed some simulations using PN data in order
to check the possibility that we missed some absorbed sources
(even for those belonging to the “complete” subsample i.e. with
Fy_1p =5 % 107"* erg cm™2 s7!) if their true X-ray spectra are
the result of the combination of high column density and scat-
tering of the primary continuum along our line of sight from
a warm medium (Turner et al. 1997). To test this hypothesis,
we assumed as an input spectrum the average partial cover-
ing model (PCF) found in Seyfert 2s (i.e. I = 1.96 and C; ~
74%; see Turner et al. 1997, Table 19) with a typical flux of
9 x 107'* erg cm™? s7! in the 0.5-10 keV band (see Table 6).
We found that we are able to discriminate at >95% confidence
level (using the F-test method) between the PCF and APL
models for any value of intrinsic Ny ranging from 10>} down
to 10! cm~2. It is worth noting that a column density of Ny =
1 x 10%! cm™ at z = 0 corresponds to an Ny < 10?> cm™2
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at z = 1. Thus this effect will not change the values plotted
in Fig. 10.

Gilli et al. (2001) presented a CXB model which assumes
a luminosity density dependent evolution (LDDE; Miyaji et al.
2000) model for the X-ray luminosity function (XLF) and a ra-
tio R absorbed/unabsorbed sources at z = 0 (R = 4) lower
than at z > 1.32 (R = 13). Comparing our results to their pre-
dictions (Gilli, priv. comm.), we confirm a large mismatch for
Ny < 102 em™2 and 1022 < Ny < 10 cm™2, while for Ny >
10% cm™? we are in substantial agreement.

On the other hand some independent recent works based
on Chandra and XMM-Newton observations seem to confirm
our results. Gandhi et al. (2001) have carried out a spec-
troscopic study of serendipitous sources at 2—10 keV fluxes
fainter than ours in some Chandra cluster observations: they
reported that most of these sources are obscured by column
densities of ~102'7?2 ¢cm™2, with only a few showing Ny ~
10%* cm™2. Preliminary results from the XMM-Newton Bright
Serendipitous Source Survey discussed in Della Ceca et al.
(2002) also report only a few obscured sources at fluxes simi-
lar toéours. Finally Baldi et al. (2002b) presented the 2—10 keV
hardness ratio distribution of the sources belonging to the
HELLAS2XMM medium-deep survey. Their sample is larger
than ours and also includes all sources presented here (but note
their analysis is based only on the hardness ratios rather than
spectral fitting). Their results confirm the lack of hard, and
hence potentially obscured, sources with hard X-ray fluxes
greater than ~few x 107'% erg cm™ s~!. For completeness
we plot in Fig. 11 the fraction of absorbed objects (i.e. with
N > 1022 cm™2) derived from the main X-ray surveys carried
out in the 2-10 keV band with different X-ray observatories
at different limiting fluxes and the corresponding theoretical
model predictions. It appears that at hard X-ray fluxes between
1072 and 107" ergecm™2 s™! the fraction of observed absorbed
sources is considerably less than predicted by the theory. This
figure clearly shows the inability of CXB standard theoretical
models to fit the observational data, at least for fluxes above
Fo_io ~ 10714 erg cm~2 s, This result and the mismatch
emerging in the optical follow-up of the deep X-ray surveys
(Hasinger 2002) between the predicted and the observed red-
shift distribution of X-ray sources suggests that CXB theoreti-
cal models should be revised (Comastri et al., in preparation).

Assuming therefore that the above observational results are
real, we address here the possibility of modifying one (or more)
of the assumptions made in standard CXB synthesis models.
As noted by Gilli et al. (1999), the parameter space of CXB
models is large and different combinations of input values can
reproduce the CXB properties. The critical assumptions are
usually three: the intrinsic X-ray spectral shape of the sources,
the XLFs (in particular the XLF of type 1 versus XLF of type
2 objects) and the column density distribution. All these values
are already quite uncertain in the local universe and even more
importantly their evolution is unknown along z. It is therefore
possible that some of the important assumptions used in the-
oretical models are too rigid. The presence of a steep (I' > 2)
component in the soft band may not be a ubiquitous feature of
low z broad line AGNs (Reynolds 1997; Matt 2000; Reeves
& Turner 2000); in particular Blair et al. (2000) suggested
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a possible evolution along z of the soft excess in the ROSAT
spectra of soft X-ray selected QSOs. Furthermore high-z radio
quiet QSOs may have flatter intrinsic slopes than nearby ones
as found in ASCA observations (Vignali et al. 1999; Pappa et al.
2001b).

Another possibility is that QSOs may evolve in luminosity
and/or in number differently than assumed in theoretical mod-
els. For example Comastri (2000) computed the relative frac-
tion of unobscured and obscured sources assuming a LDDE for
the XLF instead of a pure luminosity evolution (PLE; as used
in models plotted in Figs. 9 and 10). The model computed
in this way predicted a significantly higher number of un-
obscured sources than expected with a PLE, in better agree-
ment with our observational results. Also recent Chandra and
XMM-Newton deep surveys require modifications to the com-
monly used XLFs (Hasinger 2002).

The evolution properties of type 2 sources could be dif-
ferent with respect to those of type 1s (see e.g. Gilli et al.
2001). Although the location and the dynamics of the absorp-
tion material(s) are two key parameters with which to under-
stand the evolution of type 2 objects, these are only poorly
known to date (i.e. Matt 2000b; Guainazzi et al. 2002). For ex-
ample if the AGNs evolution is connected to the star formation
rate in their host galaxies (Oshuga & Umemura 1999) and/or to
the growth of the central black hole (Fabian 1999), one might
expect a different evolution in the absorption column density of
type 1 versus type 2 sources. In particular, a faster evolution of
absorbed typeé2 Seyfert-like sources would reduce the above
mismatch and would also be consistent with the larger number
of flat sources found by e.g. Tozzi et al. (2001) and Baldi et al.
(2002b) at lower fluxes than ours.

Finally another possible explanation for the discrepancy be-
tween our results and theoretical predictions could be the exis-
tence of a new population of sources with flat intrinsic spectra
emerging at faint (~107'* erg cm™2 s7!) hard X-ray fluxes. In
the next Section we discuss possible objects of this kind.

4.3. X-ray loud “normal” galaxies

Two sources in the sample, CXOU J031238.9-765134 (No. 3,
the so-called P3 in Fiore et al. 2000; Lr_1o ~ 3 x 10*? erg s™!)
and XMMU J140145.0+025330 (No. 41; Ly_j9 ~ 2.6 X
10% erg s7! assuming z = 0.25), are optically classified as
normal galaxies due to the lack of emission lines in their
optical spectra, but their hard X-ray luminosities are signifi-
cantly higher than typically found in the local galaxy popu-
lation (Fabbiano 1989). For these reasons we consider them
as members of the optically dull X-ray bright galaxies class.
From our analysis both sources have a flat X-ray photon in-
dex with ' ~ 1 (No. 3) and I ~ 0.7 (No. 41) when a simple
power law model (SPL) is applied. We also derive upper lim-
its on the absorption column density <10%* cm=2 imposing I' =
1.9 in both sources; furthermore, we do not find any evidence
of a strong iron line in their spectra, which is a typical features
of reflection-dominated objects. Comastri et al. (2002) reported
the spectral energy distribution of P3 from radio to X-rays. On
the basis of the faintness of its radio emission these authors

847
[ BeppoSAX survey |
08 -
06 N _
o L AN i
& N
S N
2 L |
©
o L - - 4
=% - -~
0.4 -
0.2+ —
107 107 107 10™® 107 107" 107 107°

Flux (2-10 keV) cgs

Fig. 11. The fraction of absorbed objects (with Ny > 10?2 cm™2) as re-
ported in the main X-ray surveys carried out in the 2—10 keV band with
different X-ray observatories. The dashed line shows the correspond-
ing theoretical fraction of absorbed objects predicted by Comastri
et al. (2001). The plotted values are from: Giommi et al. (2000)
(BeppoSAX survey, asterisk); Akiyama et al. (2000) (ASCA LSS,
pentagon); this work (triangle). The value for the Piccinotti sample
(i.e. 29 AGNs with flux limit of 3 x 107! erg cm™2 s~!, Piccinotti et al.
1982; square) is taken from Comastri (2000). The plotted y-error bars
correspond to 1o confidence level according to Gehrels (1986).

excluded the presence of an advection dominated accretion
flow (Narayan et al. 1998). The SED of P3 could be consis-
tent with a BL Lac-type classification. However the lack of X-
ray variability and the presence of a large Calcium break is at
odds with such a hypothesis. Based on these overall properties
Comastri et al. (2002) suggested that a Compton thick AGN
was a very plausible explanation for the X-ray properties of the
source. However, the real nature of P3 is still uncertain. Much
less is known about source No. 41, so that a detailed investiga-
tion on the nature of this object is not possible at the moment.

The population of these “normal” galaxies seems to emerge
at faint X-ray fluxes, well below 107!% erg cm™2 s~'. Such
sources have not been found in previous ASCA and BeppoSAX
surveys but this may be due to the large identification error
boxes of these observatories. Recently Barger et al. (2001) pre-
sented Keck spectroscopy of a complete sample of 20 hard
X-ray sources with Fo_jg > 3.8 x 107" erg cm™2 s~! detected
in the Chandra Hawaii Deep Survey Field SSA13. Four galax-
ies in the sample (~20%) show no clear sign of nuclear activ-
ity but have 2—10 keV luminosities greater than 10** erg s7!,
i.e. they are X-ray loud. As stated by these authors, these
sources may be rather common X-ray emitters. The peculiar
characteristics of these sources could be explained by a very
high column density obscuring both the broad and narrow
line regions of the active nucleus or by beaming. However, as
pointed out by Hornschemeier et al. (2001), more accurate op-
tical data are needed before definitively ruling out the possible
existence of weak emission lines.
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In relation to the CXB population synthesis models, these
objects are very interesting because they “appear” at fluxes
around 107'* erg cm™ s7! ie. near the turnover of the
Log N-Log S and have a hard photon index. The comple-
tion of multiwavelength follow-up observations of pencil beam
(Rosati et al. 2002; Hasinger et al. 2001; Willott et al. 2001)
and shallower (Baldi et al. 2001; Della Ceca et al. 2002; F02)
X-ray surveys will allow an accurate estimate of how common
these “normal” galaxies are and what is their relative contribu-

tion to the CXB.

5. Conclusions

We have reported spectral results for a sample of 41 hard
X-ray sources detected serendipitously in seven EPIC fields
and selected in the 2—-10 keV band. A detailed spectral analy-
sis has been performed in order to measure source-by-source
the 0.3-10 keV continuum shape, the amount of cold (and,
possibly, ionized) absorbing matter and the strength of other
spectral features. Complementary to deep pencil beam surveys,
our shallower survey allows us to investigate in some detail
the spectral properties of faint serendipitous sources. This is
a field of study almost unexplored with previous X-ray satel-
lites. We have found an average photon index (I') = 1.67 +
0.04 using a simple power law fit with Galactic absorption for
the whole sample. Considering only sources with Fp_jp > 5 X
107 erg cm™2 s7! (i.e. our completeness limit) we obtain a
(T') = 1.69 + 0.04, which is consistent with average values re-
ported in recent Chandra and ASCA works at similar fluxes.
We have also shown how surveys of the kind described here
can constrain some of the assumptions used in CXB popula-
tion synthesis models (either spectral shape, XLF and/or col-
umn density distribution). In particular, we found a mismatch
between our observational results and those predicted by the
CXB theoretical models relative to the fractions of absorbed
versus unabsorbed sources above 5 x 107* erg cm™2 s7! in
the range 2—-10 keV. Extremely deep pencil beam exposures do
not stress this trend, very likely because of their bias towards
fainter fluxes in the source selection. We have also been able
to collect information about unusual objects such as broad line
X-ray obscured AGNs and optically dull X-ray bright galaxies.
We are currently analysing further XMM-Newton observations
with a goal of obtaining at least 100 source spectra which will
allow us to put our results on more sound statistical grounds.
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