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ABSTRACT

We present the X-ray source number counts in two energy bands (0.5-2 and 2-10 keV) from a very large
source sample: we combine data of six different surveys, both shallow wide-field and deep pencil-beam, per-
formed with three different satellites (ROSAT, Chandra, and XM M-Newton). The sample covers with good
statistics the largest possible flux range so far: 2.4 x 10-17 to 10~!! ergs s~! cm~2 in the soft band and
2.1 x 10710 t0 8 x 1012 ergs s—! cm~2in the hard band. Integrating the flux distributions over this range and
taking into account the (small) contribution of the brightest sources, we derive the flux density generated by
discrete sources in both bands. After a critical review of the literature values of the total cosmic X-ray back-
ground (CXB) we conclude that, with the present data, 94.3%:(7) % and 88.8f;:§ % of the soft and hard CXB
can be ascribed to discrete source emission. If we extrapolate the analytical form of the log N-log S distribu-
tion beyond the flux limit of our catalog in the soft band we find that the flux from discrete sources at
~3 x 1018 ergs s~! cm~2 is consistent with the entire CXB, whereas in the hard band it accounts for only

93% of the total CXB at most, hinting at a faint and obscured population to arise at even fainter fluxes.

Subject headings: cosmology: observations — diffuse radiation — surveys —
X-rays: diffuse background — X-rays: general

1. INTRODUCTION

The cosmic X-ray background (CXB) origin and nature
have attracted the attention of astronomers since its discov-
ery (Giacconi et al. 1962). Diffuse emission models account-
ing for (a large fraction of) the CXB have been ruled out by
COBE observations (Mather et al. 1990), leaving the dis-
crete faint sources hypothesis (Setti & Woltijer 1979).
ROSAT deep pointing on the Lockman hole region allowed
the resolution of about 70%—-80% of the CXB, at a flux level
of 10715 ergs s~! em~2 in the soft (1-2 keV) energy band
(Hasinger et al. 1998). The great majority of sources
brighter than 5 x 10~15 ergs s~! cm~2 were optically identi-
fied with unobscured (type I) active galactic nuclei (AGNs;
Schmidt et al. 1998; Lehmann et al. 2001). Comparable
results in the hard (2-10 keV) energy band have been
achieved only recently thanks to Chandra and XMM-
Newton. Chandra Deep Fields in particular enabled us to
reach limiting fluxes as low as 2 x 10716 ergs s~! cm—2,
resolving about 80%-90% of the hard CXB (Mushotzky et
al. 2000; Hornschemeier et al. 2000, 2001; Brandt et al.
2001; Hasinger et al. 2001; Tozzi et al. 2001; Campana et al.
2001; Rosati et al. 2002; Moretti et al. 2002; Miyaji & Grif-
fiths 2002; Giacconi et al. 2002). Main contributors are
thought to be absorbed and unabsorbed AGNs, with a mix-
ture of quasars and narrow emission line galaxies as optical
counterparts (e.g., Fiore et al. 1999; Akiyama et al. 2000;
Barger et al. 2001).

X-ray surveys can be either wide-field, covering a large
area but reaching relatively bright limiting fluxes, or pencil-
beam (such as the ones performed by Chandra) over very
small areas but reaching the faintest possible flux limits. For
our purpose, considering separately wide-field and pencil-
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beam surveys can be somewhat misleading: recent studies
have shown that the bright and faint parts of the flux distri-
butions have different slopes (e.g., Hasinger et al. 1998 for
the soft-band distribution; Campana et al. 2001 for the hard
distribution). From wide-field surveys it is possible to accu-
rately estimate the normalization and slope of the bright
end (Hasinger et al. 1998 and Baldi et al. 2002 for the soft
band; Cagnoni, Della Ceca, & Maccacaro 1998 and Baldi et
al. 2002 for the hard band). Many difficulties arise instead in
the calculation of the position of the break and of the faint-
end slopes. In the same way from the deepest surveys (Chan-
dra Deeps Fields; Campana et al. 2001; Rosati et al. 2002;
Cowie et al. 2002; Brandt et al. 2001) the faint-end slope is
well established, whereas because of the poor statistics of
the bright sources, the position of the break is highly uncer-
tain. We compiled a single, large, source catalog picking up
flux data from different (already published) surveys (both
wide-field and pencil-beam surveys). In this way we can
cover the largest flux interval so far and properly establish
the analytical form of the flux distribution.

In § 2 we describe in some detail the surveys used in the
present analysis. In the soft X-ray band for the very bright
part we include data from the ROSAT-HRI Brera Multi-
scale Wavelet (BMW) survey (Panzera et al. 2003) covering
the interval 10~ * to 10~ ergs s ~! cm~2, with a maximum
sky coverage of ~90 deg?. In the very bright range of the
hard band we consider the ~70 deg? of the 4SCA-GIS Hard
Serendipitous Survey (HSS) data (Della Ceca et al. 2001;
Cagnoni et al. 1998), which covers the flux range of 10~13 to
8 x 10-12 ergs s~! cm~2. In order to fill the gap between the
very bright parts and the faint ends in both band distribu-
tions we use the HELLAS2XMM survey data (Baldi et al.
2002). This survey has a maximum area of ~3 deg? and a
flux range of 5 x 10-16 to 1013 and 10-15 to 1013 ergs s~!
cm~2 for the soft and hard bands, respectively. Finally, as
deep pencil-beam surveys we include our analysis of the
Chandra Deep Field-South (CDF-S, Campana et al. 2001;
Moretti et al. 2002) as well as the Hubble Deep Field—North
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(HDF-N) analyzed with the same detection algorithm.
These two fields provide data at the faintest end of the
log N-log S relation: namely 2 x 1017 ergs s~! cm~2 in the
soft band and 2 x 10-16 ergs s~! cm~2 in the hard band,
respectively.

Because of poor statistics we cut our overall distributions
to ~10~M and ~8 x 10~12 ergs s—! cm~2 in the soft and hard
band, respectively; in § 3 we estimate the contribution of
very bright sources to the CXB. In § 4 we discuss how the
presence of clusters of galaxies in the source catalog affects
our calculations. One of the major uncertainties involved in
the estimate of the fraction of the CXB resolved into point
sources is the CXB level itself. Several estimates have been
derived with intrinsic variations of up to 20% in the soft
(1-2 keV) band and up to 40% in the hard (2-10 keV) band.
A critical analysis of the CXB data is described in § 5. In § 6
we deal with conversion factors and cross-calibration
between the different instruments, while § 7 is dedicated to
the total log N-log S distribution. Discussion and conclu-
sions are reported in § 8.

2. THE SURVEYS
2.1. BMW-HRI

A complete analysis of the full ROSAT HRI data set with
a wavelet-based detection algorithm (BMW-HRI) has
recently been completed (Panzera et al. 2003; see also Laz-
zati et al. 1999; Campana et al. 1999). The complete catalog
consists of about 29,000 sources. From this survey, follow-
ing the usual approach for serendipitous surveys (e.g., Cag-
noni et al. 1998; Baldi et al. 2002), we selected high Galactic
latitude fields (]b| > 30°), with more than 5 ks exposure
time, excluding the Magellanic Clouds and Pleiades regions.
Moreover, we filtered out the observations pointed on
known clusters of galaxies, stellar clusters, supernovae rem-
nants, Messier catalog objects, and most of the NGC cata-
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log objects. Finally, in the case of two or more overlapping
fields we retained only the deepest one. All these selection
criteria were applied to prevent inclusion in the catalog of
not truly serendipitous sources. In each field we considered
only sources detected in the image section between 3’ and
15 off-axis angle: the final analysis has been carried out over
501 fields, corresponding to a maximum area of 88.75 deg?.
The catalog consists of 3161 sources. The BMW-HRI distri-
bution is very similar both in steepness and in normalization
to the bright end of the ROSAT Deep Survey (Hasinger et
al. 1998), but is less affected by cosmic variance because of
the large number of fields considered.

2.2. ASCA-HSS

To get the bright end of the hard source distribution, we
took advantage of the ASCA-HSS survey carried out by
Della Ceca et al. (2001; see also Cagnoni et al. 1998). They
considered 300 ASCA GIS2 images (at high Galactic lati-
tude, not centered on bright or extended targets, etc.), look-
ing at the central part of the image within 20’. The sample
consists of 189 serendipitous sources with fluxes in the range
of ~1 x 1013 to 8 x 10-12 ergs cm~2s~!. The total sky area
covered by the ASCA HSS is ~71 deg?.

2.3. HELLAS2XMM

HELLAS2XMM is a serendipitous medium-deep survey
carried out on 15 XMM-Newton fields, covering nearly 3
deg? (Baldi et al. 2002). It contains a total of 1022 and 495
sources in the soft (0.5-2 keV) and hard (2-10 keV) bands,
respectively. The corresponding limiting fluxes are
5.9 x 10719 and 2.8 x 10-15 ergs s~! cm~2. In the soft band
this is one of the largest samples available to date and surely
the largest in the 2-10 keV band at these limiting fluxes. The
sky coverage of these surveys is shown in Figure 1.
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FiG. .—Plots of survey sky coverages described in the text. For each survey the filled circle corresponds to the minimum flux for which the area of the survey
is maximum; for brighter fluxes the sky coverage is flat and is not plotted. The sum is plotted with a gray line in both the soft (left panel) and hard bands (right

panel).
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2.4. Pencil-Beam Surveys

For pencil-beam surveys we consider the two that take
the deepest look at the X-ray sky. These were provided by
the Chandra 1 Ms look at the CDF-S (Rosati et al. 2002)
and at the HDF-N (Brandt et al. 2001).

The CDF-S consists of 11 observations for an effective
exposure time of 940 ks. We analyzed the inner 8 radius
image with a dedicated wavelet detection algorithm (BMW-
Chandra; see Moretti et al. 2002). We detected 244 and 177
sources reaching limiting fluxes of 2.44 x 10-!17 and
2.10 x 10~16 ergs s~! cm~2 in the soft (0.5-2 keV) and hard
(2-10 keV) bands, respectively. A full account of this analy-
sis can be found in Campana et al. (2001) and Moretti et al.
(2002).

With the same detection algorithm and procedures
adopted for the analysis of the CDF-S, we analyzed the
1 Ms exposure of the HDF-N. The HDF-N consists of 12
observations for a total nominal exposure time of 978 ks.
The data were filtered to include only the standard event
grades 0, 2, 3, 4, and 6. All hot pixels and bad columns were
removed. Time intervals during which the background rate
is larger than 3 o over the quiescent level were also removed
separately in each band. This results in a net exposure time
of 952 ks in the soft band and 947 ks in the hard band,
respectively. We also removed flickering pixels with two or
more events contiguous in time (time interval of 3.2 s). The
12 observations were co-added with a pattern recognition
routine to within 074 rms pointing accuracy. We restricted
our analysis to the fully exposed ACIS-I area. Exposures
were taken basically at two different positions separated by
6. The fully exposed region thus has a rectangular shape.
Within this region we also restricted to a circular region with
8’ radius from the barycenter of the observations for sky-
coverage purposes (see below). The full sky coverage is
~0.045 deg? (10% smaller than in the CDF-S). The average
background in the considered region is 0.07 (0.12) counts
s~! per chip in the soft (hard) band and is in very good
agreement with the expected values reported in the Chandra
Observatory Guide. We adopted a count-rate-to—flux con-
version factor in the 0.5-2 keV and in the 2-10 keV bands of
4.50 x 1012 and of 2.66 x 10~!! ergs s—! cm~2, respectively.
These numbers were computed assuming a Galactic absorb-
ing column of 1.6 x 1020 cm~2 and a power-law spectrum
with a photon index of I = 1.4.

We ran our BMW algorithm tailored for the analysis of
Chandra fields, in the same way and with the same thresh-
olds used in the analysis of the CDF-S (Campana et al.
2001; Moretti et al. 2002). We detected 214 and 170 sources
in the soft and hard bands, respectively; 39 sources (~15%
of all detected sources) are revealed only in the hard band
and 83 (~33%) only in the soft band (Fig. 2).

As for the CDF-S, we carried out extensive simulations
(400 fields per band) to assess the sky coverage with very
good accuracy. Moreover, we corrected for the Eddington
bias following the approach by Vikhlinin et al. (1995) as
described in Moretti et al. (2002). The Eddington bias starts
affecting the HDF-N data at a level of ~20 counts in the soft
band (~9 x 10-17 ergs s~! cm~2) and ~30 counts in the hard
band (~8 x 10-16 ergs s~! cm~2). Our simulations show that
we are able to recover the number source distribution down
to 5 (7) corrected counts in the inner core of the image,
declining to 9 (11) corrected counts in the outskirts for the
soft (hard) band. These counts give a flux limit in the inner
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FI1G. 2—BMW surveyed area of the Chandra HDF region: we restricted
our analysis to a circular region of 8 radius centered on the barycenter of
the maximum exposed region. The BMW source catalog from the 1 Ms
Chandra observation of the HDF is the only survey we use in this work that
is not yet published.

region of 3.51 x 10717 and 2.29 x 10~ ergs s~! cm~2in the
soft and hard bands, respectively. The sky coverage of these
surveys are shown in Figure 1.

In order to evaluate the possible cosmic variance
between the two deep fields we compared the faint end of
the two flux distributions. In both cases we found that,
excluding the bright sources (>5 x 10-15 ergs s~! cm~2),
the values of the analytical fits (slope and normalization)
relative to the two fields are compatible at 1 ¢ level to each
other and with the values relative to the fit of the entire
sample (see below).

3. CONTRIBUTION OF VERY BRIGHT SOURCES TO
THE BACKGROUND

The surveys under consideration lack a proper covering
at the brightest flux levels; in fact, most of the X-ray bright-
est sources are the target of the observation and are
excluded from serendipitous catalogs. For this reason, in
these surveys we cut the source flux distributions at 1011
(8 x 10712) ergs cm~2 s~! in the soft (hard) band. Note that
even if the number of these bright sources is relatively small
(less than a few hundred sources on the whole sky), their
contribution to the CXB is not negligible.

To overcome this problem in the case of the soft band,
we took advantage of the ROSAT Bright Survey (RBS;
Schwope et al. 2000) that contains all of the ROSAT All
Sky Survey (RASS) sources with count rates larger than
0.5 counts s—!. There are 93 high Galactic latitude extraga-
lactic sources brighter than 10~!! ergs cm~2 s~!, which pro-
vide a density flux of Fgj; = 1.45 x 10713 ergs cm=2 s~!
deg2in the 1-2 keV energy band or 3.2% of the CXB (see
below).

For the hard band we considered the HEAO-1 A2 extra-
galactic survey, which is complete down to 3.1 x 10~!! ergs
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cm~2 s~! (Piccinotti et al. 1982). The total flux of the 66
sources amounts to Fyi; = 4.28 x 10713 ergs cm2 s!
deg=2 or 2.1% of the CXB (see below). To include the small
intermediate interval (8.0 x 10~12and 3.1 x 10-!! ergs cm 2
s~1) not covered by the hard X-ray surveys we extrapolate
the log N-log S relation.

4. CONTRIBUTION FROM EXTENDED SOURCES

A significant fraction of the CXB is made up of the ther-
mal bremsstrahlung emission from clusters of galaxies. In
the soft band (1-2 keV) this fraction is estimated at a level of
~6% from direct measurements of the cluster log N-log S
(Rosati et al. 1998, 2002). In the hard band there is not a
precise determination, but this can be estimated to be at a
level of ~5% from the log N-log S (e.g., Gilli, Risaliti, & Sal-
vati 1999, derived from Ebeling et al. 1997). So far in the
building of the general source catalog, no selection has been
made among different kinds of sources. Clusters of galaxies
are included in our catalog as well the other cosmological
sources (AGNs and quasars).

In the construction of the log N-log S, if we treat clusters
of galaxies in the same way as pointlike sources, we then
introduce flaws. First, the X-ray spectrum of a cluster of gal-
axies is different from the other pointlike sources and there-
fore the conversion factor changes. More importantly,
clusters of galaxies, having extended emission, have differ-
ent sky coverages with respect to pointlike sources (for a
given instrument at the same flux, in general, a pointlike
source is more easily detected than an extended one). Thus,
if we use the pointlike sky coverage for all sources, we
underestimate the level of the integrated flux because we
underestimate the statistical weight of the extended sources.
Clearly, this difference is particularly pronounced in the case
of surveys based on high spatial resolution instruments
(Chandra, ROSAT-HRI, XM M-Newton), whereas it is neg-
ligible for the ASCA-HSS survey.

To evaluate the contribution of the extended sources to
the CXB we can use only our BMW surveys (i.e., ROSAT-
HRI and Chandra), for which we have an extension flag. In
the BMW-HRI catalog we have 199 extended sources,
which correspond to 5% of the sources of the catalog. An
appropriate sky coverage for the extended sources of the
BMW-HRI catalog has been derived from extensive Monte
Carlo simulations described in A. Moretti et al. (2003, in
preparation). We estimate that the contribution of these
clusters treated as extended and not pointlike sources
increases, going from 3.5% to ~6% of the total 1-2 keV
CXB flux (see the next section), which is in very good agree-
ment with Rosati et al. (2002). At lower fluxes we estimate
an extra contribution from clusters in the HELLAS2XMM
survey of ~1%. Since this is just an estimate, we include it in
the error budget.

In the hard band, the arcminute angular resolution of
ASCA makes any correction due to the presence of
extended sources negligible. We estimate, from a prelimi-
nary classification of HSS sources (Della Ceca et al. 2001),
that the total correction due to changing the conversion
factor is less than 1%, and we include it in the calculation
of the uncertainties. At fainter fluxes, the contribution of
extended sources in the hard band of the HELLAS2XMM
survey is estimated to be less than 1% which is again
included in the error budget.
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5. X-RAY BACKGROUND LEVEL

Measuring the CXB flux has been one of the most chal-
lenging tasks of X-ray astronomy. Several measurements
have been carried out with rockets and satellites. Barcons,
Mateos, & Ceballos (2000) found that, while the differences
in the measurements among different studies using different
data from the same instrument can be ascribed to the cosmic
variance, systematic differences remain among different mis-
sions. Following R. Gilli (2002, conference proceedings),?
we made a bibliographic search selecting 10 and 11 measure-
ments in the soft (1-2 keV) and hard (2-10 keV) energy
bands, respectively. We compute 68% error estimates on the
flux adding the contribution of the bright sources when they
have been excluded from the analysis (Hasinger 1996). Our
results are reported in Figure 3. A fit with a constant pro-
vides a good representation in terms of reduced x2. In the
soft band (1-2 keV) we derive a value of (4.54+0.21)
x 10712 ergs s~! em~2 deg=2 (90% confidence level) with a
X%ed = 0.9. Assuming the average value for the slope of the
spectrum (I" = 1.4; Rosati et al. 2002) this value corre-
sponds to (7.53 +0.35) x 10712 ergs s~! cm~2 deg~2 in the
0.5-2 keV band. In the hard band we obtain (2.02 +0.11)
x10-11 ergs s=! em~2 deg=2 with a x2,, = 1.3 (32% null
hypothesis probability). These values, in both bands, are in
excellent agreement with the CXB intensity value reported
in Barcons et al. (2000). Thus, despite the variability
reported in the literature, our fit indicates that the different
estimates of the soft and hard CXB are consistent each other
in a statistical sense.

6. CONVERSION FACTORS AND
CROSS-CALIBRATIONS

The CXB is the result of the integrated emission of a mix
of different sources, mainly unabsorbed and absorbed
AGNSs. The resulting spectrum in the energy range of our
interest can be modeled with a power law with I' ~ 1.4,
which is very different from the spectrum slope of the typical
sources of which it is composed: this is the so-called spectral
paradox and was explained for the first time by Setti &
Woltijer (1989). An important point in our work is the
choice of the spectrum for converting counts to fluxes. In all
the surveys we used to build the catalog a single spectrum
slope I" has been assumed; these values, reported in Table 1,
have been chosen to match the expected average spectrum
of the sources: they change significantly from survey to sur-
vey passing from I' =2 in the BMW to I' = 1.4 in the
Chandra deep surveys (Table 1). Cowie et al. (2002) in the
Chandra Deep Field analysis adopted I' = 1.2, pointing out
that the average spectra at very faint fluxes is harder than
that of the CXB. In different ranges of flux the slope of the
average spectrum revealed from the staked spectrum analy-
sis of the sources changes, passing from steeper values to
shallower values with the decreasing flux (e.g., Tozzi 2001).
In the case of our work we have two requirements: the first
is to make all of the sample homogeneous and the second is
that because we use a very large flux range we have to
account for the changing of the CXB spectrum as the flux

3 Proceedings of AGNS3: Inflows, Outflows and Reprocessing Around
Black  Holes, available at  http://www.unico.it/ilaria/AGNS5/
proceedings.html.
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FiG. 3.—Left panel: Soft CXB (1-2 keV) measurements spaced in time along with their 68% error bars. Solid line: Best fit to all these measurements
(Xlz'ed = 0.9). CXB values (left to right) are from Gorenstein, Kellogg, & Gursky (1969); Garmire et al. (1992); Gendrau et al. (1995); Georgantopoulos et al.
(1996); Chen, Fabian, & Gendreau (1997); Miyaji et al. (1998); Parmar et al. (1999); Vecchi et al. (1999); Kuntz, Snowden, Mushotzky (2001); Lumb et al.
(2002). Right panel: Hard CXB (2-10 keV) measurements spaced in time along with their 68% error bars. Solid line: Best fit to all these measurements
(Xlz‘ed = 1.3). CXB values (left to right) are from Gorenstein, Kellogg, & Gursky (1969); Palmieri et al. (1971); Marshall et al. (1980); McCammon et al. (1983);
Gendrau et al. (1995); Chen et al. (1997); Miyaji et al. (1998); Ueda et al. (1999); Vecchi et al. (1999); Lumb et al. (2002); Kushino et al. (2002).

decreases. Our approach is the following: using data from
the literature we attributed to each source a different
spectral slope as a function of its flux. For this reason we
collected spectral indexes from the bright to the faint
ends from several surveys (soft: Vikhlinin et al. 1995 and
Brandt et al. 2001; hard: Della Ceca et al. 1999 and
Rosati et al. 2002). These power-law indexes have been
fitted (with a Fermi function) as a function of the X-ray
flux (in the soft and hard bands separately). Then we
checked that the integrated spectrum is consistent with
the expected one: in both bands we considered the inte-
grated spectrum built by summing the contribution of
each source weighted by the sky coverage, and we found
that they are both perfectly consistent with the expected
one (I'=1.4), having also taken into account the contri-
bution of the clusters. The flux of each source has then
been corrected for the ratio of the nominal conversion

factor used in the survey and the one recalculated by us,
with the interpolated power-law index at the appropriate
column density. Flux corrections for single sources are
on average ~5% (~7% in the hard band) and always less
than 17%.

Absolute cross-calibration between XM M-Newton and
Chandra have not yet been well explored. Lumb et al. (2001)
found that the Chandra fluxes are systematically 10% higher
than XM M ones, once the differences of the detection proce-
dures have been taken into account, without any trend with
spectral slope, off-axis angle, or brightness. In order to eval-
uate how the different normalization of the different instru-
ments could affect our calculations, we artificially increased
and reduced the flux of each survey (one by one) by a 10%
factor (modifying the corresponding sky coverage). We
found that we have typical differences of 2% of the total
CXB (and never larger than 3%).

TABLE 1

MAIN CHARACTERISTICS OF WIDE-FIELD AND PENCIL-BEAM SURVEYS USED TO BUILD THE
GENERAL CATALOG

Area Limits

Band Name (deg?) (ergss~'cm—2) r Sources References
(0] ()] (3 “ ) (6) (6)
Soft...... BMW-HRI 88.75 8.98 x 10715-9.50 x 10~12 2.0 3329 1
HELLAS2 2.78 5.89 x 10710-8.44 x 1013 1.7 1022 2
BMW-CDF-S 0.06 244 x 10717-3.73 x 10~ 14 14 231 3
BMW-HDF-N 0.05 3.54 x 10717-1.63 x 10~14 1.4 204 4
Hard .... ASCA-HSS 70.82 1.06 x 10-13-7.79 x 10~12 1.7 189 5
HELLAS2 2.78 2.81 x 10715-1.04 x 10-12 1.7 496 2
BMW-CDF-S 0.06 2.10 x 10710-8.41 x 10-14 1.4 177 3
BMW-HDF-N 0.05 2.19 x 10716-2.99 x 10-14 1.4 164 4

NotEes.—In col. (4) the original flux limit values of the catalogs are reported, calculated assuming the pho-
ton indexes reported in col. (5) (in § 6 we describe our approach to make all samples homogeneous).
REFERENCES.—(1) Panzera et al. 2003; (2) Baldi et al. 2002; (3) Campana et al. 2001; (4) this paper; (5)

Cagnoni et al. 1998.
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7. GLOBAL log N-log S

The cumulative flux distribution (log N-log S) at each
flux S is the number of all sources brighter than S weighted
by the corresponding sky coverage:

1

N(S) B Qlol(S ) (1)

S;i>8

where the sky coverage €, is the sum of the contributions
of all surveys in each band (Fig. 1). Given the large flux
interval spanned, we consider as an analytical form of the
integral source flux distribution two power laws with index
a5y and ay gy for the bright and faint parts, respec-
tively, joining without discontinuities at the flux Sy g(z):

(2 X 10715)“1.;(H)

N(> S) - NS(H) S”l.S(H) + SggS(H)_az’S(H)SQZ-S(H)

cgs. (2

To fit the data we applied a maximum-likelihood algo-
rithm to the differential flux distribution corrected by the
sky coverage,

dN
LSS ()

Once we obtain the analytical form of the flux distribution
we can calculate the total contribution of sources, F,,, to
the CXB by integrating the quantity

max dN
Foou = / ( )S as , 4
¥ Sin dS ( )

where Sy, and Sy« are the boundary fluxes of our interval
of interest.

7.1. Soft Energy Band

The three source distributions (BMW-Chandra, HEL-
LAS2XMM, and BMW-HRI) containing point and ex-
tended sources, cover with good signal- to noise ratio the
flux range 2.4 x 10-17 to 10-!! ergs cm™ s~!. We found
a good fit with a;g = 1827007 azs—060 0020 g o~
(1.487037) x 1014 ergs cm-2 s-1 and Ns= 6150*%228
(errors at 68% confidence for the four parameters, i.e.,
Ax?* = 4.72, see Fig. 4).

In order to calculate the reduced x?2, we adaptively binned
the data to contain 50 sources per bin: we obtain X%ed =14
with 87 degrees of freedom (null hypothesis probability
~1%). From the residual analysis we find that the largest
scatter between data and fit is in the knee region, where the
two power laws join. This has to be ascribed to the choice of
the analytical function rather than a mismatch between dif-
ferent surveys: a function with one more parameter could
improve the reduced x? value.

As expected, the slope of the bright part is consistent with
the previous determinations. Panzera et al. (2003) have
already shown that the BMW HRI log N-log S is in excel-
lent agreement with the bright part of the distribution
reported by Hasinger et al. (1998). Here also using the HEL-
LAS2XMM data, we find a slightly steeper value for the
bright slope (consistent at 1 o level): 1.68 +0.27 versus
1.82 £ 0.09. In the faint end we find good agreement with
Rosati et al. (2002), Brandt et al. (2001), and Mushotzky et
al. (2000), who report 0.60 +0.13, 0.6 0.1, and 0.7 + 0.2,
respectively.
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FIG. 4. —Upper panel: log N-log S (integral) curves of our composite cat-
alog in both soft and hard band; in both cases we obtained an excellent fit
with two smoothly joined power laws (see text). Lower panel: Plot of the dif-
ferential distributions: the data are grouped to have a minimum of 100 (50)
measures in each bin in the soft (hard) band. The hard band counts are mul-
tiplied by 5 for clarity of the plot. Because of the very large y-axis range the
error bars are not visible in the graph: they are approximately 10% and
15%, respectively.

The fitted log N-log S distribution gives in the 0.5-2.0
keV band an integrated flux Fyo, = 6.857" 2§ x 10~12 ergs
s7! cm~2 deg~2. This corresponds to 91 0*38% of the
corresponding CXB value. Adding the contrlbutlon at
brighter fluxes (see § 3) and taking into account the uncer-
tainties in the correction for HELLAS2XMM clusters of
galaxies (§ 4) and the uncertainties in the conversion factor
and in the cross-calibration (§ 6), we end up with
Fs11 + Fiou = 94.3779% of resolved CXB (see Fig. 5).

7.2. Hard Energy Band

We fit the same functional form of equation (4) with
the hard log N-log S distribution. The flux interval with
good s1gnal to-noise ratio is 2.1 x 1016 to0 8.0 x 1012 ergs
cm2 s~ We found a good fit with o =1 57+8 (l)g,
azy g =0. 44*0%, Somr = (4.57) x 1015 ergs cm=2 57!
and Ny = 5300*1288 (errors at 68% confidence as before, see
Fig. 4).

In order to calculate the reduced x2, we adaptively binned
the data to contain 25 sources per bin: we obtain x2,; = 0.93
with 38 degrees of freedom (null hypothesis probability
~60%). This assures us of the goodness of the fit and the
effective possibility of smoothly matching hard band data
from different surveys performed with different instruments.

In the bright part, after summing the HELLAS2XMM
data to the ASCA-HSS data, we find a slightly steeper value
(still consistent at 1 o level) with respect to the value
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FiG. 5.—Fraction of resolved background as a function of the flux limit in the soft 0.5-2 keV (/eff) and hard 2-10 keV (right) energy bands. On the right axis
of each plot the absolute value of the flux density is reported in the 0.5-2 and 2-10 keV bands.

reported in Cagnoni et al. (1998) and the one based on Beppo-
SAX (Giommi, Perri, & Fiore 2000). Our determination of
the faint hard slope (az, g = 0. 44+O '2) is flatter and only
marginally consistent with Rosati et al (2002; 0.61 £+ 0.10),
Cowie et al. (2002; 0.63 4 0.05), and Mushotzky et al. (2000;
1.05 + 0.35 using a single power law). This is probably cor-
related to the different position that we estimate for the knee
of the double power law (So iz = 4.537 x 10-15 ergs cm 2

s~1), which is fainter than both the value reported in Cowie
et al. (2002; 1.2 x 1074 ergs cm~2 s~!) and the value
reported in Rosati et al. (2002; ~8 x 1015 ergs cm—2s~1).

Our fitted log N-log S distribution gives an integrated

flux  Fiou= 1757010 x 10°11 ergs s7! cm™2 deg™
This accounts for 86. 7+5 2% of the CXB (the 1 o uncertalnty
intervals are reported). Addmg the contribution of brlghter
sources (§ 3) and taking into account the uncertainties in the
conversion factor and in the cross-calibrations (§ 6) and the
uncertainty of the contribution of extended sources (§ 4), we
obtain a resolved fraction of Fpyii + Feou = 88.8fz:§ %
(see Fig. 5).

8. SUMMARY AND CONCLUSIONS

While the high spatial resolution and positional accuracy
of the Chandra satellite allow us to investigate the faintest
sources that make up the CXB and to identify most of the
detected photons as emission from discrete sources, the fluc-
tuations in the source number counts among the different
Chandra Deep Fields reach a 30% level for the bright sour-
ces (see § 2.4 and Tozzi 2001). These fluctuations correspond
to very high uncertainties in the calculation of the fraction
of the total CXB that we can resolve in discrete sources. In
order to improve the statistics we matched data from differ-
ent surveys. The resulting composite catalog allowed us to
draw with good statistics the log N-log S curve over the
maximum possible flux range with the data currently avail-
able: 2.44 x 10717 to 1.00 x 10~!! ergs s~! cm~2 in the soft
band and 2.10 x 10-16 to 7.79 x 10-12 ergs s~! cm~2 in the
hard band (see Fig. 4). Moreover, we derived a reliable value
for the measure of the total CXB by means of a critical
review of the literature values. We calculated that in the
range of our composite catalogs the detected sources make
up 94% and 89% of the total soft and hard CXB emission,

respectively. We obtained a good fit of the flux distribution
in both bands with two smoothly joined power laws: this
demonstrates that we can use data obtained with different
instruments in a coherent manner.

If we extrapolate the analytical form of the log N-log S
distribution beyond the flux limit of our catalog in the soft
band, we find that the integrated flux from discrete sources
at ~3 x 10-18 ergs s~! cm~2 (a factor 10 lower than the cata-
log limit) is 96% of the total CXB, and it is consistent with
its full value at 1 o level (comparing the best value for the
integrated flux from discrete sources with the CXB 1 o
uncertainty).

In the hard band, extending again to lower fluxes the log
N-log S distribution, we can make up only 93% of the total
CXB, at most. This is only marginally consistent with the
CXB total value. The small contribution of the faint sources
is due to the fact that the log N-log S distribution converges
less than logarithmically (Fig. 5). This leaves space for the
presence of a class of very faint hard sources only poorly
detected in the 2-10 keV band within the actual limits or
even for diffuse emission. This class of sources could consist
of heavily absorbed AGNs, which are expected to provide
higher contributions to the X-ray counts at higher energies.
A possible indication of the existence of this population
could be the steeper source counts found in the very hard
band (5-10 keV), as reported in Rosati et al. (2002). Accord-
ing to the model by Franceschini, Braito, & Fadda (2002;
see also Gandhi & Fabian 2003), which is based on IR statis-
tics, in the 2-10 keV band the contribution of obscured
AGNSs would become dominant at ~10-1% ergs s~! cm—2. A
qualitative study of this model allows us to estimate that the
existence of such a class of sources would result in a steepen-
ing of the hard log N-log S below ~4 x 10-1¢ ergs s—! cm—2,
which could fill the remaining fraction of unresolved CXB.
The approximate extra contribution is estimated to be
about ~1012 ergs s~! cm~2 deg=? (5% of the total) in the
range between 4 x 10-!7 and 2 x 1016 ergs s=! cm~2
Actually, our data could neither confirm nor reject this
eventual steepening because it is very close to the limit of
our catalog. Another possibility recently put forward is rep-
resented by X-ray emission from star-forming galaxies that
can make up to 11% of the hard CXB by extrapolating the
radio counts down to 1 Jy or 10718 ergs s—! cm~2 in the soft
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X-ray band (Ranalli, Comastri, & Setti 2002). In resolving
this question, the analysis of the HDF, Chandra deeper
observation (2 Ms), and the XM M-Newton surveys will be
crucial.
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