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Abstract. The redshift distribution of the X-ray sources (mainly AGN) identified so far
in the 1Msec Chandra Deep Field South (CDFS) is characterized by several spikes. The
most prominent features, at z = 0.67 and z = 0.73, contain about 1/3 of the identified
sources. Similar redshift spikes, although less prominent, have been also observed in the
2 Msec Chandra Deep Field North (CDFN). The clustering properties of the CDFS and
CDFN sources have been measured via the projected correlation function w(rp). The AGN
clustering amplitude is found to be a factor of ∼ 2 higher in the CDFS than in the CDFN,
revealing large cosmic variance in these 0.1 deg2 fields. The extra correlation signal in
the CDFS is due to the two identified structures at z = 0.67 and z = 0.73. Within each
field, no significant differences are found between the clustering properties of soft and hard
X-ray selected sources, or, similarly, between those of type 1 and type 2 AGN. The high
(5 − 10 h−1 Mpc) correlation length measured for AGN at z ∼ 1 in the two Chandra Msec
fields is comparable to that of early type galaxies at the same redshift.
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1. Introduction

Active Galactic Nuclei (AGN) are one of the
best tools to study the large scale structure
of the Universe at intermediate-high redshifts,
z ∼ 1 − 2, i.e. at an epoch where matter
was undergoing the transition from the ini-
tially smooth state observed at the recombi-
nation to the clumpy distribution observed at
present time (Hartwick & Schade 1990). The
AGN spatial clustering has been directly mea-
sured by means of optical surveys encompass-
ing an increasing number of QSO (Shanks et
al. 1987; Grazian et al. 2004; Croom et al.
2001), but in the X-ray band, where the bulk of
the obscured AGN population should emerge

(e.g. Comastri et al. 1995; Gilli et al. 2001;
Ueda et al. 2003), this is still poorly con-
strained. Significant clustering signal in the X-
rays has been detected from angular correla-
tions (Vikhlinin & Forman 1995; Giacconi et
al. 2001; Akylas et al. 2000; Yang et al. 2003;
Basilakos et al. 2004), which have been often
converted into spatial correlations by assuming
an a priori redshift distribution. Unfortunately,
because of the several uncertainties in its as-
sumptions, this method has not provided strin-
gent results. To date, the only direct measure-
ment of the spatial correlation function of X-
ray selected AGN, usually approximated by a
powerlaw ξ(r) = (r/r0)−γ, has been obtained
by Mullis (2001), who found r0 = 6.8±1.6 h−1



302 R. Gilli: Spatial clustering of X-ray sources in the Chandra Msec fields

Fig. 1. Redshift distribution for CDFS sources
in bins of ∆z = 0.02. The solid curve shows the
smoothed distribution used to calculate w(rp)
(see text). The inset shows the redshift distri-
bution for different source classes.

Mpc for the AGN in the ROSAT NEP survey
(the slope was fixed to γ = 1.8). Because of the
short exposure times and the ROSAT limited
sensitivity only bright sources, with a surface
density of ∼ 3 deg−2, were detected in the NEP
survey. Since the spatial correlation function is
a power law increasing at lower pair separa-
tions, deep pencil beam surveys like the 1Msec
Chandra Deep Field South (CDFS; Rosati et
al. 2002; Giacconi et al. 2002) and the 2Msec
Chandra Deep Field North (CDFN; Alexander
et al. 2003; Barger et al. 2003), where the X-
ray source surface density is about 3000−4000
deg−2, are expected to provide the highest sig-
nal significance with the minimum number of
identified objects. The drawbacks are that these
strong signals may be subject to substantial
variance on small areas, so that the “real” am-
plitude of the correlation would need a large
set of measurements in independent fields to
be reliably estimated.

2. Large scale structures in the CDFS

In the 1Msec ACIS-I observation of the CDFS
a total of 346 X-ray sources have been de-
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Fig. 2. Chandra ACIS-I image of the CDFS
with X-ray sources at z = 0.67 and z = 0.73
marked with circles and squares, respectively.
Extended sources are represented as large sym-
bols. The dashed box indicates the region cov-
ered by the K20 survey (Cimatti et al. 2002).

tected over the whole 0.1 deg2 field (Rosati et
al. 2002; Giacconi et al. 2002). In the cen-
ter of the field limiting fluxes of 5.5 10−17 erg
cm−2 s−1 and 4.5 10−16 erg cm−2 s−1 have been
achieved in the 0.5-2 keV (soft) and 2-10 keV
(hard) band, respectively. So far 127 high qual-
ity redshifts with two or more identified lines
(∼ 35% of the total sample) have been ob-
tained by means of VLT spectroscopy (Szokoly
et al. 2004). The spectroscopic complete-
ness increases to 78% when considering X-ray
sources with optical counterparts brighter than
R = 24. As shown in Fig. 1 the redshift dis-
tribution is dominated by two large concentra-
tions of sources at z = 0.67 and z = 0.73,
while other smaller peaks are also visible (e.g.
Gilli et al. 2003). The distribution on the sky
of the sources in the two spikes is shown in
Fig. 2. A few of them are extended in the X-
rays (one is shown in Fig. 3), corresponding
to galaxy groups/clusters embedded in larger
structures, thus providing a beautiful sketch of
the cosmic web. About 1/10 of the X-ray field
has been covered by the K20 near-infrared sur-
vey (Cimatti et al. 2002). Similarly to the X-
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Fig. 3. R band image (60 × 60 arcsec) of the
extended X-ray source XID 594 in the CDFS
with X-ray contours overlaid (Szokoly et al.
2004). Four identified objects at z = 0.73 are
marked with squares.

ray data, the redshift distribution of the galax-
ies identified in the K20 survey has two promi-
nent peaks at z = 0.67 and z = 0.73. Moreover,
at z < 1.3, where the K20 survey is more sen-
sitive, there is almost a one-to-one correspon-
dence between less prominent X-ray and K20
redshift spikes (Gilli et al. 2003).

3. The spatial correlation function in
the CDFS and CDFN

Gilli et al. (2004) measured quantitatively the
clustering level of CDFS sources by means of
the projected correlation function w(rp) (Davis
& Peebles 1983). For comparison w(rp) was
also calculated for the ∼ 250 X-ray sources
with robust spectroscopic redshift identified so
far in the CDFN (Barger et al. 2003). The
redshift distribution for the considered CDFN
sample is shown in Fig. 4. As in the case of the
CDFS redshift distribution, several spikes, al-
though less prominent than those of the CDFS,
can be immediately recognized (Barger et al.
2003). To measure the clustering properties of
different source populations, the X-ray hard-
ness ratio vs. X-ray luminosity diagram pre-

sented by Szokoly et al. (2004) was used to
classify the X-rays sources as type-1 AGN,
type-2 AGN and galaxies. 1

To avoid distortions due to peculiar ve-
locities, the spatial clustering of CDFS and
CDFN sources was estimated by means of the
projected correlation function w(rp) (Davis &
Peebles 1983) which can be easily related to
the real-space correlation function ξ(r), which
essentially measures the excess of source pairs
at a given separation with respect to a ran-
dom distribution. The minimum variance es-
timator proposed by Landy & Szalay (1993)
to measure ξ(r) was used, and special care
was taken in creating the random control sam-
ple. In particular the objects in the random
sample were placed at the coordinates of the
real sources, and their redshifts were extracted
from a smoothed distribution of the observed
one (see Fig. 1 and Fig. 4). This procedure
was extensively tested and found to be appro-
priate for the CDFS and CDFN samples (Gilli
et al. 2004). The projected correlation func-
tion w(rp) was measured at different scales rp
and the best fit parameters γ and r0 were deter-
mined via χ2 minimization. We note that while

1 That scheme was somewhat simplified by
avoiding the luminosity distinction between type-2
AGN/QSOs and between type-1 AGN/QSOs.

Fig. 4. Same as in Fig. 1 but for CDFN sources.
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Fig. 5. AGN projected correlation functions in
the CDFN (filled circles) and CDFS (open cir-
cles). Errors are 1σ Poisson confidence inter-
vals. The best fit power laws are shown as
dashed lines.

Poisson errorbars underestimate the true uncer-
tainties on the r0 and γ values when the source
pairs are not independent, bootstrap resam-
pling techniques (Mo, Jing, & Börner 1992),
which are often used to circumvent this prob-
lem, may substantially overestimate the real
uncertainties. In the considered samples boot-
strap errors are a factor of ∼ 2 larger than
Poissonian errors (Gilli et al. 2004). In the fol-
lowing we will then simply quote r0 and γ to-
gether with their 1σ Poisson errors, bearing in
mind that the most likely uncertainty lays be-
tween the quoted number and its double. A flat
cosmology with Ωm = 0.3 and ΩΛ = 0.7 is as-
sumed; comoving distances in units of h−1 Mpc
are quoted, where H0 = 100 h km s−1.

3.1. Results

Both in the CDFS and CDFN the clustering
level of the total X-ray samples is dominated
by that of AGN, which indeed represent the
majority of the identified sources. In both fields
the correlation function is measured on scales
rp = 0.16 − 20 h−1 Mpc for AGN at a me-
dian redshift of z ∼ 0.9 and with median X-

Fig. 6. Projected correlation function for the to-
tal CDFN sample (filled circles) and the CDFS
sample obtained by excluding sources in the
two spikes at z=0.67 and z=0.73 (open cir-
cles). Errors are 1σ Poisson confidence inter-
vals. The best fit power laws are shown as
dashed lines.

ray luminosity of L0.5−10 ∼ 1043 erg s−1, i.e. in
the Seyfert luminosity regime. The best fit pa-
rameters of the AGN correlation function were
found to be r0 = 10.3 ± 1.7 h−1 Mpc, γ =
1.33± 0.14 in the CDFS and r0 = 5.5± 0.6 h−1

Mpc, γ = 1.50±0.12 in the CDFN (see Fig. 5).
As verified by Gilli et al. (2004), the differ-
ence in the r0 values between the two fields
is not due to observational biases affecting in
different ways the two samples (i.e. different
X-ray sensitivity or spectroscopic incomplete-
ness), but is rather due to genuine cosmic vari-
ance. Indeed, while in the CDFS about 1/3 of
the identified sources lay within the two spikes
at z = 0.67 and z = 0.73, no such promi-
nent features are observed in the CDFN (for
comparison the two most populated spikes of
the CDFN contain only 1/8 of the identified
sources). As shown in Fig. 6, when excluding
the sources in the two spikes at z = 0.67 and
z = 0.73, the correlation length measured for
CDFS AGN is found to be in good agreement
with that measured for CDFN AGN.



R. Gilli: Spatial clustering of X-ray sources in the Chandra Msec fields 305

Fig. 8. Projected correlation functions for AGN
(circles) and galaxies (triangles) in the CDFN.
Errors are 1σ Poisson confidence intervals.
The best fit power laws are shown as dashed
lines.

Fig. 7. Projected correlation functions for type
1 AGN (filled circles) and type 2 AGN (open
circles) in the CDFN. Errors are 1σ Poisson
confidence intervals. The best fit power laws
are shown as dashed lines.

The slope of the correlation, γ = 1.3 −
1.5, is flatter than that commonly observed for
galaxies (γ ∼ 1.6 − 2.0, Le Fevre et al. 1996;

Guzzo et al. 1997) but is consistent within
the errors with the value of γ = 1.56 ± 0.10
measured for the sample of > 104 optically se-
lected QSO in the 2QZ survey (Croom et al.
2001). We note that, when fixing the slope of
the correlation to γ = 1.8, the best fit r0 val-
ues measured in the CDFS and in the CDFN
increase by only 15%. Within each field no
significant clustering differences are found be-
tween soft and hard X-ray selected sources,
or, similarly, between type-1 and type-2 AGN.
The comparison between the clustering prop-
erties of type-1 and type-2 AGN in the CDFN
is shown in Fig. 7: although the two correla-
tions seem to have different slopes and ampli-
tudes, they are in agreement within the errors.
In the CDFN, where the source statistics is suf-
ficiently high, the clustering of X-ray selected
galaxies was also measured and compared with
that of AGN (see Fig. 8). Again, due to the rel-
atively large errors, no significant differences
can be claimed.

4. Final remarks

The good correspondence between the redshift
peaks of X-ray and K-band selected sources
in the CDFS (Gilli et al. 2003) supports the
idea that Seyfert-like AGN clustering is sim-
ilar to that of early type galaxies, whose de-
tection rate is higher in K-band rather than in
optically selected samples. In the CDFS this
is directly confirmed, since the measured r0
value for AGN is similar to that of Extremely
Red Objects (i.e. galaxies with R − K > 5) at
the same redshift (z ∼ 1), which are thought
to be the progenitors of early type galaxies
(Daddi et al. 2001). When considering the
lower amplitude observed in the CDFN, we
can estimate the correlation length of the AGN
in the Chandra Msec fields to be in the range
5 − 10 h−1 Mpc, which this is still consistent
with Seyfert-like AGN at z ∼ 1 to be gen-
erally hosted by early type galaxies (Coil et
al. 2003 found r0 = 5.5 − 7.7 h−1 Mpc and
r0 = 2.6 − 3.7 h−1 Mpc for early and late type
galaxies at z ∼ 1, respectively).
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