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ABSTRACT

We have incorporated the description of the X-ray prop-
erties of Active Galactic Nuclei (AGNs) into a semi-
analytic model of galaxy formation, adopting physically
motivated scaling laws for accretion triggered by galaxy
encounters. Our model reproduces the level of the cosmic
X-ray background at 30 keV; we predict that the largest
contribution (around2/3) comes from sources with in-
termediate X-ray luminosity1043.5 < LX/erg s−1 <
1044.5, with 50 % of the total specific intensity produced
at z < 2. The predicted number density of X-ray AGNs
is characterized by a “downsizing” effect: for luminous
X-ray AGNs (LX > 1044.5 erg/s in the 2-10 keV band) it
peaks atz ≈ 2 with a decline of around 3 dex toz = 0;
for the low luminosity sources (1043 < LX/erg s−1 <
1044) it has a broader and less pronounced maximum
aroundz ≈ 1.5, and a smoother decline at lowerz. We
compare our results with recent observations.
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1. INTRODUCTION

Connecting the evolution of AGNs to that of their host
galaxies is a major goal of present “ab initio” galaxy for-
mation models within a cosmological context (see, e.g.,
Haiman & Loeb 1998; Wyithe & Loeb 2002; Hatzimi-
naoglou et al. 2003; Volonteri, Hardt & Madau 2003;
Kauffmann & Haehnelt 2000, 2002). However, a com-
mon problem of the models proposed so far is that they
do not match the observed steep decline of the QSO den-
sity at redshiftsz ∼< 1 and its dependence on the AGN
luminositiy.

Recently, Menci et al. (2003) developed a physical
model to connect the BH accretion to the galaxy evolu-
tion in the hierarchical scenario. The accretion is trig-
gered by galaxy encounters, not necessarely leading to
bound merging, in common host structures like clusters
and especially groups; these events destabilize part of the

galactic cold gas and hence feed the central BH, follow-
ing the physical modelling developed by Cavaliere & Vit-
torini (2000). The amount of the cold gas available, the
interaction rates, and the properties of the host galaxies
are derived through the SAM developed by Menci et al.
(2002).

As a result, at highz the protogalaxies grow rapidly by
hierarchical merging; meanwhile, much fresh gas is im-
ported and also destabilized, so the BHs are fueled at their
full Eddington rates. At lowerz, the dominant dynami-
cal events are galaxy encounters in hierarchically grow-
ing groups; now refueling peters out, as the residual gas
is exhausted while the destabilizing encounters dwindle.
With no parameter tuning other than needed for star for-
mation in canonical SAMs, the model naturally produces
in the bright QSO population a rise forz > 3, and for
z ∼< 2.5 a drop as steep as observed. In addition, the re-
sults closely reproduce the observed luminosity functions
of the optically selected QSOs, their space density at dif-
ferent magnitudes fromz ≈ 5 to z ≈ 0, and also the local
mBH − σ relation.

Here we report the implications of this model for the X-
ray AGNs (Menci et al. 2004) to derive their contribu-
tion to the X-ray background and their intrinsic luminos-
ity function.

2. THE GALAXY FORMATION MODEL

The model we adopt is described in detail in Menci et al.
(2003; 2004). Here we recall the basic points:

We follow the merging histories of DM clumps, adopt-
ing the Extended Press & Schechter description (see, e.g.,
Lacey & Cole 1993. When two haloes merge, the con-
tained galaxies merge on a longer timescale, either with
the central dominant galaxy (due to the orbital decay
produced by dynamical friction) or with other ”satelite”
galaxies orbiting the same DM halo (”binary aggrega-
tions”). We describe the potential depth of the DM halo
associated to a single galaxy through its circular veloc-
ity v, while the circular velocity of the halos hosting the
galaxies (groups and clusters) isV ; the model also com-
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putes the tidal radiusrt associated to galaxies with given
v.

The properties of the gas and stars contained in the galac-
tic DM clumps are computed following the standard
recipes commonly adopted in SAMs. Starting from an
initial gas amountmΩb/Ω (m ∝ v3 being the DM mass
of the galaxies) at the virial temperature of the galactic
halos, we compute the massmc of cold baryons which
are able to radiatively cool in the densest, central regions.
This settles is a rotationally supported disk whose radius
rd and rotation velocityvd is computed after Mo, Mao &
White (1998). Stars form with ratėm∗ ∝ (mc/td) with
the disk dynamical time evaluated astd = rd/vd. Fi-
nally, a mass∆mh = m∗ (v/vh)αh is returned from the
cool to the hot gas phase due to the energy fed back by
canonical type II Supernovae associated tom∗. The val-
ues adopted for the free parametersα∗ = −1.5, αh = 2
andvh = 150 km/s fit both the local B-band galaxy LF
and the Tully-Fisher relation, as illustrated by Menci et
al. (2002). The model also matches the bright end of
the galaxy B-band LFs up to redshiftsz ≈ 3 and the re-
sulting global star formation history is broadly consistent
with that observed up to redshiftz ≈ 4 see Menci et al.
(2005).

At each merging event, the masses of the different bary-
onic phases are replenished by those in the merging part-
ner; the further increments∆mc, ∆m∗, ∆mh from cool-
ing, star formation and feedback are recomputed on iter-
ating the procedure described above.

The resulting star formation rate (for a givenv) is con-
volved with the spectral energy distributionφλ obtained
from population synthesis models Bruzual & Charlot
1993) to obtain the integrated galactic stellar emission
Sλ(v, t) at the wavelengthλ.

3. ENCOUNTERS TRIGGERING STARBURSTS
AND BH ACCRETION

A quantitative model to derive the fractionf of cold gas
destabilized by the encounters has been worked out by
Cavaliere & Vittorini (2000) and has been inserted into a
SAM by Menci et al. (2003, 2004, 2005).

For a galactic halo with given circular velocityv inside a
host halo (group or cluster) with circular velocityV and
virial radiusR, grazing encounters occur at a rateτ−1

r =
nT (V )Σ(v, V )Vr(V ), wherenT = 3 NT /4πR3, and
the cross sectionΣ(v, V ) ≈ π 〈 r2

t + r
′2
t 〉 is averaged

over all partners with tidal radiusr′t and circular veloc-
ity v′ in the same haloV . The membershipNT (V )
(i.e., the number of galaxies contained in a group or clus-
ter with circular velocityV ), the distributions ofv′, r′t,
and the relative velocityVr =

√
2 V are computed from

the SAM. The duration of each encounter is defined as
τe = 〈(rt + r

′
t)/V 〉 (with an upper limit given byτr).

The fraction of cold gas which is destabilized in each in-

teraction event and feeds the starbursts is derived from eq.
A3 of Cavaliere & Vittorini (2000) in terms of the varia-
tion ∆j of the specific angular momentumj ≈ Gm/vd

of the gas;

f(v, V ) ≈ 1
2

∣∣∣∆j

j

∣∣∣ =
1
2

〈m′

m

rd

b

vd

V

〉
. (1)

The average runs over the probability of finding a galaxy
with massm′ in the same haloV where the galaxym is
located, and the impact parameterb is computed in the
SAM. The prefactor accounts for the probability 1/2 of
inflow rather than outflow related to the sign of∆j.

We assume that1/4 of the destabilized fractionf feeds
the central BH (whose intial seeds are asssumed to have
a mass102 M¯, see Madau & Rees (2000), while the re-
maining fraction is assumed to kindle circumnuclear star-
bursts, see Sanders & Mirabel (1996). Thus, the average
gas accretion rate onto the central black hole as

ṁacc(v, z) =
〈f(v, V ) mc(v)

4 τr(v, V )

〉
, (2)

where the average over all host halos with circular veloc-
ity V is computed from the SAM. The bolometric lumi-
nosity so produced by the QSO hosted in a given galaxy
is then given by

L(v, t) =
η c2∆macc

τe
, (3)

where∆macc is the gas accreted at the rate given by eq.
(3). and we adopt the standard mass-to-energy conver-
sion efficiencyη ≈ 0.1 (see Yu & Tremaine 2002). Here
τe ≈ td ∼ 5 107 (t/t0) yrs is the duration of the accretion
episode, i.e., the timescale for the QSO to shine;∆macc

is the gas accreted at the rate given by eq. (2). The blue
luminosityLB is obtained by applying a bolometric cor-
rection 13 (Elvis et al. 1994), while for the unabsorbed
X-ray luminosity LX (2-10 keV) we adopt a bolomet-
ric correctionc2−10 = 100 following Elvis, Risaliti &
Zamorani (2002); for simplicity, this is assumed to be
constant withz. The shape of the X-ray spectrumI(E)
is assumed to be a power law with a slopeα = 0.9 (see
Comastri 2000 and references therein), with an exponen-
tial cutoff at an energyEc = 300 keV (see e.g. Perola et
al. 2002 and references therein); in view of the present
data situation we shall keep this as our fiducial shape.

4. RESULTS

We first compute the predicted contribution to the cosmic
X-ray background (CXB) from AGNs at different red-
shifts and luminosity. The result is shown in Fig. 1, for
the hard CXB atE0 = 30 keV obtained by integrating
all the prdicted sources out to running redshiftz. We
show both the global value, and the fraction contributed
by AGNs in three classes of luminosity. The predicted
background with the chosen parameters for the spectrum
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(α = 0.9, Ec = 300 keV, c2−10 = 100) exceeds the
value measured by HEAO1-A2 by no more than 50 %.
Note that the value of the observed background is appre-
ciabely affected by the presence of sources in a Compton
thick phase of obscuration, not included in the model.

At the present state of our observational knowledge, the
substantial agreement is very encouraging, especially if
the following points are taken into account: a) the avail-
able evidence (atE < 10 keV, Lumb et al. 2002; Vec-
chi et al. 1999) that the CXB normalization from the
HEAO1-A2 experiment may be underestimated by as
much as 30 %; b) the bolometric correction need take
on the fixed value we adopted for all values ofL and
L/Ledd; c) the incidence of a Compton thick phase along
the active phase of a galactic nucleus, as a function ofL
andz, is not known, except that locally it may amount
as much as 50 % (Risaliti, Maiolino & Salvati 1999) of
the so-called type 2 AGNs, namely those with a substan-
tial obscuration both in the optical as well as in the X-ray
band. The essential features of our predictions are shown
in Figs. 2 and 3.

Fig. 2. - The cumulative contruibution (multiplied by the energyE0) to
the predicted CXB atE0 = 30 keV, yielded by sources at progressively
larger redshifts. The solid line shows the total CXB produced by sources
with all luminosities. The other lines show the contributions of AGNs
with luminositiesLx (in units of ergs−1 in the band 2-10 keV) in the
ranges42 < logLX < 43.5 (dotted),43.5 < logLX < 44.5 (dot
dashed), and44.5 < logLX (long-dashed). The shaded strip is the
value 43 keV cm−2 s−1 sr−1 measured by HEAO1-A2 (Gruber et al.
1999).

Fig. 1 shows that in our model the CXB is mainly con-
tributed by AGNs with intermediate luminositiesLX =
1043.5 − 1044.5 erg/s, which provide≈ 50% of the total
value. High luminosity(LX > 1044.5 erg/s) and low lu-
minosity (LX < 1043 erg/s) sources contribute a fraction
∼ 25% each. The population with intermediate luminosi-
ties strikes the best tradeoff between larger luminosity
and smaller number of sources. Thus, in this picture high

luminosity highly absorbed objects (the so-called type 2
QSOs) would not give a dominant contribution to the hard
CXB. In fact, although recent XMM and Chandra surveys
are providing a sizeable number of QSO2 (Barger et al.
2002, Fiore et al. 2003, Hasinger 2003), these are likely
to constitute a relatively minor fraction of sources down
to the fluxes where the bulk of the hard CXB is resolved
into sources.

In Fig. 2 we compare our predictions with the evolution
of the number and luminosity densities of AGNs in three
luminosity bins, estimated by Fiore et al. (2003). All the
predicted densities drop substantially fromz ≈ 2 to the
present. The agreement with the data is excellent for the
highest luminosity bin, and confirms that, at least for the
very luminous AGNs, the bolometric corrections adopted
in the B and in the X-ray band are fully consistent.

Fig. 2. - Top: The evolution of the number density of X-ray AGNs
in three bins of luminosity (in units of erg/s, in the band 2-10 keV):
43 < logLX < 44 (dotted line),44 < logLX < 44.5 (solide line),
44.5 < logLX (dashed line). The data for the above luminosity bins
(squares, triangles, and circles, respectively) are taken from Fiore et al.
(2003). Bottom: The evolution of the X-ray luminosity density for the
same luminosity bins.

At lower luminosities, the decline forz < 1 − 2 is less
pronounced in the predictions as well as in the observa-
tions. In the former, this is due to the larger quantity of
galactic cold gas left available for accretion in the less
massive galaxies. Such a downsizing effect is a natural
feature in hierachical scenarios, since more massive po-
tential wells originate from clumps collapsed earlier in
biasedregions of the primordial perturbation field; the
higher densities then prevailing allowed for earlier con-
densation and hence enhanced star formation at high red-
shifts. Thus, at lowz a larger fraction of cold gas will
have already been converted into stars, and both star for-
mation and BH accretion are considerably suppressed.
We note though that the decrease of the peak redshift with
decreasing luminosity appears to be significantly smaller
than indicated by the data. In particular, at z= 1 − 2 the
observed density of Seyfert-like AGNs is a factor≈ 2
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lower than predicted by the model; a similar difference
is present also for the intermediate luminosity objects
(L2−10 = 1044−44.5 erg s−1) in the redshift binz = 2−4.

The reason for such a discrepancy can be traced back
to the shape of the high-z X-ray luminosity function.
This is shown in Fig. 3, where we compare our model
results with the observational LFs derived by Fiore et
al. (2003, upper panel) and by Ueda et al. (2003,
lower panel), which are obtained from a combination of
HEAO1, ASCA andChandradata, and extend down to
lower luminosities. The above observational results con-
cur to indicate that the LFs atz ∼> 2 are appreciably flatter
than atz = 0.5 − 1. When the above data are compared
to our results, a substantial agreement is found at lowz,
while atz ∼> 1.5 − 2 the model overestimates the num-
ber of low luminosity objects found in both the obser-
vational analysis. Such a mismatch can not be reduced
by tuning the bolometric correctionc2−10 adopted in our
model, since the latter affects only the normalization of
the luminosities.

Fig. 3. - Upper panel. The predicted LFs in the energy range 2-10
keV at low redshifts0.5 < z < 1 (dashed line) and high redshifts
2 < z < 4 (solid line) are compared with observational values derived
from the same sample used in Fiore et al. (2003) to derive the densities
in Fig. 2. Bottom panel. The predicted LFs are compared with data bu
Ueda et al. (2003).

5. DISCUSSION

We have incorporated the description of the X-ray prop-
erties of AGNs into the hierarchical picture of galaxy
evolution. Our semi-analytic model, already proven to

match the observed evolution of luminous optically se-
lected QSOs over the redshift range0 < z < 6 (Menci et
al. 2003), is here extended to bolometric luminositiesL
a factor 10 lower. So we describe the history of accretion
down toL ∼ 1045 erg/s, for which the main observational
information comes from the X-ray band.

We have compared our model with X-ray observations
either corrected for gas obscuration, or performed in the
hard (E > 30 keV) band not affected by photoelectric
absorption.

We find that our model is encouragingly able to match
the level of the cosmic X-ray background (CXB) at 30
keV (Fig. 1). We predict that the largest contribution
(around 2/3) to the CXB comes from intermediate lumi-
nosity sources43.5 < log(LX/erg s−1) < 44.5, and
that 50 % of its total specific intensity is produced at
z < 2.

When compared to the observed evolution of the num-
ber and luminosity density of AGNs with differentLX

(Fig. 2), our model agrees with the observations concern-
ing all luminositiesLX > 1043 erg/s for low or inter-
mediate redshiftsz ∼< 1.5 − 2. In particular, the den-
sity of luminous (LX > 1044.5 erg/s) AGNs peaks at
z ≈ 2, while for the low luminosity sources (1043 <
LX/erg s−1 < 1044) it has a broader maximum around
z ≈ 1.5; the decline from the maximum to the value at
the present epoch is around 3 dex for the former class,
and 1.5 dex for the latter class. At larger redshiftsz ∼> 2,
the model still reproduces the observed number and lumi-
nosity densities of AGNs stronger than1044.5 erg/s, but
at z= 1 − 2 the predicted density of Seyfert-like AGNs
is a factor≈ 2 larger than observed; a similar differ-
ence is present also for the intermediate luminosity ob-
jects (L2−10 = 1044−44.5 erg s−1) in the redshift bin
z = 2 − 4. We next discuss our interpretation of both
the low-z and the high-z results.

For z ∼< 2, the model results agree with the observed
number and luminosity densities in indicating a drop of
the AGN population forz < 2 which is faster for the
strongest sources. Such adownsizingeffect in our pic-
ture is due to the combined effect of: 1) the decrease
of the galaxy merging and encounter rates which trig-
ger the gas destabilization and the BH feeding in each
galaxy; 2) of the decrease of the galactic cold gas, which
was already converted into stars or accreted onto the BH.
The faster decline which obtains in massive galaxies (and
hence for luminous AGNs) is related in particular to the
latter effect. Indeed, in hierarchical clustering scenarios
the star formation history of larger objects peaks at higher
z, since massive objects originate from progenitors col-
lapsed in biased regions of the Universe where/when the
higher densities allowed for earlier star formation; so, at
low z such objects have already exhausted most of their
gas. On the other hand, less massive galaxies are continu-
ously enriched by low-mass satellites, whose star forma-
tion is more smoothly distributed inz, and which retain
even atz ≈ 0 an appreciable fraction of cold gas avail-
able for BH accretion.
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Although the model naturally yields a downsizing effect,
we note though that the decrease of the peak redshift with
decreasing luminosity appears to be smaller than indi-
cated by the data. Such mismatch is even larger if the
model predictions for the AGN number density are com-
pared with the recent data by Hasinger, Miyaji & Schmidt
(2005; see also this volume). However, it must be consid-
ered that our model does not include absorption: thus, the
comparision with the abosrption-corrected data by Fiore
et al. (2003) in the harder 2-10 keV band constitutes a
more solid baseline for probing the model predictions.

A real improvement in the modeling requires the inclu-
sion of additional physical processes in the SAM (and in
particular in the sector concerning the feedback) rather
than the tuning of the parameters in the existing frame-
work. One such process could be well constituted by
the inclusion into SAMs of the feedback produced by the
AGNs emission itself. Since the AGN activity strongly
increases with redshift, this could significantly contribute
to expell/reheat part of the galactic cold gas reservoir in
low-mass systems at highz. While the modeling of such
impulsive processes is particulary delicate, some steps in
this direction have already been taken (see, e.g., Haen-
helt, Natarajan & Rees 1998; Silk & Rees 1998; Wyithe
& Loeb 2003; Cavaliere, Lapi & Menci 2002; and ref-
erences therein). We shall investigate the effects of such
processes on the evolution of the AGN population in a
next paper.

In sum, the present model provides a baseline to include
the evolution of galaxies and AGNs in the same global
picture, being supported by a remarkable agreement with
the observations of its predictions for brighter sources in
a wide range of redshifts (from0 < z < 6) and of wave-
lengths (from optical to X-rays). The most distinctive
feature of such a picture is the dramatic decrease of the
AGNs luminosities atz ∼< 2 especially in massive galax-
ies (see Fig. 1), naturally resulting from to the exhaustion
of cold gas necessary for feeding both the accretion and
the star formation; relatedly, massive galaxies are pre-
dicted to undergo a nearly passive evolution fromz ≈ 2
to the present. The relevance of such an exhaustion in de-
termining the observed properties of the AGN population
(in both the optical and the X-rays) is confirmed by recent
N-body simulations (Di Matteo et al. 2003). The above
picture thus naturally explains the parallel evolution of
BH accretion and star formation in spheroidal systems;
this, originally discussed by Monaco, Salucci & Danese
(2000) and Granato et al. (2001), is supported by re-
cent works (see Franceschini, Hasinger, Miyaji, Malquori
1999; Haiman, Ciotti & Ostriker 2003) which also en-
lightened its simultaneous consistence with the evolu-
tion of the optical and the X-ray luminosity functions of
AGNs (Cattaneo & Bernardi 2003). The physical origin
of such a parallel evolution is here clarified and shown to
arise as a natural outcome of hierarchical galaxy forma-
tion.
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