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ABSTRACT

We estimated black hole masses and Eddington ratios for a sample of X-ray-selected active galactic nuclei (AGNs)
in the fields covered by the Great Observatory Origins Deep Survey (GOODS). The spanned ranges in redshift (0.4 <
z < 1) and hard X-ray luminosity (10*> < Lx < 4 x 10* ergs s~!) allow us to study a representative subsample of the
main contributors to the 2-10 keV X-ray background. Nuclear and bulge magnitudes in four bands have been mea-
sured via a two-dimensional decomposition applied to HST ACS images. Using the black hole versus bulge luminos-
ity relation and the intrinsic nuclear emission, we derived the black hole mass and the AGN bolometric luminosity.
We find in our sample that (1) the X-ray—to—optical indices are larger than in optically selected QSOs, as expected due
to the X-ray selection); (2) the X-ray bolometric corrections are generally small, suggesting a decrease with the nu-
clear luminosity; (3) the Eddington ratios are about a factor 10 below the values found at higher redshift and lumi-
nosity; (4) the central black holes have rather large masses; and (5) at least for z < 0.8, a scarceness of black holes with
mass Mgy < 10° M, and accretion rate near the Eddington limit: this result could be ascribed to a decline in their num-
ber density, or it could suggest a substantial accretion at higher redshift (z 2 1) also for these smaller black holes.

Subject headings: black hole physics — galaxies: active — galaxies: nuclei — galaxies: photometry —
X-rays: diffuse background — X-rays: galaxies

Online material: color figures

1. INTRODUCTION

Recent Chandra and XMM-Newton deep surveys (Brandt
etal. 2001; Rosati et al. 2002; Hasinger et al. 2001) have resolved
~90% of the 2—10 keV X-ray background (hereafter XRB; see
Bauer et al. 2004). The main contribution to the XRB in this en-
ergy range is due to a mixture of obscured and unobscured active
galactic nuclei (AGNs), with a redshift distribution peaking at
~0.7 (Szokoly et al. 2004), and a major contribution in the inter-
val 0.4 < z < 1 from objects with X-ray luminosities between
3% 10*" and 10* ergs s~! (Ueda et al. 2003).

The mass accreted onto the central supermassive black holes
(SMBHEs) of these z < 1 AGNss is estimated to be ~30% of the
total mass density accreted at any redshift (Marconi et al. 2004;
Shankar et al. 2004). An important question is whether this ac-
creted mass is on average falling onto SMBHs already having very
large mass (A M,../Mpy < 1), or if the accretion is occurring on
smaller SMBHs. The first regime corresponds to Eddington ratios
A = Lypo/Lgqq < 1 and can be associated with reactivation of pre-
existing black holes (BHs), while the latter corresponds to 4 < 1
and is associated with the main episode of growth of lower mass
BHs. This issue is relevant in order to reconstruct the detailed cos-
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mic history of SMBH accretion. As an ultimate goal, one should
match the mass function of the BH accreted mass with the local
mass function of the quiescent BHs (see, e.g., Salucci et al. 1999;
Yu & Tremaine 2002; Marconi et al. 2004; Shankar et al. 2004).

The detailed history of SMBH accretion is also a relevant clue
to understand the observed relationships between the mass of lo-
cal SMBHs and the mass and luminosity (Kormendy & Richstone
1995; Magorrian et al. 1998; McLure & Dunlop 2002; Marconi &
Hunt 2003) or the velocity dispersion (Ferrarese & Merritt 2000;
Gebhardt et al. 2000; Merritt & Ferrarese 2001; Tremaine et al.
2002) of the spheroidal component of their host galaxies. Even-
tually, this will cast light on physical processes involving both the
SMBH and the host galaxy (Silk & Rees 1998; Granato et al.
2001, 2004; Hopkins et al. 2005).

In this paper we estimate the BH mass, the bolometric lu-
minosity and the Eddington ratio for a representative sample of
low-luminosity X-ray-selected AGNs in the redshift interval
04 <z<I.

The data demands are substantial for a study such as ours. High
spatial resolution and high signal-to-noise ratio data in the X-ray
produced by the Chandra observations in the Chandra Deep
Fields South and North (Giacconi et al. 2002; Rosati et al. 2002;
Alexander et al. 2003) are of fundamental importance to select
low-luminosity AGNs. We also need optical images with excel-
lent spatial resolution and very high quality photometry, in order
to disentangle the galactic and nuclear components, and to esti-
mate the AGN bolometric luminosity and the BH mass. In this
respect the Great Observatories Origins Deep Survey (GOODS;
see Giavalisco et al. 2004) is really unique; in fact, in addition to
deep X-ray and optical images from the Chandra X-Ray Obser-
vatory and the Hubble Space Telescope (HST), it also exploits ex-
tensive follow-up work with ground-based telescopes, extending
the sampling of the electromagnetic spectrum of the sources up to
the radio wavelength.
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The paper is organized as follows. In § 2 (but see also Appen-
dix A) we describe the sample selection and list the different data
sets available. In § 3 we introduce the morphological analysis
carried out (details are reported in Appendix B) and discuss the
results of the decomposition. Section 4 is devoted to recover the
nuclear properties (i.e., BH masses and nuclear bolometric lu-
minosities). In § 5 our findings are discussed and compared with
results from the literature. Finally, in § 6 we summarize our work.
If not otherwise stated, throughout this paper magnitudes are
given in the AB system, and hard X-ray luminosities are in the
2-8 keV energy range (when necessary, converted from Ly ¢ ey
assuming a power-law X-ray spectrum with photon index I' =
1.8: Ly gkev/Lo 10kev = 0.84). We assume a cosmology with
Oy =0.3,Q4 =0.7,and Hy = 70 kms~' Mpc~! (Spergel et al.
2003, 2007).

2. SAMPLE SELECTION

The starting point for the present work is the deep, high-
resolution optical imaging performed in the F435W, F606W,
F775W, and F850LP filters with the Advanced Camera for Sur-
veys (ACS) onboard HST in the framework of the GOODS pro-
gram. In the following, we refer to these four passbands as B, 7,
i, and z, respectively. GOODS covers a total area of 320 arcmin?
in two fields centered on the Chandra Deep Field—South (CDF-S)
and the Chandra Deep Field—North (CDF-N). These two regions
have been targets of deep X-ray pointings (1 Ms [see Giacconi
et al. 2002; Rosati et al. 2002; Alexander et al. 2003] and 2 Ms
[see Alexander et al. 2003], respectively) carried out by Chandra.
Overall, 80% of objects have redshift information. If we restrict
ourselves to the CDF areas covered by GOODS, ~98% of the
X-ray objects have optical counterparts. In the GOODS north
field, 63% and 17% of the X-ray sources have spectroscopic
and photometric redshift, respectively; in the south area these
percentages increase to 68% and 32%, respectively.

We collect all the sources in the Chandra X-ray catalogs
lying in the GOODS fields with redshift (spectroscopic or photo-
metric) between 0.4 and 1, and with X-ray luminosity L, g ey >
10*? ergs s~! in order to select bona fide AGNs ( Zezas et al. 1998;
Moran et al. 1999). They amount to 66 sources, 88% of them
having spectroscopic redshifts. The redshift interval is chosen to
bracket a significant fraction of the low-luminosity sources con-
tributing to the XRB. The upper bound z = 1 is imposed by the
need of a sufficient signal-to-noise ratio to make a morphological
analysis for most of the sources. This upper limit on the redshift
also ensures that the observed z-band is always sampling the op-
tical rest frame. In order to carry out the morphological analysis
described in the next section, the simultaneous availability of
high-quality, noncrowded B, V; i, and z ACS subimages (cutouts)
is essential. This selection reduces the sample to 25 sources in the
CDF-S and 28 in the CDF-N (sample A).

Full details of the selection process are given in Appendix A.
Here let us note that the X-ray sources in the GOODS fields with
a redshift determination cover the same region in the Fx-F oy
plane as the whole database of the “GOODS X-ray sources” (see
Fig. 1, top panel), although most of the objects without redshift
determination have faint optical counterpart. According to a bi-
dimensional Kolmogorov-Smirnov (K-S) test, there is no evi-
dence that the two samples are drawn from different distributions
(the K-S probability is ~60%). This makes us confident that
selecting only sources with redshift determination does not induce
a bias toward optically bright objects. Moreover, assuming the
black hole mass—bulge luminosity relations, we can estimate how
bright a bulge with a given black hole mass would be at a given
redshift: in the bottom panel of Figure 1, we compare the tracks
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Fic. 1.—Top: Hard X-ray fluxes vs. i-band magnitudes for the X-ray sources
in the GOODS fields with (dots) and without (open circles) redshift information.
Bottom: i-band magnitudes vs. redshift for X-ray sources in the GOODS fields
with redshift information, with superimposed the i-band magnitudes expected
for bulges with black hole masses of Mgy = 10°, 10% and 107 M, ( from top to
bottom: solid line and open triangles, dotted line and stars, and dashed line and
filled squares, respectively).

for three black hole masses ( fiom top to bottom, Mgy = 10°, 10,
107 M) with the distribution of the optical magnitude of X-ray
sources in the GOODS fields with a redshift determination. The
selected range in redshift and the available magnitudes do not im-
ply that we are forced to study only black hole with large masses.

Figure 2 shows how the sample A is distributed in redshift (top
left panel), hard X-ray luminosity (fop right panel), and optical
magnitude (bottom panel). The spikes visible in the redshift dis-
tribution trace the large-scale structure identified in the whole
CDF-S atz = 0.67 and z = 0.73, both in the optical (Vanzella
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FiG. 2.—Distributions in redshift (top left panel)), hard X-ray luminosity (top right panel ), and i-band magnitude (bottom panel) for the sample A (GOODS X-ray sources
with spectroscopic or photometric redshifts between 0.4 and 1, observed hard X-ray luminosity L,_g ey > 10*? ergs s~!, and good cutouts in all bands; see § 2); hatched
areas show the same distributions for the analyzed sources (sample B). Redshifts are from Szokoly et al. (2004), Grazian et al. (2006), and Zheng et al. (2004) for the CDF-S,
and from Barger et al. (2003) for the CDF-N; luminosities are from Alexander et al. (2003); i-band magnitudes are from the GOODS ACS catalog (see footnote 12).

et al. 2005) and in the X-ray ranges (Gilli et al. 2003), and at
z ~ 0.85 in the CDF-N (see Barger et al. 2003; Gilli et al. 2005).

We have removed from the sample A objects with a close
companion (within a projected radius of 2”, without distinction
between physical interaction or projection effect; see also Ap-
pendix B); in this way the analyzed sample (sample B) reduces to
34 objects (19 in the CDF-S and 15 in the CDF-N), listed in
Table 1. As is apparent in Figure 2, the redshift and luminosity
distributions of the sample B (hatched areas) match the distri-
butions of the sample A, apart from a slight dearth of objects with
z 2 0.8. According to a K-S test, we cannot prove that the two
samples are drawn from different hard X-ray luminosity or

redshift distributions (the K-S probabilities are 99% and 75%,
respectively).

The contributions to the hard XRB” of the sample A is 16%.

In Figure 3 we compare the total contribution to the hard XRB
computed from the CDF-S plus 4SCA sample (Della Ceca et al.
2001; long-dashed line, with the the gray area representing the
estimated uncertainties; see Tozzi 2001) with the integrated con-
tribution of the sample A (solid line) and of the selected 34 sources

7 Average total flux density in the 2-8 keV band: (1.79 & 0.11) x
107" ergs cm ™2 s~! deg ™2, from De Luca & Molendi (2004) converted from
the 2-10 keV band assuming I' = 1.4.
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TABLE 1 7 - T
Basic INFORMATION FOR X-Ray-seLECTED AGN's & [ S o g%%g% .
(OBSERVED Ly gey > 10*? ergs s—!') N THE GOODS FieLDS g e CRRAD=T
wITH 0.4 < z <1 ANALYZED IN THIS WoRrkK (SAMPLE B) © e
- -1 [ -~ Total resolved ]
D 10 r ~ ]
R.A. Decl. log Ly-gev iAB N [ e ]
(J2000.0) (J2000.0) ID  Redshift (ergs s71) (mag) ‘g [ Se— A i
) 2 3 “ (5) 6) © L e ]
< L Initial sample \\ i
CDF-N o D
12 36 18.58......... +62 11 15.0 114 0.679 43.20 20.46 % |
12 36 25.01......... +62 21 15.7 141 0.747 42.29 21.87 ey
12 36 27.75......... +62 11 584 150 0.762 42.34 23.10 % n
12 36 32.59......... +62 07 59.8 170 0.680 42.16 21.83 e i P W 1
12 36 35.86.. +62 07 07.7 194 0.555 42.37 21.99 10713 10~ 14 10713
12 36 42.24.. +6206 128 222 0.857 42.60 21.38 S, e (erg cm™2 s7)
12 36 46.33.. +62 14 04.7 243 0.961 43.62 21.57 ¢
1236 54.58......... +62 11 10.6 285 0.955 42.43 2247 Fic. 3.—Contribution to the 2-8 keV X-ray flux density as a function of the
12 36 59.09......... +62 25 23.7 303 0.678 42.97 20.76 resolved sources: comparison between (1) the total resolved contribution (long-
1237 02.43......... +62 19 26.1 323 0.514 43.27 19.70 dashed line, with gray area representing the estimated uncertainties) computed
12 37 10.07......... +62 05479 368 0.935 42.09 23.69 from the 1 Ms CDF-S sample plus the bright sample from ASCA (Della Ceca et al.
12 37 22.44 .. +62 05 36.1 404 0.978 42.61 21.87 2001) at fluxes larger than 103 ergs cm =2 s~; see Tozzi (2001); (2) the contribu-
12 37 24.00.. +62 13 043 412 0.474 42.33 2425 tion of our initial selection (sample A: GOODS X-ray sources with spectroscopic
12373173 16217 037 439 0.839 4261 20.89 or photometrizc redshifgs betw;en 0.4 and 1, ob§ewed hard X-ray luminqsity
12 4 292392 45] 09 21 Ly gkev > 10* ergs s~ and with good cutouts in all bands; continuous line);
373946........ 6 39. 5 0.838 27 39 (3) the contribution of the analyzed sources, as in Table 1 (sample B; dashed line).
CDF-S The top dotted lines refer to previous measures of the unresolved hard X-ray
} background; from bottom to top: Marshall et al. (1980), Ueda et al. (1999),
03 32 33.02 2745 474 34 0.839 42.93 2219 Ishisaki et al. (2001), and Vecchi et al. (1999).
03 32 26.76.. 2741456 40  0.667 4285 21.61
03 32 27.00......... 2741051 42 0734 44.17 19.12 . R
03322761 2741450 44 0737 42.65 21.89 construct multiwavelength spectral energy distributions (SEDs)
0332 24.84....... ~2756000 47 0733 4264 2144 for the analyzed objects, see § 3:
033224.84........ 2756000 48  0.534 42.48 20.61 CDF-S—GOODS has imaged these fields at 3.6, 4.5, 5.8,
03 32 20.07.. —274447.0 51  0.670 4235 23.76 and 8.0 pum with the Infrared Array Camera (IRAC) onboard
0332 17.18.. -2752209 52 0.569 42.88 20.84 Spitzer. For each field, observations have been divided into two
03 32 20.07.. —2744 470 151 0.604 42.36 22.11 epochs, with a mean exposure time per channel per sky pointing
033208.24....... —274153.6 156 0545 42.07 21.80 of approximately 23 hr per epoch (M. Dickinson et al. 2007 in
gg i; ;gg? """"" *Z :g gjé i;g gggj fé'(l)j ;222 preparation). In this work we will make use of the Spitzer data for
POS B : ‘ : : the CDF-S as analyzed by Grazian et al. (2006). The GOODS
03 32 35.23......... —275317.8 192 0.733 42.48 21.76 field of the CDF-S h Iso b the t t of a d . .
03 3239.73.. —2746 112 201 0.679 4239 2538 cld ot the -> has also been the farget ot a decp 1maging
03 32 18.99 .. 2747554 250 048] 213 2471 campaign in the near-infrared with the ESO telescopes. A large
03 32 13.92.. ~275000.7 257 0.549 42.08 22.44 field (20/ X 20/) has been covered with the SOFI instrument at
03 32 13.83......... 2745256 266  0.735 42.01 21.23 the New Technology Telescope (NTT) in the J and K bands as
0332 34.73......... —275533.8 511 0.668 42.08 21.44 part of the Deep Public Survey carried out by the ESO Imaging
03 32 23.88........ —2758424 613 0910 42.29 22.54 Survey (EIS) program; the data are described in Vandame et al.

Notes.—Cols. (1) and (2): units of right ascension are hours, minutes, and
seconds, and units of declination are degrees, arcminutes, and arcseconds;
col. (3): source number; col. (4): redshift for the optical counterpart, from Barger
et al. (2003), Szokoly et al. (2004), Grazian et al. (2006), and Zheng et al. (2004);
col. (5): observed X-ray luminosity in the 2—8 keV band; col. (6): AB magnitude
in the i band from the GOODS ACS catalog (see footnote 12).

(dashed line): this comparison shows that with the analyzed sources
we are sampling in an uniform way the same range of flux of the
sample A. In summary, sample B is considered representative of
the whole population of X-ray sources with spectroscopic or pho-
tometric redshifts between 0.4 and 1 and luminosity L, gyey >
10*? ergs s~!, and only scaled (i.e., sparsely sampled) by a factor 7.
Both the sample A and the analyzed objects cover the luminosity
range 10% < L, giov < 3 x 104 ergs s~ !, while only few sources
exhibit larger luminosity. Taking into account the redshift and lu-
minosity distributions, we can conclude that the sample B is rep-
resentative of the AGNs contributing to the XRB atz <1 (see,
e.g., Fig. 16 in Ueda et al. 2003).

Data from U-band to IR, available thanks to the remarkable
multiwavelength coverage of the two GOODS fields, are used to

(2001). An H-band survey of the CDF-S, encompassing the spa-
tial coverage of the EIS observations, has been carried out with
the same instrument; the results are presented in Moy et al. (2003).
The GOODS field is being covered by deeper observations in the
same near-IR bands with the ISAAC instrument at the VLT. These
data have been partially released by ESO and will be used in this
work.® We also make use of U-band data taken with the ESO Wide
Field Imager (WFT) at La Silla (Chile), which are part of the EIS
public survey (Arnouts et al. 2001), as well as recent U images
with VLT-VIMOS imager. The WFI images have been obtained in
two filters, the so-called Uss and Usg filters, with an exposure time
of ~54 and ~75 ks, respectively. The U-band image of VIMOS
is based on a redder filter and has an exposure time of ~10 ks.
The coverage with VIMOS of the GOODS field centered on the
CDF-S is partial, since the observing program has not been com-
pleted yet.

CDF-N.—In the CDF-N IR information has been collected
matching our sources with the HK' catalog of Capak et al. (2004),

8 The details of the ongoing GOODS program at ESO are given at http://
WWW.eso0.org/science/goods/products.html.
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ID z i 14 B z i Vv B z i 14 B
(6] (03] 3) “ (5) (6) (7) ® ® 10 (11 (12 13)
CDF-N
21.66 £ 020 21.81 £0.22 21.72 £0.21 22.02 + 0.28 20.52 £ 021 20.81 £0.22 2232 +0.24 2552 +0.25
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27.67 £042 2786 +045 2831 £044 28.10 £048 2225+ 026 2226+ 026 23254027 2426+ 028 2263 £0.22 2349 +0.23 2476 +025 27.35£0.29
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2393 £031 2423 +£033 2398 +034 24.04 £036 2147+£024 2201 +£025 22934+025 2375+£026 2098+0.26 2126+ 0.26 22.85+ 028 26.05 £ 0.30
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24.61 £038 2517 £0.38 26.89 £ 040 28.21 £ 0.43 2325 +£021 2398 £0.22 2541 +0.24 30.75 & 0.28
2452 £038 2455+ 037 2509 £ 039 26.01 £040 22.11 £0.28 2273 £0.31 23.79 £ 033 24.09 £ 034 21.83 £0.28 22.67 £ 0.30 24.05 £ 035 26.70 £ 0.38
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2529 £038 2516 £ 040 2551 £ 043 26.04 £046 22.11 £0.28 2274 £ 0.29 23.66 £ 031 24.78 £031 2231 £0.31 22.64 £ 032 2447 £ 033 27.59 £ 0.35
2345 £033 23.62+034 2388 +036 2457 £036 2193 £0.26 22324027 2348 +027 24.04 £028 21.86+0.29 22344029 2376 £030 26.52 £0.32
2347 £034 23.60 £ 035 2418 £ 035 2436 £037 21.81 £0.25 2244 +0.25 23324027 24.69 £028 20.52+0.20 20924021 2223 £021 2510 £ 0.23
25.82 £ 039 2567 £039 2619 £ 041 27424043 2456 £035 2486+ 036 26.05+ 037 27.67£039 2402+ 028 2423 £030 26.10+£ 032 2791 £ 0.35
23.02 £035 2288 +£0.34 2359 +£035 2357 £038 2090+ 0.23 2133 +0.24 2208+ 026 2438 +£028 2221 +030 23.054+032 2431 £033 26.56 £ 0.33
2541 £ 038 2548 £0.38 26.14 £ 039  26.67 £042 2259 £ 030 2330 +£0.30 24.18 £032 2535+ 034 22.16 £0.24 22.64 £0.24 2399 £ 026 27.04 £ 0.28
2554 £039 2596 £ 038 25.66 £ 040 25.83 £043 2326 £ 034 2337 £ 035 2461 £037 2457 £038 21.72+£0.19 21.85+0.20 2297 £020 2539 £0.22
2597 £040 2502 +£041 26.11 £041 2592 £044 21.18 £0.23 21.64 +0.24 2271 £026 23.84 £027 19.85+£0.22 2027 +0.24 21.60£025 24.05=£0.27
26.01 £0.38 2621 £0.39 2647 £ 039 27.20 £041 2402+ 035 2457 +038 2509 +£ 038 26.60 £0.39 2225+0.28 2289 +0.30 2484 £030 27.46 £0.32
25.56 £ 039 2572 £040 2591 £042 26.60 £ 0.44 2220 £ 030 22.80+ 030 23.76 £ 031 24.67 £032 21.81 £0.27 2227 £0.28 24.01 £ 031 26.65 = 0.33
2577 £033 2558 £0.35 2552 4+ 037 25.62 £ 0.38 26.85 £0.37 2734 £0.38 29.06 + 0.38  30.58 £+ 0.39
25.76 £0.35 2629 £0.33 2584 £ 034 26.12 £ 0.34 24.62 £0.19 2504 £0.20 2649 +£0.23  28.01 £ 0.26
26.68 £0.40 2651 £0.40 27.01 £ 041 27.57 £042 2327 +£0.34 23.11 £ 034 2337 +036 24.16 £036 2281 £0.25 2331 +0.26 25.06 £ 028 27.04 £ 0.30
2492 £037 2580 +£0.38 2594 £ 037 2654 £040 21.35+£023 21.89+£0.23 22.64 £025 2340£027 2191+£028 2214 +0.28 2394 £029 26.80 £ 0.30
2473 £037 2439+ 037 2461 £039 2524 £040 22.17 £030 22.66 +0.30 2399 +£033 25.05+£ 034 21.58+0.25 21.98+0.26 2341 +£026 27.10£0.29
2443 £037 2535+0.37 2601 £039 27.83 £040 2250+0.25 23.11 £026 24.02+ 026 24.75+£027 2291 +0.30 23.67+0.30 2577 £033 28.09 £ 0.34

Notes.—Col. (1): source number, as in Table 1; cols. (2)—(5): total magnitude (not corrected for Galactic extinction) of the PSF component in the HST filters z, i, ¥, and B, respectively; cols. (6)—(9): total magnitude (not
corrected for Galactic extinction) of the exponential component in the HST filters z, i, ¥, and B, respectively; cols. (10)—(13): total magnitude (not corrected for Galactic extinction) of the de Vaucouleurs component in the HST
filters z, i, ¥, and B, respectively. Errors are quoted at a 68% of declared confidence level (see Appendix B for details).
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covering an area of 0.1 deg? centered on the CDF-N. The HK'
filter covers both the H and K’ bands in a single filter; it allows a
greater depth but involves some loss of color information. HK'
data have been collected using the QUIRC camera on the Univer-
sity of Hawaii 2.2 m telescope, witha 3.6’ x 3.6 field of view and
with an AB magnitude limit across the field of 22.1 (ina 9’ x 9’
field around the CDF-N the band reaches a limit of 22.8 mag).

3. DATA ANALYSIS

In order to disentangle the main galactic components (nucleus,
bulge, and disk) for the AGNs in our sample, we adopt a two-
dimensional fitting approach, applied to the GOODS HST ACS
images. In particular, to separate a typically faint nucleus from the
surrounding bright bulge, we need to determine accurate and quan-
titative morphological information. It has been shown that mod-
eling in two dimensions allows a better estimate of the parameter
values in a bulge-disk decomposition (e.g., Byun & Freeman
1995; Wadadekar et al. 1999). To perform the fit we use the two-
dimensional image decomposition program GALFIT (Peng et al.
2002). A galaxy model is applied, composed by a bulge, a disk,
and a nuclear source. The details of the procedure, as well as how
we estimated the errors associated with the magnitudes of the dif-
ferent components, are presented in Appendix B. Here we want to
stress that in our surface photometry decomposition we take ad-
vantage of images in four different bands, in which the compo-
nents of the host galaxy have a different relative importance.
Results for the 34 sources analyzed are reported in Table 2
(magnitudes of the nucleus in cols. [2]-[5]; magnitudes of the
disk in cols. [6]-[9]; and magnitudes of the bulge component in
cols. [10]-[13]) and Table 3 (the host galaxy morphological
parameters, i.c., scale length, position angle, and ratio of the
semiminor axis to the semimajor axis for the disk are given in
cols. [3]-[5] and for the bulge in cols. [6]-[8]).

In Figure 4a we show as an example the result of the decom-
position in a typical case (ID 34, CDF-S; z = 0.839). Similar
images for all the analyzed sources are presented in the electronic
edition. The residuals after subtracting the final model (bottom
panels) from the original images (fop panels) in the four bands
show that the object is well modeled, apart from the residuals trac-
ing the spiral arms (never accounted for in the applied galaxy
model) and some particularly intense spots of emission.

Since the analysis is carried out separately in the four bands,
no a priori constraint is imposed on the measured spectral energy
distributions for the individual components: bulge, disk, and nu-
cleus. It is worth recalling that reddening may significantly affect
the observed SEDs. Intrinsic nuclear emission in the UV and op-
tical ranges may be altered by dust absorption from circumnuclear
and/or more diffuse component(s). The latter is also relevant for
the galactic components, particularly for the disk, which is com-
posed by younger and bluer stars.

Bearing this in mind, as a first test of the goodness of our anal-
ysis we compare the resulting SEDs with suitable templates. SED
templates for the bulge have been derived using a set of single
stellar population (SSP) SEDs.” From this set of SEDs we select a
template representing the “typical” elliptical galaxy at z ~ 0, by
comparison with a mean local spectrum (obtained from the
observed ones of NGC 1399 and NGC 1404; A. Bressan 2005,
private communication). To take into account the well-known
metallicity-age degeneracy, we assume two initial chemical com-
positions of the evolutionary sequences: [Z = 0.02, Y = 0.28],
and [Z = 0.05, Y = 0.352], where Z is the mass fraction of heavy

° Available at http:/ web.pd.astro.it/granato/grasil /SSP/ssp.html; see also Silva
et al. (1998).
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TABLE 3
Two-DIMENSIONAL IMAGE FITTING MORPHOLOGICAL PARAMETERS

Disk BuLGe
1D REDSHIFT ry PA. (deg) bla 7o PA. (deg) bla
1) ) (3) “ 5) () ) (®)
CDF-N
114........ 0.679 . . . 1.57 —6.62  0.87
141........ 0.747 638 —20.54 099 8.6l —-19.36 095
150........ 0.762 3.59 —16.31 0.65 5.26 —-21.31 0.62
170........ 0.680 2.77 -947 032 7.09 —8.47 0091
194........ 0.555 039 —4196 093 1 —43.96  0.99
222........ 0.857 7 0.09 4934 052 11.51 48.85  0.57
243........ 0.961 1.38 5878 0.77 4.01 60.30 0.80
285........ 0.955 1.05 4238 084 6 4138 0.86
303........ 0.678 2.08 58.11 043  3.46 59.00 0.53
323........ 0.514 319 —86.18 0.81 4.09 —88.77 0.76
368........ 0.935 . . . 1.86 ...79.85 0.68
404........ 0.978 10.27 —-0.79 040 10.60 -2.79  0.50
412........ 0.474 0.51 —54.11 035 0.81 -56.33 031
439........ 0.839 3.01 8441 079 390 83.90 0.86
451........ 0.838 1.54 20.62 048 236 19 0.52
CDF-S

0.839 1.28 —7.22 048 4.59 —6.22 046

0.668 024 —4384 0.85 097 —56.30 0.87

0.734 ... o .. 1.40 —20.30 0.55

0.734 1.37 —-2.07 0.68 1.32 —-2.70  0.67

0.733 0.62 2596  0.86 1.27 36.17 0.96
0.534 10.00 4840 0.82 10.23 62.10 0.82
0.670 1.21 —-5739 0.80 0.64 —51.41 0.66

52 0.569 0.81 —55.89 0.80 240 —-53.23  0.77
151........ 0.604 1 —69.09 028 237 —70.40 0.26
156........ 0.545 495 —1624 079 541 —14.24  0.76
170........ 0.664 1.58 3321 052 456 3291  0.53
189........ 0.734 4.08 —56.78 030 3.27 —54.78 032
192........ 0.735 128 —19.12  0.50 250 17.88  0.52
201........ 0.679 . . - 1.20 2136 033
252....... 0.481 . . . 0.45 —-27.36  0.60
257........ 0.549 2.21 338 031 212 327 027
266........ 0.735 379 -=21.12 026 295 —20.80 0.27
SIl........ 0.668 4.78 1697 093 5.14 18.97  0.90
613........ 0.910 4.29 4399 044 639 4459  0.57

Notes.—Col. (1): source number, as in Table 1; col. (2): redshift for the op-
tical counterpart, as in Table 1; cols. (3)—(5): scale length, position angle, and semi-
minor axis to semimajor axis ratio of the exponential disk; cols. (6)—(8): scale length,
position angle, and semiminor axis to semimajor axis ratio of the de Vaucouleurs
law.

elements in the interstellar gas and Y is the fraction by mass of
helium (the solar values are Z,, = 0.02 and Y, = 0.21). For both
metal contents, integrated spectra of SSP of different ages have
been compared with the mean empirical spectrum, finding the age
that provides the best agreement: 10 Gyr for Z = 0.05, and 11 Gyr
for Z = 0.02. For the two metallicities, having fixed the epoch of
formation, we compute the integrated SSP spectrum at the redshift
of each analyzed source. While for the bulge component we as-
sumed that stars formed in a single burst, for the SEDs of the disk
component we assumed a continuous star formation during its life.
The SSPs used are the same as for the bulge. Finally, to check the
nuclear optical SED, we adopt the QSO template spectrum of
Cristiani & Vio (1990) down to 538 A, modified as described by
Cristiani et al. (2004) and Monaco & Fontanot (2005) and ex-
trapolated to 300 A using f;, oc v~ 17 (following Risaliti & Elvis
2004).
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Fic. 4—Result of the analysis for a typical case [ ID 34, CDF-S; z = 0.839]. (a) Original images in the four bands (fop panels) and residuals after subtracting the final
model from the original images (bottom panels; see § 3 and Appendix B). (b) Lefi panel: Fit of the templates (bulge, dashed line; disk, dotted line; nucleus, solid line) to the
decomposed optical magnitudes for the different components (bulge, squares; disk, stars; and nucleus, circles), and comparison of the sum of the templates (dot-dashed
line) with the fluxes observed from the whole galaxy in all the available bands (diamonds); a contribution from a circumnuclear torus (long-dashed line), adapted from the
mean SED of a typical Seyfert 1 galaxy reported in Granato & Danese [1994]), is assumed to account for Spitzer data. Right panel: Fit of the QSO template (solid line) to
the nuclear SED (optical magnitudes, circles; and X-ray flux, squares; gray areas represent the uncertainty in the optical emission, estimated as described in § 4.2, and the
consequent uncertainty in the UV range). [See the electronic edition of the Journal for a color version of this figure.]

In Figure 4b (left panel) we show the comparison of the de-
composed SEDs with the three templates and the magnitudes
for the whole galaxy in all the available bands for a generic case
(ID 34, CDF-S; z = 0.839). The same comparison for the whole
sample is shown in the electronic edition. For the bulge compo-
nent the observed SEDs are in good agreement with the tem-
plate (x? per degree of freedom between 0.8-0.9 and 1.3-1.5).
We stress that the bulge component is expected to be less af-
fected by absorption. Even for the disk component very good
agreement is generally found, without invoking large correction
for absorption.

Concerning the nuclei, the agreement of the observed SEDs
with the template is good for 70% of the analyzed objects; in the

remaining 10 cases the emission in the J'and especially B bands
is lower than expected from the SED normalized to the i and z
bands. The presence of significant obscuration around these nuclei
is confirmed by their high column density, Ny > 10??> cm™2, in-
ferred from their X-ray emission.

Fluxes from the decomposition and templates have also been
compared with the magnitudes for the whole galaxy recovered
from the GOODS catalog, as well as with the magnitudes in the
IR (including data from Spitzer) and U band, when available. For
the U-band and Spitzer data the angular resolution is not good
enough to let us to make a morphological decomposition. Never-
theless, we can obtain important indications by comparing the ob-
served total fluxes with the sum of the templates of bulge, disk,
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Fic. 5.—Average surface brightness within the effective radius in the V-band
(Johnson magnitude) vs. the effective radius. The surface brightness for each
bulge hosting an X-ray-selected AGNs (triangles) has been derived from the
parameters reported in Table 2 and Table 3 (with a K-correction applied to convert
the observed i-band AB magnitudes in rest-frame V-band Johnson magnitudes).
The distribution found for the analyzed sources is in good agreement with that of
local elliptical galaxies and bulges studied by Bender et al. (1992) converted in
the ¥ band assuming B — V' = 0.96 and corrected for the different cosmology
adopted (crosses in the figure). The same region in the SB,-7, plane is occupied by
the 18 bulges of Seyfert 1 and Seyfert 1.5 galaxies observed in the /-band by
Granato et al. (1993), corrected for the different cosmology adopted (dots). We
also find a good agreement with the distribution reported by Fasano et al. (1998) for
asample of 23 early-type galaxies with spectroscopic redshiftz < 3.4, with K- and
evolutionary corrections applied (see their Fig. 6) and corrected for the different
cosmology adopted (open squares).

and nucleus, normalized to the decomposed magnitudes. In par-
ticular, we are able to reproduce the Spitzer data by assuming a
contribution from a circumnuclear torus, as observed in a typical
Seyfert 1 galaxy (see Granato & Danese 1994).

The constraints derived from the observed IR emission for the
flux expected on the basis of this reconstruction are particularly
important when the nuclear component is dominant and tends to
overwhelm the emission from the host galaxy: in these cases the
magnitudes determined for bulge and disk are not completely re-
liable, and this may affect the BH mass determination (see § 4.1).
As described in more detail in § 3.1, in such cases we can only
provide upper limits for the bulge magnitudes; constraints im-
posed by the observations in the IR range prevent us from over-
estimating this fainter component.

The bulge component is relevant not only in the estimate of
the nuclear contribution, but also in determining the BH masses
(see § 4). Therefore, we checked that the relation between the ef-
fective radius ., and the surface brightness within it, SB,, is con-
sistent with that derived for local samples. In particular, from
Figure 5 it is apparent that the bulges derived through our anal-
ysis are distributed in the 7,-SB, plane as the sample of nearby
elliptical galaxies and bulges studied by Bender et al. (1992). Itis
interesting to note that the same region of the plane is occupied
by the bulges of local Seyfert galaxies, as determined by Granato
et al. (1993), as well as by a sample of early-type galaxies at
higher redshift (see Fasano et al. 1998).
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3.1. Host-dominated and Nucleus-dominated Sources

When the optical images are dominated at all wavelengths by
one of the galaxy components (nucleus, bulge, or disk), the other
components cannot be tightly constrained.

In sources dominated by the AGN (two objects in the present
sample), we can only put upper limits to the host component by
minimizing the nuclear contribution (which is well constrained).
We put a threshold on the nucleus-to-total luminosity ratio N/T
(reported in Table 4) in the z band of N/T(z) = 0.2 as a fiducial
value to identify the galaxies affected by this problem. For the two
analyzed sources satisfying this criterion (ID 42, CDF-S, N/T(z) =
0.329; and ID 201, CDF-S, N/T(z) = 0.293),we proceed as
follows.

1. We assume for the QSO template a normalization 2 o lower
than the best fit (where the uncertainties are evaluated as described
in Appendix B), determining a minimum value for the nuclear
magnitudes in the four bands.

2. Assuming these nuclear magnitudes, we rescale the bulge
component'® until the observed value of the total fluxes is reached.

3. Finally, we compare the new galaxy reconstruction (i.e.,
the sum of the templates of bulge and nucleus rescaled) with the
emission in the IR bands, checking that the new estimate does not
overpredict (at more than 2 ¢ level) the emission at wavelengths
greater than 1 pym.

For both sources we find that the bulge luminosity can increase
up to a factor of 10 with respect to the result of the decomposition.
We consider these values robust upper limits.

On the other hand, when the optical emission is dominated by
the host galaxy components (bulge and/or disk, six objects), the
nuclear contribution provided by GALFIT could be a lower limit
to the actual one. We reanalyzed separately the six sources with
nucleus-to-total luminosity ratio in the V" band N/T(V') < 0.05
(see Table 4).

1. We assume for bulge and disk templates a normalization
2 o lower than the best fit (where the uncertainties are evaluated
as described in Appendix B), determining a minimum value for
their magnitudes in the four bands.

2. Upper limits to the nuclear magnitudes are then calculated
imposing that the total (host plus nucleus) values are equal to the
observed ones.

3. We check that the new estimate of the nucleus in the U band
is not higher (at more than 2 ¢ level) than the observed flux.

Again, the results of this procedure are considered robust upper
limits to the nuclear luminosity.

4. RECOVERING THE NUCLEAR PROPERTIES

Disentangling the different galactic components as described
in § 3 and in Appendix B provides detailed information on the
bulge and nuclear luminosity. This information is relevant in order
to study the nuclear activity of the galaxies in our sample. In § 4.1
we present our derivation of the BH mass, while the bolometric
luminosity is evaluated from optical and X-ray nuclear luminos-
ities as described in § 4.2.

4.1. Black Hole Masses
Starting from the absolute magnitudes of the bulge component,
we obtain an estimate of the mass of the central compact object,

10 We note that for both the sources reanalyzed the disk component is not
requested in the fit.
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TABLE 4
RATIO OF THE DIFFERENT COMPONENTS MAGNITUDES, AS OBTAINED FROM THE TWO-DIMENSIONAL IMAGE FITTING
BuLGE/GALAXY NucLtus/ BULGE Nucreus/ TotaL
ID REDSHIFT z i V B z i V B z i V B
1) 2 (3) “ (5) (6) (7) ®) )] (10) an (12) (13) (14)
CDF-N
0.679 1.000 1.000 1.000 1.000 0.349 0.396 1.739 25.26 0.115 0.124 0.241 0.325
0.747 0.739 0.675 0.636 0.234 0.029 0.045 0.133 1.986 0.020 0.028 0.068 0.194
0.762 0.666 0.643 0.428 0.022 0.040 0.041 0.132 3.631 0.024 0.025 0.048 0.065
0.680 0.747 0.712 0.560 0.101 0.023 0.025 0.052 0.643 0.016 0.017 0.027 0.054
0.555 0.413 0.245 0.200 0.055 0.010 0.018 0.038 0.501 0.004 0.004 0.007 0.025
0.857 0.546 0.447 0.242 0.072 0.063 0.091 0.305 1.809 0.031 0.036 0.060 0.093
0.961 0.476 0.386 0.227 0.077 0.078 0.245 0.972 2.323 0.033 0.074 0.133 0.116
0.955 0.714 0.705 0.605 0.097 0.030 0.055 0.229 6.742 0.020 0.035 0.098 0.221
0.678 0.610 0.667 0.518 0.107 0.066 0.065 0.354 6.362 0.036 0.038 0.118 0.224
0.514 0.870 0.846 0.768 0.285 0.194 0.218 0.967 11.805 0.112 0.119 0.230 0.303
0.935 1.000 1.000 1.000 1.000 0.286 0.336 0.257 10.365 0.100 0.112 0.093 0.313
0.978 0.565 0.515 0.441 0.083 0.084 0.177 0.383 1.905 0.041 0.072 0.112 0.107
0.474 0.309 0.287 0.214 0.029 0.298 0.774 1.676 18.345 0.072 0.133 0.173 0.205
0.839 0.602 0.560 0.436 0.037 0.050 0.153 0.495 7.399 0.027 0.068 0.131 0.151
0.838 0.847 0.756 0.715 0.391 0.033 0.056 0.254 2.254 0.026 0.038 0.118 0.242
CDF-S

0.839 0.422 0.318 0.235 0.032 0.360 0.280 0.777 11.665 0.104 0.070 0.118 0.176
0.668 0.734 0.753 0.516 0.229 0.049 0.045 0.156 1.057 0.032 0.031 0.065 0.140
0.734 1.000 1.000 1.000 1.000 48.591 119.994 511.588 5323.043 0.329 0.331 0.333 0.333
0.734 0.454 0.523 0.322 0.070 0.064 0.098 0.384 4.169 0.027 0.044 0.090 0.155
0.733 0.516 0.495 0.436 0.092 0.231 0.308 0.895 6.026 0.088 0.105 0.180 0.209
0.534 0.766 0.802 0.732 0.407 0.066 0.085 0.166 1.977 0.044 0.056 0.089 0.236
0.670 0.622 0.641 0.488 0.445 0.191 0.265 0.920 1.570 0.087 0.113 0.191 0.226
0.569 0.231 0.170 0.114 0.118 0.474 1.170 1.941 15.785 0.083 0.125 0.133 0.283
0.604 0.599 0.649 0.544 0.174 0.050 0.073 0.138 1.404 0.027 0.041 0.061 0.141
0.545 0.805 0.802 0.818 0.318 0.030 0.023 0.085 0.668 0.022 0.017 0.057 0.130
0.664 0.773 0.780 0.736 0.450 0.004 0.013 0.016 0.181 0.003 0.010 0.011 0.065
0.734 0.836 0.825 0.557 0.310 0.031 0.047 0.223 1.273 0.024 0.035 0.091 0.181
0.735 0.588 0.619 0.441 0.139 0.032 0.042 0.175 1.047 0.018 0.024 0.063 0.101
0.679 1.000 1.000 1.000 1.000 2.723 5.054 26.065 96.235 0.268 0.294 0.325 0.331
0.481 1.000 1.000 1.000 1.000 0.348 0.318 1.813 5.721 0.114 0.108 0.244 0.299
0.549 0.605 0.454 0.175 0.066 0.028 0.052 0.165 0.616 0.016 0.022 0.027 0.036
0.735 0.374 0.443 0.233 0.042 0.063 0.034 0.158 1.267 0.022 0.015 0.033 0.046
0.668 0.634 0.652 0.630 0.132 0.055 0.107 0.331 5.516 0.031 0.058 0.128 0.229
0.910 0.407 0.375 0.166 0.044 0.247 0.212 0.801 1.275 0.077 0.064 0.095 0.048

Notes.—Col. (1): source number, as in Table 1; col. (2): redshift for the optical counterpart, as in Table 1; cols. (3)—(6): bulge-to-galaxy ratio in the four bands;

cols. (7)—(10): nucleus-to-bulge ratio in the four bands; cols. (11)—(14): nucleu

exploiting the observed local relationship between BH mass and
bulge component luminosity. Several versions of this relation
have been proposed with the bulge luminosity evaluated at elec-
tromagnetic bands ranging from B to K (see, e.g., Kormendy &
Gebhardt 2001; McLure & Dunlop 2002; Marconi & Hunt 2003).

In order to compute the BH mass, we assume that (1) in this
relation the absolute magnitude of the bulge strictly mirrors the
mass in old stars, My, Which is the quantity primarily related
to the BH mass; and (2) the My, 1gc-Mpy relation is imprinted at
high redshift, driving the main episode of accretion.

The latter hypothesis is supported by the findings of Peng
etal. (2006), who show that the Mp};-Mp, relations for five AGNs
atz <1 are compatible with the local relation, once passive evo-
lution of the stellar population is allowed for, and by McLure &
Dunlop (2002), who, analyzing with the same technique a sam-
ple of 72 active galaxies (Seyfert galaxies and QSOs) atz < 0.5,
demonstrate that AGN host galaxies at these redshifts follow a
relation between BH mass and bulge luminosity consistent with

s-to-total ratio in the four bands.

that of local quiescent galaxies. There are claims that the corre-
lation between BH mass and bulge velocity dispersion could be
subject to a cosmic evolution (Woo et al. 2006 ); however, such a
behavior would produce BH mass estimates slightly higher than
that presented in the following. On the other hand, it is hard to
imagine how a significant independent evolution can lead to a
Myyige-Mpy relation with a scatter as small as that reported e.g.,
by Ferrarese & Ford (2005).

The relation with the total R-band magnitude of the bulge
reported in McLure & Dunlop (2002) for a sample of 20 inac-
tive E-type galaxies at z ~ 0 and converted to Hy = 70 km s~
Mpc~! reads

M
10g< MBH> = —0.50(£0.03)Mg — 2.69(£0.72), (1)

©

with a scatter of Alog (Mpn) = 0.33. The Miyge-Mpy relation
reported by Bettoni et al. (2003) in their equation (1) for a sample
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of nearby inactive ellipticals is in good agreement with equa-
tion (1), once the different cosmology is taken into account (even
ifin this second case the scatter is larger, 0.39 dex). It is worth not-
ing that equation (1) has been derived using B- and V-band mag-
nitudes, translated to R band assuming average colors (B — R) =
1.57 and (V' — R) = 0.61. The relation reported by Marconi &
Hunt (2003) exploits the K-band magnitudes and on average pre-
dicts BH masses higher by about 0.3 dex at fixed luminosity. The
difference could be ascribed to the uncertainty in evaluating
the bulge component of spiral galaxies of the observed sample
(Shankar et al. 2004). The relationship estimated by Kormendy
& Gebhardt (2001) using B-band bulge luminosities yields BH
masses larger at most by about 0.2 dex than those predicted on
the basis of equation (1). On the other hand, Bernardi et al.
(2007) and Tundo et al. (2006) have suggested that the Myy-L
relation is biased toward predicting more massive black holes
for a given luminosity. The intrinsic Mgy-L relation proposed
by Bernardi et al. (2007) in the range of luminosities of interest
for the present work yields BH masses that are very close to the
corresponding ones of equation (1) (Alog Mgy < 0.2).

In the following we conservatively adopt the relation proposed
by McLure & Dunlop (2002), which yields the lowest mass esti-
mates. The BH masses quoted in the following could be a factor of
1.5-2 higher (and, correspondingly, the Eddington ratios lower by
the same factor), if the relationships proposed by Kormendy &
Gebhardt (2001) or by Marconi & Hunt (2003) were used.

In order to estimate the rest-frame R-band magnitude atz ~ 0
for the bulges in our sample, we started from the SSP SEDs nor-
malized as described in § 3 (K-correction) and computed their pas-
sive evolution up to the present epoch.!! The R-band magnitudes
obtained by using the two metallicities introduced in § 3 are very
similar, within 0.1 mag for all the sources. The mean of the R-band
magnitudes, as well as the BH masses obtained from equation (1),
are reported in Table 5. For sources dominated by the nuclear
component or by the host galaxy, the same fit has been also car-
ried out assuming for the bulge the magnitudes recovered as de-
scribed in § 3.1. The corresponding upper or lower limit to the
mass of the central BH is reported as a second line in Table 5.

Errors for the R-band magnitude of the bulge component are
evaluated by quadratically summing two different contributions:

1. The uncertainties associated with the decomposed mag-
nitudes propagate on to the best-fit normalization of the elliptical
template adopted in computing the R-band magnitudes: for each
source, we repeat the fit changing the normalization of the tem-
plate until Ax? = 1, and we compute the R-band magnitudes
corresponding to the minimum and maximum values of the
normalization.

2. The difference between the R-band magnitudes found by
using for the SSPs two different metallicities (see § 3) is assumed
as an estimate of the error induced by selecting that particular tem-
plates to represent a local inactive galaxy (i.e., by choosing the
two above-mentioned pairs age/metallicity).

When propagated to yield the uncertainties of the BH masses,
the contribution due to the error in My, is always negligible with
respect to the scatter in the relation described by equation (1).

The masses are distributed over two decades, 2 x 100 < My <
2.5x 108 M.; only 3 out of 34 objects have Mpy < 10° M.

" Asa check, we evaluated also the BH masses obtained from the relation for
AGNs at higher redshift (see Table 3 in McLure & Dunlop 2002) using the rest-
frame R-band magnitude at the redshift of each source (i.e., without evolution);
we found a systematic shift of the order of +0.18 dex with respect to the values
reported in Table 5.
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AGN:s at low redshift span the whole range in mass, while at the
upper end of the redshift distribution only large (Mpy > 107 M.,)
BH masses are found (see Fig. 6, fop panels). No obvious selec-
tion effects, in this regard, have been identified. Such a behavior
seems to be an intrinsic property of the sample. We do not see
any correlation between the estimated bulge luminosity and the
X-ray luminosity. As a consequence, no correlation is found also
between BH mass and X-ray luminosity.

4.2. Nuclear Bolometric Luminosities

In order to gain insight into the accretion rates powering these
sources, we need to investigate their nuclear bolometric luminos-
ity. We compare the nuclear emission (i.e., the X-ray flux, totally
ascribed to the AGN, and the optical nuclear magnitudes) to SEDs
of active nuclei with different X-ray—to—optical ratios. In these
SEDs, the high-energy emission is described as a power law with
photon index I'. For the optical bands we adopt the QSO template
spectrum described in § 3.

These SEDs (describing the emission of a type 1 AGN) must
be compared with the intrinsic nuclear emission, which in case
of absorbed sources could be very different from the observed
one. The problem is tackled starting from the X-ray spectral anal-
ysis and assuming the picture proposed by the unified model:

1. X-ray emission:

(a) We de-absorb the X-ray flux, adopting for the CDF-S
sources the intrinsic Ny quoted by Tozzi et al. (2006); since the
analysis of CDF-N X-ray emission (Alexander et al. 2003) does
not include an intrinsic absorption, we derive it from the hard-
ness ratios and redshifts, assuming a mean photon index I' = 1.8.
As shown in Table 5, only one object of the sample exhibits a hy-
drogen column density Ny ~ 1.5 x 10%* cm~2 (Compton-thick
candidate).

(b) We recover the intrinsic X-ray luminosity normalizing a
power-law spectrum having the same X-ray photon index of the
source (for the CDF-S) or with I fixed to 1.8 (for the CDF-N) so
that it matches the intrinsic X-ray flux.

2. Optical bands:

(a) We compare the QSO template spectrum with the optical
nuclear magnitudes, computing

Noands 2
X2 _ ﬁ |:Fobs,j_b><Ftempl,j

gj

where b is a normalization constant, while Fops ;, Fiempl, j» and o;
are the observed and template fluxes, and the uncertainty of the
former, in the optical band j, respectively.

(b) Normalizing the QSO template with the value of b corre-
sponding to the minimum value for x?, we obtain the optical con-
tribution to the bolometric luminosity.

(c) If Ny > 1022 cm~2 (this is the case of about two-thirds of
the analyzed sources), the presence of dust in the central regions
could affect seriously our estimate of nuclear magnitudes. In this
case, we prefer to ignore the fluxes in B and V" band (where the
effects of the absorption are more severe), rather than to assume a
quite arbitrary correction factor. So, only the i/ and z magnitudes
are considered in the fit.

3. Bolometric properties: Connecting the power-law spec-
trum and the QSO template normalized as described before, we
recover the X-ray—to—optical ratio, the bolometric luminosity of
the AGN and the hard X-ray bolometric correction.
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TABLE 5§
DERIVED PROPERTIES
Nu log Ly gxev log Lol Bulge Mz log Mgy
ID Redshift (102 cm™?) (ergs s~ (ergs s71) (mag) (M) log 4
M @ ©) Q) ®) (©) Q) ®)
CDF-N
| OO 0.679 0.50 4329 4479103 —21.88 +0.29 8.25 £ 0.36 —-1.57 £ 0.36
3 SO 0.747 2.02 42.49 43.49104] —20.50 £ 0.33 7.56 £ 0.37 -2.19 £ 0.37
150.cccmmeeeeeeeensseeeeeeeensss 0.762 8.22 42.89 4372051 —19.18 £ 0.32 6.90 + 0.37 —~1.29 + 0.37
44.36 6.60 -0.35
0.680 3.37 42.46 43371903} -20.41 + 0.29 7.52 £ 0.36 —-2.26 +£0.36
0.555 0.00 42.77 43.2310-2 —18.84 £ 0.24 6.73 £ 0.35 —1.62 £ 035
43.89 6.43 —0.65
0.857 1.31 43.98 43.841084 —21.30 + 0.35 7.96 + 0.37 —223 £037
0.961 4.23 42.50 44817949 —20.97 + 0.40 7.80 £ 0.39 —-1.10 £ 0.39
0.955 0.36 43.01 43.511079 —20.70 £ 0.40 7.66 £ 0.39 —2.26 £ 0.39
0.678 0.17 43.43 44.02°073 —21.28 £ 0.28 7.95 £ 0.36 —2.04 £0.36
0.514 1.28 43.06 44631042 —21.78 £+ 0.20 8.20 £ 0.34 —1.68793¢
0.935 1.15 42.65 43.651011 —-19.67 + 0.41 7.14 £+ 0.39 —-1.61 +0.39
0.978 16.63 42.66 44.107033 —21.38 £ 0.40 8.00 £ 0.39 —2.01 £0.39
0.474 3.68 42.46 43501033 —-15.98 + 0.25 530 £ 0.35 +0.09 + 0.35
0.839 0.22 42.20 44251059 —21.83 + 0.35 8.22 4 0.37 —2.08 £ 0.37
0.838 0.57 42.33 43.6370% —21.77 £ 0.35 8.19 £ 0.37 —2.68 4+ 0.38
CDF-S
0.839 0.64 43.04 44.107937 —20.28 £ 0.35 745 £ 037 —1.46 + 0.37
0.668 5.56 43.15 44.1410%2 —20.59 £ 0.29 7.60 £ 0.36 —-1.58 £0.36
0.734 0.19 44.22 45787024 —18.39 £ 0.33 6.50 + 0.37 +1.16 £ 0.37
45.78 7.86 -0.19
0.734 1.75 42.86 44.00108 —20.03 £ 0.32 7.32 £ 037 —1.44 £ 037
0.733 7.99 43.01 44157039 —20.48 £ 0.32 7.55 £0.37 —1.51 £037
0.534 0.13 42.58 43,7503 —20.99 + 0.24 7.81 £ 035 —2.17 £ 0.35
0.670 1.75 241 43397023 —-18.12 + 0.34 6.37 £ 0.37 —-1.09 + 0.37
0.569 0.04 42.92 441115033 —19.38 £ 0.25 7.00 £ 0.35 —1.01 £ 0.35
0.604 23.16 43.07 43.90103% —19.81 £ 0.25 7.22 £0.35 —1.43 £0.35
44.47 6.92 —0.56
0.545 3.59 4227 43.2379% —20.15 £+ 0.23 7.39 £ 0.35 —-2.27 4+ 0.35
0.664 1.39 42.10 43.2870% —22.29 4+ 0.30 8.45 + 0.36 —329 £0.36
43.27 8.15
189.ccummreveeeenssreeeseennsns 0.734 4.40 42.15 4327403 —20.02 £ 0.33 7.32 £ 0.37 ~2.16 £ 0.37
192.ccciervvvieeennseseeeneenns 0.735 12.55 43.00 43.95+02¢ —20.61 £ 0.32 7.61 £ 0.37 -1.78 £ 0.37
1)) O 0.679 2.63 42.59 44.00792 —14.85 + 0.40 474 £ 0.38 +1.155038
43.95 5.88 -0.05
0.481 73.51 42.95 43.99102 —16.78 £ 0.21 5.70 £ 0.35 +0.187033
0.549 150.00 43.50 44501033 —18.62 £ 0.25 6.62 £ 0.35 —0.24 £0.35
44.66 6.31 +0.23
266 0.735 88.76 4331 44247038 —20.45 £+ 0.33 7.53 £0.37 —~1.41 4+ 0.37
44.83 7.23 -0.51
R B ST 0.668 0.00 41.81 43.4710% —20.61 £ 0.30 7.62 £ 0.36 -2.2617942
613 0.910 37.62 43.34 4421105} —20.87 + 0.14 7.74 £ 0.34 —1.65793¢

Notes.—Col. (1): source number, as in Table 1; col. (2): redshift for the optical counterpart, as in Table 1; col. (3): X-ray absorption, from Tozzi et al. (2006) for the
CDF-S, and as recovered from the hardness ratios reported in Alexander et al. (2003), assuming I' = 1.8 for the CDF-N; col. (4): unabsorbed X-ray luminosity in the
2-8 keV band; col. (5): bolometric luminosity, recovered as described in § 4.2; col. (6): absolute magnitude of the bulge component in the R band rest-frame corrected for
passive evolution (see § 4.1); col. (7): mass of the central BH, computed from eq. (1); col. (8): Eddington ratio, defined as 4 = Ly (ergs s~')/(1.3 x 1038 Mgy [M_]). In the
case of nucleus-dominated or host-dominated sources (according to the criteria established in § 3.1), the second line shows the parameters obtained starting from the upper

limits to the optical magnitudes determined as discussed in the same section.

We remind the reader that the mid-IR fluxes detected by Spitzer
for 18 of the southern objects analyzed are well explained by the
expected contribution from the dusty torus around the nucleus
(see the left panel of Fig. 4b for the representative source, and
the corresponding figure in the electronic edition for the others).
On the other hand, the torus emission is just the reradiation of
a fraction of the “isotropic” radiation from the very nuclear region

(see, e.g., Granato & Danese 1994). So, the IR emission from the
putative torus should not be included in the budget of bolometric
emission for type 1 AGNs and even for type 2 AGNs, when cor-
rection for absorption is done at shorter wavelengths, as in our
case. The right panel of Figure 4b shows the result of the fit in the
generic case, the source CDF-S ID 34 (z = 0.839); fits for the
other sources are shown in the electronic edition.
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Fic. 6.—BH masses (fop panels), bolometric luminosities (middle panels), and Eddington ratios (bottom panels) vs. redshift (left panels) and unabsorbed hard X-ray
luminosity (right panels) for the analyzed sample. Triangles indicate sources for which we are confident that the results from the morphological decomposition are reliable. For
nucleus-dominated or host-dominated sources (according to the criteria established in § 3.1), filled circles and squares mark the upper limits to Mpy and Ly, respectively; open
symbols mark the values obtained from the decomposition. Stars emphasize the cases in which we find low X-ray bolometric correction, Lyo/Lx < 10; the dotted line in the
plot of bolometric luminosities vs. hard X-ray luminosities represents this threshold, while the dashed lines correspond to the “extreme” values for the X-ray bolometric
correction reported in § 5. Only mean error bars are reported to avoid clutter. For the distribution of Ly, vs. Lx (middle right panel ), we plot the component of the error on L
that is independent from the error on Ly. As a comparison, we overplot to our distribution of masses and Eddington ratios versus redshift the mean (within Az = 0.1 bins)
values found by McLure & Dunlop (2004) for their full SDSS quasar sample (long-dashed line). [See the electronic edition of the Journal for a color version of this figure.]

We identify two possible sources of uncertainty in our esti-
mate of the bolometric luminosity:

1. A systematic error induced by the selection of one spectral
shape common to all the sources for the optical emission: for
each source, starting from a spectral shape f; oc A we determine
the scatter in the optical luminosity due to a different choice in
the slope (o« = —1.37 £ 0.25, as recovered by Fontanot et al.
[2006] by averaging out the rest-frame spectra of 215 SDSS
QSO). The scatter, calculated assuming as a pivot the flux at the
frequency corresponding to the i-band wavelength in the observed
frame, results to be of the order of Alog L = 0.2.

2. The uncertainties associated with the decomposed magni-
tudes propagate on to the best-fit normalization of the QSO tem-
plate: for each source we repeat the fit changing the normalization
of the template until Ax? = 1.

Bolometric luminosities with the estimated errors are shown
in Table 5. Their dependence on redshift and hard X-ray lumi-
nosity is shown in Figure 6 (middle panels). In host-dominated
objects the nuclear flux provided by the decomposition could be
underestimated. For these six sources, the same procedure has
been applied also assuming as nuclear magnitudes the upper limits

recovered as described in § 3.1. The corresponding upper limit to
Ly, 1s reported as a second line in Table 5. While the upper limits
of'their optical nuclear luminosity may be a factor up to 200 larger
than the decomposed ones, the bolometric upper limit is larger by
factor of 10, at most. We find bolometric luminosities in the range
108 < Ly < 10% ergs s~!, with only one exception (the source
CDF-S ID 42, Ly ~ 5.9 x 10% ergs s~!). The X-ray—to—optical
ratios and the hard X-ray bolometric corrections span the range
between —1.4 and —0.9, and between 6.8 and 46.7, respectively.

5. DISCUSSION

The analysis presented in the previous sections highlights some
interesting properties of this sample of X-ray-selected AGNs:

1. In several objects the nuclear optical luminosity is very
low and, correspondingly, the estimated spectral index a,x =
log (Lypas00 /Lom1 kev)/log (v[2500 A)/v [1 keV]) (see Zamorani
etal. 1981) is large. In the top panel of Figure 7 we report the dis-
tribution of spectral indices recovered from the decomposition
(solid line; the mean value for the error on ayyy is 0.05). In partic-
ular we obtain () ~ —1.1, compared to the median cox = —1.51
found for a sample of SDSS AGNs by Strateva et al. (2005) (Fig. 7,
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Fic. 7.—Distribution in spectral indices a, (top panel ) and X-ray bolometric
corrections kx (bottom panel) of the analyzed sample; hatched areas show the
same distributions as after the check against nucleus-dominated or bulge-dominated
sources (see § 3.1). The dotted line in the spectral index distribution refers to the
values found by Strateva et al. (2005) for the X-ray-detected sources in their
“main” SDSS sample (155 objects with 0.1 < z <4.5).

dotted line in top panel). Even including for the host-dominated
sources the o, obtained assuming the upper limits to the opti-
cal emission, the mean spectral index does not change much,
(atox) =~ —1.2 (the distribution is shown as hatched area in the top
panel of Fig. 7), reinforcing the claim that our selection picked out
sources rather different from the SDSS sample. We may expect
that the X-ray selection at very low flux limits singles out objects
exhibiting «o, lying in the distribution at the opposite side with
respect to the values found for optically selected QSOs. Strateva
et al. (2005) found evidence of an increase of the hard X-ray—
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Fic. 8.—Dependence on the 2500 A monochromatic luminosity of ay (top
panel) and L, y.v (bottom panel ). Symbols without arrows indicate sources for
which we are confident that the results from the morphological decomposition are
reliable (according to the criteria established in § 3.1); arrows mark how nucleus-
dominated (circles) or host-dominated (squares) sources move in the plane from
the value derived from the decomposition (open symbols) to that obtained con-
sidering the upper limits to Mgy and Ly, ( filled symbols), respectively. Stars in-
dicate the cases in which we find low X-ray bolometric correction, Ly /Lx < 10.
Dots mark data from Strateva et al. (2005 ) for the X-ray-detected sources in their
“main” SDSS sample (155 objects with 0.1 <z < 4.5); dashed lines are the best—fit
linear relations for their combined sample: aox = —0.136 log L,sy 4 + 2.616 (top
panel) and log L; ey = 0.648log Lysog 4 + 6.734 (bottom panel). [See the elec-
tronic edition of the Journal for a color version of this figure.]

to—optical luminosity ratio with decreasing optical luminosity (see
their Fig. 11). It is worth noting that the average value of the
spectral index of our sample falls on the extrapolation of the
correlation between X-ray and UV emission found by Vignali
et al. (2003) for optically selected QSOs and confirmed by
Strateva et al. (2005). In Figure 8 we compare our results with
their data (see the caption for an explanation of the symbols).
Thus the trend of increasing the X-ray—to—UV luminosity ratio
with decreasing UV luminosity is confirmed down to very low
luminosity L,sgo 4 ~ 1027 ergs s™! Hz~ 1.

2. The bolometric—to—X-ray luminosity ratio, i.e., the X-ray
bolometric correction ky, turns out to be generally small. Its distri-
bution is peaked around kx ~ 10, with a tail extending to kx ~ 50,
a median value kx ~ 12, and a mean error of 0.5 (see the bot-
tom panel in Fig. 7; the hatched area marks the distribution after
the correction applied for host-dominated sources). In particular,
objects with low kx could be the analogs of X-ray AGNs found
in optically normal galaxies (e.g., the so-called XBONGs; see
Comastri et al. 2002; Severgnini et al. 2003; Brusa et al. 2003).
We can compare the distribution of ky in our low-luminosity
X-ray-selected AGNs with bolometric corrections reported in
literature for different samples of AGNss, first of all the sample
of optically bright quasars studied by Elvis et al. (1994). If we
remove the IR contribution (i.e., nuclear emission reradiated by
the circumnuclear torus) from their observed bolometric lumi-
nosities, the median bolometric correction is kx ~ 25. Note thatin
this sample of QSOs the emission in the 0.1-1 pm range of wave-
lengths yields on average about 30% of the bolometric luminos-
ity, while in our sample the percentage is lower, about 8%. The
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Fic. 9.—Eddington ratios as function of bolometric luminosities for the an-
alyzed sample and for the PG QSO sample studied by Vestergaard & Peterson
(2006 ) marked with dots. Triangles indicate sources for which we are confident
that the results from the morphological decomposition are reliable. For nucleus-
dominated or host-dominated sources (according to the criteria established in § 3.1),
filled circles and squares mark the upper limits to Mgy and Ly, respectively; open
symbols mark the values obtained from the decomposition. Stars emphasize the
cases in which we find low X-ray bolometric correction, Ly /Lx < 10; the error
bars reported represent the mean uncertainties in the derived quantities. From top to
bottom, the lines define the trend for BH masses of 10° M, (dotted line), 10° M,
(dashed line), 107 M., (long-dashed line), 108 My, (dot-dashed line), 10° M, (dot-
long-dashed line), and 1010 M, (short-dash—long-dashed line), respectively. [See
the electronic edition of the Journal for a color version of this figure.)

same analysis applied to the sample of type 1 AGNs listed by
Kuraszkiewicz et al. (2003) yields a median kx ~ 18 with a
maximum value kx ~ 60 for AGNs with 10% < L, jgkev <
10% ergs s~!. X-ray bolometric corrections in the range kx ~
12—18 have been derived for low-luminosity type 1 AGNs by
Fabian (2004). Our results suggest that the average bolometric
correction for the X-ray emission kyx might be a decreasing func-
tion of the X-ray luminosity, as indicated also by Shankar et al.
(2004) and Marconi et al. (2004).

3. For our sample the Eddington ratios, A = Ly (ergs s~1)/(1.3 x
1038 Mgy [M]), do not exhibit any significant correlation with
either redshift or X-ray luminosity (Fig. 6, bottom panels). In
general, we find rather low Eddington ratios. This is an inevi-
table consequence of finding AGNs of very low luminosity (all
but one in our sample exhibit 104 < Ly, < 10% ergs s7') in
galaxies with large bulge component. We plot in Figure 9 the
Eddington ratios as function of bolometric luminosities for our
sample and for the PG QSO sample studied by Vestergaard &
Peterson (2006). The authors derived BH masses and bolometric
luminosities for a large fraction of PG QSOs at redshiftz < 0.4,
by exploiting the most recent calibration of the BH mass as
function of the H3 broadband luminosity and FWHM. The be-
havior of the PG QSO sample is quite similar to that found for
QSOs at higher redshift. For instance, Kollmeier et al. (2006)
found Eddington ratios in the range 0.1 < / <1 for a sample of
powerful AGNs covering the redshift range z ~ 0.3—4, and Warner
et al. (2004) estimated that 27% of their QSO sample (0 < z < 5)
exhibits 4 > 1. The two samples compared in Figure 9 are probing
different, but complementary, ranges of bolometric luminosity and
redshift. It is apparent that the low-luminosity sample contains a

log (Mg,/M,)

Fic. 10.—BH masses vs. Eddington ratios for the analyzed sample. Symbols
without arrows refer to sources for which we are confident that the results from
the morphological decomposition are reliable. Arrows mark how sources nucleus-
dominated (circles) and host-dominated (squares) move in the plot from the value
derived from the decomposition (open symbols) to that corrected as described in
§ 3.1. Stars emphasize the cases in which we find low X-ray bolometric correction.
The error bars reported represent the mean uncertainties in the derived quantities.
The dashed lines define the region in the plane in which the sources are con-
fined on the base of the hard X-ray luminosity range sampled (bottom line:
Ly s1ev = 10%2 ergs s71; top line: Ly ey = 1.7 x 10%* ergs s~!, the highest
value in our sample) and assuming two bracketing values for the X-ray bolomet-
ric correction (kx, min = 3 and kx max = 50, respectively). Dots mark data from
Vestergaard & Peterson (2006 ) for PG QSOs at redshift z < 0.4. [See the electronic
edition of the Journal for a color version of this figure.]

large fraction of AGNs with quite small Eddington ratio. The small
number of objects with large Ly, and small / is related to the em-
pirical limit to the BH mass, which cannot exceed several thou-
sandths the mass of the stars in the host galaxy (see, e.g., Magorrian
et al. 1998; Gebhardt et al. 2000; see Ferrarese et al. 2006 for a re-
cent discussion). In fact, large bolometric luminosities (Lyo >
10%7 ergs s—!) would obviously be easy to observe; but coupled
with small Eddington ratios (4 < 10-1), they would imply BH
masses My > 10'° M, as apparent in Figure 9. These masses
would be larger than several percent of the mass in stars of the
largest galaxies (M < 10'2 M_).

On the other hand, our sample contains galaxies with large ha-
los and, therefore, large central BH masses, hosting low-luminosity
AGN:s radiating at largely sub-Eddington regime. In Figure 10
we report the estimate of the Eddington ratio as a function of the
BH mass for our sample and for the PG QSOs of Vestergaard &
Peterson (2006). Woo & Urry (2002) noted that in their compilation
there was no object with Ly, < 10* ergs s~! and 1 2 1. This
deficit was ascribed by these authors to difficulty in selecting
such AGNs due to dilution by host galaxy light. On the other
hand, our selection is designed to set up a fair sample of low-
luminosity AGNs. Indeed, as a result, we find in our sample a
few AGNs with Ly < 10* ergs s~ and 1 ~ 1. Finally, the tail
of the nuclear X-ray emission (10*! < Ly 1oy < 10¥ ergss™')
at very low Eddington ratios, A < 1073, in a redshift interval very
similar to ours, 0.3 < z < 0.9, has been detected by Brand et al.
(2005) with the stacking technique applied to a sample of red
galaxies (i.e., galaxies with significant bulge and, by implication,
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large central BH). On the basis of our data and of the results of
other authors (Woo & Urry 2002; McLure & Dunlop 2004;
Warner et al. 2004; Kollmeier et al. 2006; Vestergaard & Peterson
2006), we can conclude that low-luminosity objects (Lo <
10* ergs s~ 1) exhibit a large range of values of Eddington ratio
(1073 < 4 < 1), while at high luminosity (Lye = 10% ergs s=')
the range is limited to 10~! < 4 < a few. The result can also be
represented as a decline of the average value of the Eddington
ratio with decreasing bolometric luminosity. This behavior coupled
with the shift of AGN luminosity function toward lower luminosity
since z ~ 2.5, may mimic a decrease of the Eddington ratio with
decreasing redshift (see, e.g., McLure & Dunlop 2004; Vestergaard
2004; Volonteri et al. 2006). It is worth noting that Salucci et al.
(1999), Marconi et al. (2004), and Shankar et al. (2004) have shown
that a dependence of A on luminosity and/or on redshift is required
in order to match the local BH mass function to the mass function
estimated from the evolution of the luminosity function of the
AGN:S.

4. A remarkable feature of the studied sample is the small num-
ber of AGNs with mass Mpy < 10® M, emitting at Eddington
ratio A ~ 1, which are expected to show up at this redshift and lu-
minosity range. We stress here that X-ray surveys at faint limits
are very efficient in selecting these low-luminosity AGNs, be-
cause of the maximum contrast with the host galaxy. Therefore,
we do not expect that the CDF-N and CDF-S X-ray surveys are
missing objects at least up to z ~ 1 (unless they are extremely
absorbed, with Ny > 102> cm~2; see Fig. 14 in Tozzi et al. 2006).
The X-ray sources lying in the GOODS fields have been optically
identified practically at 100% level (see Table A1, col. [4]). Select-
ing only “isolated” objects without companions within a radius
of 2" decreases our sample from 53 to 34 objects (see Table Al,
cols. [11], [12], [13], and [14] of Table A1). Keeping this radius
constant, we are in fact increasing the physical radius with the
redshift. The increasing number of non “isolated” objects with
redshift is the consequence of this choice and of the possible
increase of really interacting galaxies. On the other hand, since
the host luminosity distribution of pairs in active and normal
samples does not show statistically significant differences, and
does not differ dramatically from that of isolated galaxies ( Virani
et al. 2000; Bergvall et al. 2003), we do not expect that the ex-
cluded objects would alter our conclusion. Nevertheless, we cau-
tion that our conclusion on the dearth of objects with low BH
mass and with accretion rate near the Eddington limit is solid in
the range of redshift 0.4 < z < 0.8. It is worth recalling here that
the BH masses reported in Figures 6 and 10 have been estimated,
following McLure & Dunlop (2002), through equation (1), which
yields values a factor about 1.5-2 lower than those evaluated
through the M,g.-Mpy relations proposed by Kormendy &
Gebhardt (2001) and Marconi & Hunt (2003). If the scarcity is
real, a possible explanation is that the bulk of the mass is accret-
ing on smaller SMBHs at high redshift, when the stellar bulge is
also built up. Later, both large and small SMBHs are on average
accreting at low rates. In this case the A ~ 1 accretion phase oc-
curs at z > 1, outside the limit of our primary selection. In ad-
dition to that, the lack of small SMBHs can mirror a significant
decrease in number density of BHs with Mpy < 106 M. Shankar
et al. (2005) found a fall-off of the ratio between BH and halo
mass at My < 5 x 10® M, by comparing their respective mass
functions. It is worth noting that this behavior is predicted in mod-
els of galaxy and AGN formation, in which the BH grows in par-
allel with the old stellar bulge component and the stellar and AGN
feedback affects the efficiency of the gas to cool and form stars
(Granato et al. 2001; Granato et al. 2004).
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Our analysis reveals that most of the low-luminosity X-ray-
selected AGNs in the explored redshift and luminosity intervals
are powered by massive BHs Mgy > 3 x 106 M, and, as a con-
sequence, that we are mostly witnessing a renewal at low-level
activity, in galaxies with only small amount of cold gas in the cen-
tral regions. Probably, most of the BH mass that we typically find
in objects of our sample has been accreted during a higher lumi-
nosity phase. Sporadic activity at low accretion rate has been also
observedin EROs atz < 2 (Brusaetal. 2005). Itis very likely that
short and sporadic activity is the rule for the SMBHs after the
bright QSOs phase. Although the inferred low Eddington ratios
can be even sustained for significant time intervals by a number
of galactic processes, minor mergers, and/or instabilities in the
host galaxy induced by satellites are often invoked (see, e.g.,
Cavaliere & Vittorini 2002). On the other hand, Waskett et al.
(2005) claim that the environment of a sample of low-luminosity
hard X-ray-selected AGNs is the same of normal inactive galax-
ies in the same range of redshift and with similar optical proper-
ties. Moreover, recent attempts to find statistical evidence of
recent merging in AGN host galaxies at z ~ 0.4—1.3 are nega-
tive (Grogin et al. 2005).

6. CONCLUSIONS

We have presented the results of a morphological and pho-
tometric analysis of a sample of X-ray-selected AGNs in the
GOODS fields with redshifts between 0.4 and 1. The sample is
representative of AGNs in the luminosity range 10% < Ly g ey <
5 x 10%, which are responsible for a large fraction of the XRBs in
the selected redshift range (see, e.g., Ueda et al. 2003). The imaging
capability of HST'and the large spectral coverage from B to z bands
allowed for an accurate separation of the bulge and nuclear lumi-
nosity for the 34 objects in our sample.

The bolometric luminosity has been computed for each AGN
by linking with standard templates the intrinsic X-ray luminosity
and the nuclear luminosity in the UV and optical bands. We es-
timated the central BH mass from the bulge luminosity, under the
assumption that their relationship observed in the local Universe
is already in place since z ~ 1. We do not find any significant cor-
relation of X-ray luminosities with either BH masses or Eddington
ratios.

The main findings of this work are the following.

1. As expected, this X-ray-selected sample is characterized
by a high ratio of X-ray—to—optical nuclear luminosity with re-
spect to the values found for optically selected AGNs; we con-
firm the increase of this ratio with decreasing UV luminosity
down to Lyspy 4 ~ 1027 ergs s~! Hz L.

2. By comparing the X-ray bolometric corrections in our low-
luminosity AGNs with that of bright QSOs, we obtain a trend of
decreasing the X-ray bolometric correction factor kx with the
luminosity.

3. We find rather low Eddington ratios for our low bolometric
luminosity sample. A comparison with higher luminosity samples
suggests that the scatter in Eddington ratios is increasing with
decreasing luminosity. This is a consequence of the expected in-
crease of probability of low Eddington ratios with decreasing bo-
lometric luminosity.

4. The estimated BH masses span a wide range of values;
but we do find only <10% of nuclei with My < 10° M, emit-
ting near the Eddington limit, at least at redshift z < 0.8. This
paucity could mirror a decrease in the number density of BHs with
Mgy < 10° M., or indicate that also for these smaller BHs the
bulk of the accretion takes place at z > 1.
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Our results strongly suggest that most of the low-luminosity
X-ray-selected AGNs at z < 0.8 are powered by rather massive
BHs, experiencing a low-level accretion in a gas-poor environment.

In the future we plan to expand the sample in order to study in
detail how the BHs powering low-luminosity AGNs populate the
Mpgy-/ plane. We also want to increase the spectroscopic coverage
in order to be able to exploit also the virial theorem to estimate the
BH mass. The small number of low-mass BHs, Mgy < 10° M, if
confirmed and statistically quantified, will be extremely informa-
tive on AGN formation and evolution, and on their demography.
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APPENDIX A
DETAILS ON SAMPLE SELECTION

In this Appendix we describe the steps leading to the selection of the sources forming the sample B; they are summarized in Table A1.

We start selecting from the Chandra X-ray catalogs the X-ray sources lying in the two regions of the sky defined by the GOODS
ACS South and North catalogs in the i band (h_goods_si_rl.1z_cat.txt and h_goods_ni_rl.1z_cat.txt!?; col. [3]). By
cross-correlating the GOODS optical catalogs with the Chandra X-ray catalogs we find an optical counterpart for ~98%—-99%
among these (col. [4]).

The spectroscopic follow-up of the X-ray survey has been presented by Szokoly et al. (2004) and Barger et al. (2003) for the CDF-S
and the CDF-N, respectively. Spectroscopic redshifts are reported for ~48% of the whole CDF-S X-ray sources and ~56% for that of
the whole CDF-N. Photometric redshifts are reported by Mobasher et al. (2004), Zheng et al. (2004), Mainieri et al. (2005), and
Grazian et al. (2006) for ~99% of X-ray sources in the whole CDF-S, and by Barger et al. (2003) for the whole CDF-N (so the
completeness of the redshift determination in the north GOODS field rises to ~80%). Columns (5) and (6) show the number of X-ray
sources with optical counterpart in the GOODS catalogs for which there are spectroscopic or photometric redshift information,
respectively. As stressed in § 2, this step does not induce any bias against optically faint sources (see also Fig 1).

In the following step we restrict the sample to the redshift range (0.4 < z < 1), leading to a substantial decrease in the source
number. By comparing columns (5), (6), (7), and (8), it clearly appears that a larger decrease takes place for sources with only
photometric redshifts. This result is not surprising, considering the distribution of spectroscopic and photometric redshifts of the
sources in the south field (for which the redshift determination is almost complete): the first is clearly peaked between 0.5 and 1.2,
while in the second case ~88% of the sources have z > 1. Besides, the fraction of sources retained in this step is reassuringly
consistent with what estimated by integrating the QSO luminosity function down to the GOODS flux limits. We expect in fact to
observe in the redshift range 0.4 < z < 1.37% of the total number in the interval 0 < z < 4, and the fraction of spectroscopic and
photometric redshifts assigned to the 0.4 < z < 1 range turns out to be 27%.

Then, we discard all sources with L,_g xev lower than 1042 ergs s—L producing a second substantial reduction in the source number.

As described in Appendix B, we also reject sources for which the quality of one or more cutouts is significantly below average, due
typically to a nonideal data acquisition (~20%; see cols. [11] and [12]). The objects remaining after this step compose what we define
“sample A.” In the final step we discard sources that are found to be “not isolated”” according to the operational criterion described in
the Appendix B. The resulting sample B includes 64% of the sample A.

12 Available at ftp://archive.stsci.edu/pub/hlsp/goods/catalog_r1.

TABLE Al
STEPS IN THE SAMPLE SELECTION

Wit z INFORMATION 0.4 <z <1 logLx >42 Curouts OK IsoLATES

FiELp ToraL X-Ray Source IN GOODS Area  With ID GOODS Zepec Zphot Zspec  Zphot  Zspec  Zphot  Zspec  Zphot  Zspec  Zphot

M @ 3) Q) ) (©) @ ® O ) an dz2 13 (14
CDF-N............. 503 261 258 163 41 93 9 26 5 25 3 15 0
CDF-S............ 326 197 196 134 60 63 5 32 3 23 2 18 1

Notes.—Col. (1): field observed; col. (2): number of X-ray sources; col. (3): number of X-ray sources in the GOODS area as identified by i-band observations;
col. (4): number of X-ray sources with optical counterpart in the i-band GOODS ACS catalog; cols. (5) and (6): number of X-ray sources identified in the i-band GOODS
ACS catalog with redshift (spectroscopic, from Barger et al. 2003 and Szokoly et al. 2004; or photometric, from Barger et al. 2003, Grazian et al. 2006, and Zheng et al.
2004); cols. (7) and (8): number of X-ray sources with GOODS counterpart and redshift (spectroscopic or photometric, respectively) between 0.4 and 1; cols. (9) and
(10): number of X-ray sources with GOODS counterpart, 0.4 < z < 1 (spectroscopic or photometric, respectively), and Ly g kev > 10* ergs s~'; cols. (11) and (12): number
of X-ray sources with GOODS counterpart, 0.4 < z < 1 (spectroscopic or photometric, respectively), Ly g ey > 10*? ergs s~!, and without damaged cutouts (sample A);
cols. (13) and (14): number of isolated X-ray sources with GOODS counterpart, 0.4 < z < 1 (spectroscopic or photometric, respectively), L gxev > 10*? ergs s~!, and
without damaged cutouts (sample B).
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APPENDIX B
TWO-DIMENSIONAL PHOTOMETRIC DECOMPOSITION

In this Appendix we present details on the morphological analysis carried out on GOODS ACS images for the 34 sources listed in
Table 1. In order to disentangle the main galactic components (nucleus, bulge, and disk), we performed a two-dimensional image
decomposition, taking advantage of images in four different passbands. In our analysis we assume a galaxy model composed of a
bulge (described by a de Vaucouleur model) and a disk (modeled with an exponential function). Moreover, we always assume the
presence of a nuclear source, obtained by adding a point-spread function (PSF) component to the above model. We also assume that,
for each component, position angle, axial ratio and optical radius are the same for each passband.

To make the fit we use GALFIT (Peng et al. 2002), a two-dimensional image decomposition program designed to accurately model
galaxy profiles and to extract nuclear point sources, combining simultaneously an arbitrary number of profiles. The fitting algorithm
constructs a model image, convolves it with a PSF, and finally compares the result with the data. During the fit, the reduced x? is
minimized using a Levenberg-Marquardt algorithm (Press et al. 1997). The uncertainties as a function of the pixel position used to
calculate the reduced x? are the Poisson errors, and are generated on the basis of the GAIN and the READ-NOISE parameters,
recovered using the Weight Map Images provided by the GOODS Team. Finally, in order to construct our own PSF for each band, we
have identified in the GOODS ACS images a number of point sources and have averaged them.

The initial guesses for the parameters (magnitudes, scale length, position angle, and semiminor axis to semimajor axis ratio) are
drawn from the GOODS ACS public catalog (see footnote 12). In particular, magnitudes reported in this catalog refer to the whole
galaxy, while GALFIT requires an initial value for each component: as a starting point, we split the observed value ascribing the same
flux to each component. The decomposition has been carried out in a three-step analysis (with a number of free parameters different
from step to step); a schematic diagram representing the whole process of analysis is shown in Figure 11.

1. The galaxy is first modeled as pure disk + nucleus in the B and V filters, with a two-component independent fit, while we assume
for the 7 and z bands a pure bulge + nucleus description. By comparing the results of the four bands we find a first indication about the
position angle (P.A.) and the axis ratio (b/a) for both the disk and bulge components, and new guesses for the centers and the radii.

2. Morphological parameters are refined assuming the three components (nucleus, bulge, and disk) in all the bands:

(a) Centers and radii found during the first step are introduced as new guesses. The centers of the three components are constrained
to differ at most by 0.1 pixel.

(b) Ifthe P.A. is not well determined in the previous step, we rerun GALFIT, constraining the disk P.A. to be within +2 deg of the
bulge parameter.

(c) We fix P.A. and b/a to the values obtained in the previous run of GALFIT or in the first step.

3. A final run of GALFIT provides the magnitudes associated to each component; centers, radii, P.A., and b/a are fixed to the values
found in the previous step. For each component, they are assumed to be the same in all bands. Only the total fluxes of all components are
left free and derived in this last step.

For a number of sources, the quality of one or more ACS images is significantly below average (e.g., due to the source location near
the edge of the GOODS field). Because of the number of free parameters, we require the same quality of data in a region of at least
60 pixels. In addition, we require that al/ the four images meet this requirement in order to perform the analysis. We checked that the
objects for which these requirements are not satisfied have a random distribution in luminosity, redshift, or spectral classification; so
we are confident that rejecting these sources does not introduce any kind of bias against a particular class of objects.

For the same reason mentioned above, objects lying in crowded fields have been excluded from the analysis. As an operational
criterion, we reject objects showing a nearby companion within a projected radius of 2” (i.e., ~13 kpc at the mean redshift of sources
in sample B), without considering if they are really interacting or if it is only a projection effect. In such a way, we discard 19 objects,
i.e., 36% of the selected X-ray sources.

Figure 12 shows the distribution in redshift, hard X-ray luminosity, and i-band magnitude of the sources rejected for having at least
one bad cutout (thick solid line) or classified as “not isolated” (following the above definition; dashed line), compared with the
distributions for the analyzed sources (¢hin solid line; hatched areas show the same distributions for the sources for which we are
confident that the results from the morphological decomposition are reliable).

Results of the analysis are reported in Table 2 (magnitudes of bulge, disk, and nucleus) and Table 3 (host galaxy morphologi-
cal parameters). The errors reported in Table 2 have been evaluated as follows: considering the image in a single filter, we fix all
the parameters but the three magnitudes; to determine the range of variability for the magnitude of one component, we increase
Amag in steps of 0.05 and perform a new fit with the two other magnitudes as free parameters until the variation of x> with respect to
the best-fit value is Ax? =1 (68% confidence level). For each source, we repeat this procedure for each component in each
passband.

A practical way to test the reliability of our estimates is to repeat the analysis using the ACS Ultra Deep Field (UDF; see Beckwith
et al. 2003), which is contained in the CDF-S GOODS area. Unfortunately, none of the sources analyzed in the present sample lies
inside the region covered by the UDF. We have identified one X-ray source with properties outside but very close to our selection
criteria (ID 516, CDF-S; z = 0.665, and Lx = 8.22 x 104! ergs s~ ). For this object we have carried out the analysis described above
both for the GOODS images and for the UDF data. The photometric differences between the GOODS and UDF analysis turn out to be
within the uncertainties estimated in the GALFIT decomposition of the GOODS images (about 0.3 mag). The derived quantities Mgy
(see § 4.1) and 4 (see § 5) differ of ~0.18 dex, consistent with our estimate of the errors (see Table 5).
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