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ABSTRACT

We present the results from a study of the host galaxies of 15 optically selected active galactic nuclei (AGNs)
with 0:5 < z < 1:1 from the Galaxy Evolution from Morphology and SEDs project (GEMS). GEMS is a Hubble
Space Telescope imaging survey of a �280 ; 280 contiguous field centered on the Chandra Deep Field–South in
the F606W and F850LP filter bands. It incorporates the spectral energy distributions and redshifts of �10,000
objects, obtained by the COMBO-17 project. We have detected the host galaxies of all 15 AGNs in the F850LP
band (and 13 of 15 in the F606W band), recovering their fluxes, morphologies, and structural parameters. We find
that 80% of the host galaxies have early-type (bulge-dominated) morphologies, while the rest have structures
characteristic of late-type (disk-dominated) galaxies. We find that 25% of the early types and 30% of the late types
exhibit disturbances consistent with galaxy interactions. The hosts show a wide range of colors, from those of red-
sequence galaxies to blue colors consistent with ongoing star formation. Roughly 70% of the morphologically
early-type hosts have rest-frame blue colors, a much larger fraction than those typical of nonactive morpholog-
ically early-type galaxies in this redshift and luminosity range. Yet, we find that the early-type hosts are struc-
turally similar to red-sequence elliptical galaxies, inasmuch as they follow an absolute magnitude versus half-light
size correlation that is consistent with the mean relation for early-type galaxies at similar redshifts.

Subject headinggs: galaxies: active — galaxies: fundamental parameters — galaxies: high-redshift —
galaxies: starburst — quasars: general

On-line material: color figures

1. INTRODUCTION

There is now wide agreement that most if not all galaxies
with bulges harbor massive black holes in their centers (e.g.,
Magorrian et al. 1998; Kormendy & Gebhardt 2001). How-
ever, only a fraction of the galaxies harbor a quasar-like active
galactic nucleus (AGN). AGNs are often seen as compact
sources in the nuclei of galaxies, with strong highly ionized
broad and narrow emission lines. They are thought to be
powered by a central supermassive black hole, fed by the ac-
cretion of gas from the inner �100 pc of the host galaxy
(Antonucci 1993; Urry & Padovani 1995). While both a
massive black hole and a reservoir of gas are believed to be
important for triggering high-level AGN activity, it is as yet
unclear which conditions are needed to trigger such activity.
Fundamental questions remain regarding the relationship be-
tween the AGN, its host galaxy, and star formation, the gas
inflow rates needed to fuel the nuclear source, and the rele-
vant fueling mechanisms on different physical scales. The

morphology and spectral properties of AGN host galaxies
over different redshift regimes can bring important insights to
these issues.
According to the currently favored view, galaxy-galaxy

interactions or mergers are important mechanisms for (re-)
igniting AGNs (e.g., Canalizo & Stockton 2001), except per-
haps for very low level nuclear activity (e.g., Collin et al.
2003; Ho 2003). Mergers and interactions can induce large-
scale radial motion of the interstellar gas within the AGN host
and trigger its infall into the inner regions to be accreted
at later times by the AGN. Sanders et al. (1988) first proposed
an evolutionary scenario in which galaxy encounters could
produce ultraluminous infrared galaxies, which would evolve
into AGNs. This hypothesis is supported by several studies
that found a large fraction of merger/interacting systems in
the hosts of high-luminosity AGNs (e.g., Bahcall et al. 1995,
1997; Hutchings & Neff 1997; Canalizo & Stockton 2001;
Sánchez & González-Serrano 2003). Yet, Dunlop et al. (2003)
have not found mergers/interactions in their sample of low-z
AGNs. An important limitation of these previous studies is
the lack of a well-defined comparison sample of inactive gal-
axies whose data were obtained and analyzed in a similar way
to the active ones.
A severe practical problem for the study of the hosts of

AGNs is the presence of the bright nucleus, which has to be
carefully removed. This strong pointlike source, as bright or
even brighter than the galaxy, contaminates the host flux in all
the areas covered by the point-spread function (PSF). It also
reduces the signal-to-noise ratio (S/N) within the host. This
strongly affects the reliability of any morphological classifi-
cation of the host. Consequently, ground-based studies are
normally limited to low redshift (z < 0:5), where the typical
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size of the host is larger than the seeing disk (e.g., Dunlop et al.
1993; Taylor et al. 1996; McLeod & Rieke 1994, 1995; Jahnke
& Wisotzki 2003), or to wavelength ranges where the host
emission dominates the AGN (e.g., near-infrared), increasing
the contrast (e.g., Dunlop et al. 1993; McLeod & Rieke 1994;
Falomo et al. 2001; Sánchez & González-Serrano 2003). The
use of Hubble Space Telescope (HST ) imaging has clearly
increased our understanding of the host properties, reducing
the effects of contamination from the nucleus due to the very
narrow intrinsic PSF (e.g., McLure et al. 2000; Pagani et al.
2003). However, most published HST host studies were based
on WFPC2 imaging with short exposures due to the high AGN
flux, with a limited determination /treatment of the PSF.

An additional limitation of previous studies has been the
sample selection. Several samples have been selected ad
hoc, for testing specific hypotheses (e.g., Dunlop et al. 1993;
Canalizo & Stockton 2001). Other samples are based on un-
clear selection criteria (e.g., Hutchings & Neff 1992; Bahcall
et al. 1995) or are clearly incomplete and/or statistically small
(e.g., Hutchings & Neff 1997). In some cases the images were
not deep enough for an accurate morphological analysis (e.g.,
Lehnert et al. 1999). A few studies are based on statistically
significant, flux-limited samples (e.g., Jahnke et al. 2004a;
Jahnke & Wisotzki 2003), although the results from these
studies are limited by the lack of a similarly selected com-
parison sample of inactive galaxies.

All these difficulties can be better addressed by the Galaxy
Evolution from Morphology and SEDs project (GEMS; Rix
et al. 2004), where AGNs have been identified by the COMBO-
17 multicolor survey (Wolf et al. 2003). We have selected the
15 AGNs with 0:5 < z < 1:1 from GEMS, coincident with the
best-studied redshift range for the inactive galaxies in that
survey. Using an accurate determination of the PSF and a two-
dimensional fitting technique, we decouple the host and nuclear
components in these objects and compare the properties of
the host galaxies with those of inactive galaxies.

The sequence of this article is as follows. In xx 2 and 3 we
describe the data and the data analysis. In x 4 we present the
results, and we discuss these in x 5. The summary and con-
clusions are presented in x 6. Throughout this article we as-
sume a � cosmology, with H0 ¼ 70 km s�1 Mpc�1, �m ¼ 0:7,
and �� ¼ 0:3. We have used the AB photometric system for
the observed magnitudes and colors and the Vega system for
the rest-frame colors and absolute magnitudes, unless explic-
itly stated otherwise.

2. THE DATA

GEMS is a two-band, F606W and F850LP (similar to the V
and z-bands), HST imaging survey covering 78 pointings using
the ACS camera. This survey covers a continuous field of
280 ; 280 in the extended Chandra Deep Field–South, to a
depth of F606W ¼ 28:3 (5 �) and F850LP ¼ 27:1 (5 �) for
compact sources. In its central �1

4
, GEMS incorporates ACS

imaging from the GOODS project (Giavalisco et al. 2004).
Only the first epoch coverage from GOODS was used, re-
sulting in images that are considerably shallower than the
final GOODS data but also slightly less deep than the sur-
rounding proper GEMS tiles. The full GEMS data reduction
will be described elsewhere (J. A. R. Caldwell et al. 2004, in
preparation). It comprises the standard data reduction (bias
subtraction, flat-fielding, and flux calibration), drizzling of
the data from the original 0B05 pixel�1 to a final sampling of
0B03 pixel�1, background estimation, and variance determi-
nation for each pixel. As the deblending of nuclear and host

galaxy components with two-dimensional modeling (the main
purpose of this article) is sensitive to background errors, we
applied an extra procedure to remove local background resid-
uals. This includes an iterative masking of all objects in the
field and the determination of the local background from the
object-free regions. For each area of 200 ; 200 pixels an av-
erage from the unmasked pixel was computed, with a subse-
quent bilinear interpolation between these values to yield a
background estimate for the whole field. The overall properties
(pixel size, noise pattern, etc.) of the images in both passbands
are quite similar, although the F606W images are deeper by
1 mag.

The GEMS area had previously been studied by COMBO-
17, a photometric redshift survey based on imaging in 12
medium and 5 broadband filters (Wolf et al. 2003). GEMS
incorporates the redshift and spectral energy distribution
(SED) classifications of 10,000 objects from COMBO-17, in-
cluding a sample of �120 AGNs with 0:5 < z < 5. Because of
the SED-based selection technique within COMBO-17, most
of these AGNs are type 1; i.e., they show broad emission lines.
We introduced a cut atmR < 24 Vega mag for SED and redshift
reliability, defining a subsample of �80 objects. For the red-
shift range of our interest (0:5 < z < 1:1), this cut defines a
subsample of 18 AGNs and limits the uncertainty of the
COMBO-17 redshift to �z � 0:02. In a final cleaning pass of
the sample we excluded, by visual inspection, those objects
located at the very edges of the tiles. The final sample com-
prises �60 AGNs with accurate redshift and good imaging, 15
of them at 0:5 < z < 1:1. Most of the finally selected objects
have absolute magnitudes of around or just below MB ’ �23,
which for an Einstein–de Sitter universe with H0 ¼ 50 km
s�1 Mpc�1 corresponds to the conventional division between
high-luminosity QSOs and lower luminosity Seyfert galaxies
(Schmidt & Green 1983).

This sample allows us, for the first time, to study a complete
flux-limited sample of AGN hosts, with a similarly selected
and studied inactive comparison sample. We have extracted
postage stamp images of 128 ; 128 pixel size (3B84 ; 3B84) of
the F606W and F850LP bands, centered on each AGN.

The redshift range has been selected for several reasons. The
main aim of this selection is that the F606Wand F850LP bands
sample two physically distinct spectral ranges. While the
F606W band always samples the wavelength range blueward
of the Balmer break (�4000 8) and is therefore sensitive to OB
stars in the galaxies, the F850LP band lies entirely redward of
this break, probing the old population of red stars in the gal-
axies. The F606W� F850LP colors therefore allow us to ex-
plore the degree of star formation activity in a homogeneous
way for the entire sample. The angular scales between z � 0:5
and 1.0 change only by a factor 1.5, and cosmological surface
brightness dimming is not yet a major effect. Therefore, this
selection allows us to perform a structural analysis in a homo-
geneous way for all objects. Finally, this redshift range
coincides with the peak of the GEMS redshift distribution,
enabling us to access a large and well-defined comparison
sample. In a separate article we study the host galaxy properties
of GEMS AGNs at much higher redshifts, 1:8 < z < 2:75
(Jahnke et al. 2004b).

Table 1 gives a summary of the properties of the AGNs of
our sample, including the COMBO-17 ID, source name, the
GEMS tile of the analyzed image, the redshift and R-band
photometry from COMBO-17, and the F606W- and F850LP-
band photometry from the GEMS data. Whenever available,
we have used the spectroscopic redshifts obtained by Szokoly

COLORS OF AGN HOST GALAXIES AT 0.5 < z < 1.1 587



et al. (2004) in their optical study of the X-ray sources in
the Chandra Deep Field–South (redshifts in italics in Table 1).
The spectroscopic and COMBO-17 redshifts agree within the
expected errors (for a full discussion of redshift accuracy in
COMBO-17 see Wolf et al. 2004). Five of the 15 AGNs are
located in overlapping tile areas and thus received double ex-
posure times. We have analyzed each individual image and
compared the results at the end. Figure 1 shows the distribu-
tion of (COMBO-17 based) R-band Vega magnitudes as a
function of redshift.

3. ANALYSIS OF THE DATA

There are various problems in the detection and restoration
of the hosts of AGNs. Most of them relate to the presence of
the AGN itself, a strong pointlike source that, because of the
PSF, contaminates the host image. The level of contamination
depends on the contrast (the flux ratio between the nucleus

and the extended component), the overall S/N, and the accu-
racy of the PSF determination. Here we present the method
used to detect and characterize the AGN hosts and to estimate
the uncertainties.

3.1. PSF Production

An extensive study of the ACS PSF based on GEMS data
will be presented elsewhere (K. Jahnke et al. 2004, in prepa-
ration). On the basis of this study, we find that the PSF shape
varies across the ACS field of view, with pixel-to-pixel flux
variations P20%. This prevents us from using a single mean
PSF for our analysis. We find that temporal variations are
negligible compared to spatial variations. Therefore, we built a
local PSF around the position of each AGN, averaging the
nearest 35 isolated stars within a distance of �4000. In order to
take the uncertainties of the PSF determination into account
for later image modeling, we included these uncertainties in
the total pixel variance budget. Figure 2 shows the mean
PSF averaged over the whole GEMS field, plotted in both a
linear and a logarithmic scale to show the spikes and substruc-
tures. We also show the variance map of the global mean PSF;
each individual PSF has a similar associated variance map,
which was used in the fitting process.

3.2. Simple PSF Subtraction

A simple method for the detection of the hosts was applied
by subtracting the PSF scaled to the QSO peak intensity: the
PSF was scaled to the central flux of the AGN, integrated
inside a circular aperture of 4 pixel (0B12) diameter centered on
the nucleus, and then subtracted from the AGN. This method is
very conservative with respect to the host galaxy detection,
since it implies, by definition, an oversubtraction of the nuclear
component from the inner regions. It provides us with a non–
model-dependent detection and a lower limit on the host flux.
In order to quantify the results from this detection method, we
tested it using 200 field stars, covering a magnitude range
similar to our objects. We find false detections of a host con-
tributing more than 10% and 5% to the total flux in only 3%

TABLE 1

Properties of the GEMS Low-z AGN Sample

QSO ID Source Name Tile za R Band F606W Band F850LP Band

34357....................... COMBO J033208.68�274734.6 94 0.543 18.73 19.22 � 0.06 18.40 � 0.06

41310....................... COMBO J033127.06�274409.4 47 0.548 23.09 23.24 � 0.09 22.48 � 0.09

40 0.548 23.09 23.20 � 0.09 22.44 � 0.08

52963....................... COMBO J033252.61�273846.6 50 0.548 22.69 22.72 � 0.09 22.10 � 0.08

36361....................... COMBO J033215.81�274630.0 94 0.549 22.50 23.39 � 0.09 22.17 � 0.13

47615....................... COMBO J033150.97�274116.1 46 0.649 22.28 22.08 � 0.08 21.36 � 0.08

50415....................... COMBO J033237.42�273959.9 85 0.664 22.39 22.75 � 0.09 21.70 � 0.08

51 0.664 22.39 22.74 � 0.09 21.66 � 0.08

44126....................... COMBO J033308.77�274254.3 42 0.729 23.03 23.04 � 0.09 22.33 � 0.09

42601....................... COMBO J033259.06�274339.5 42 0.733 21.02 21.32 � 0.08 20.24 � 0.07

48284....................... COMBO J033227.02�274105.2 85 0.734 19.05 19.33 � 0.06 18.92 � 0.06

39432....................... COMBO J033230.23�274504.8 89 0.738 22.02 22.16 � 0.08 21.43 � 0.08

31898....................... COMBO J033310.20�274841.7 30 0.812 22.91 23.10 � 0.09 21.62 � 0.08

15731....................... COMBO J033328.95�275641.4 18 0.835 20.11 19.77 � 0.07 19.43 � 0.06

50997....................... COMBO J033238.14�273945.0 85 0.837 20.43 20.60 � 0.07 20.38 � 0.08

51 0.837 20.43 20.43 � 0.07 20.22 � 0.07

49298....................... COMBO J033226.51�274035.7 52 1.031 19.92 19.89 � 0.07 19.47 � 0.07

85 1.031 19.92 19.90 � 0.07 19.56 � 0.06

43151....................... COMBO J033200.37�274319.9 95 1.037 22.18 22.25 � 0.08 21.78 � 0.08

45 1.037 22.18 22.38 � 0.09 21.92 � 0.08

a Values in italics are spectroscopic redshifts obtained from Szokoly et al. 2004.

Fig. 1.—R-band magnitudes of the AGN sample as measured in COMBO-
17 plotted against COMBO-17 redshift. The dot-dashed line corresponds to
constant MB ¼ �23 for the mean quasar SED of Elvis et al. (1994).
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and 12% of the field stars, respectively. Here we assume a hard
lower limit of 10% of the total flux for a reliable host detection.
We expect no spurious detections in our sample of 15 objects
with this adopted limit.

Applying this method, we have detected hosts in all 15
objects for the F850LP band and in 13 of the 15 AGNs for the
F606W band images. The two objects not detected in the
F606W band, COMBO-17 50997 and COMBO-17 43151, are
both at a relatively high redshift. Their hosts are clearly de-
tected in the F850LP band, being most likely compact spher-
oids (as we discuss below). Fortunately, both objects were
observed by GEMS and GOODS, being in an overlapping
region. In this case we have combined the images obtained
from both projects and applied the subtraction analysis. We
have found some residuals in the images, especially for
COMBO-17 50997, coincident with the F850LP-band resid-
uals by a visual inspection. However, they are still below the
reliability criteria, and we disregard these weak residuals in
what follows.

3.3. Two-dimensional Modelingg

We performed two-dimensional modeling of the images to
recover more accurately the nuclear and host fluxes and to

determine some morphological parameters of the hosts. The
fitting was performed using GALFIT, version 1.7a (Peng et al.
2002). This software fits galaxy images with a two-dimensional
model, which consists of a superposition of parameterized fit-
ting functions for pointlike and extended sources. A fitting
process then optimizes the flux scaling factors and morpho-
logical parameters, such as scale lengths, ellipticities, and po-
sition angles, by means of �2 minimization operating on the
original pixel data.

The AGN images were fitted with a two-component model:
a Gaussian function with a very narrow width for the nuclear
component (a quasi �-function) and a galaxy model for the
host. The FWHM of the Gaussian was fixed to the average
value obtained from the fit with a single Gaussian to the stars
used to create the PSF. Nearby companions were masked be-
fore performing the fitting. We did not preselect a certain
galaxy model (disk or spheroid) for our objects, since the
morphological determination was one of the goals of this study.
Instead, we assumed that the hosts could be characterized by
either of two single models: (1) an exponential disk (Freeman
1970) for disk-dominated galaxies or (2) a de Vaucouleurs
r1=4 function (de Vaucouleurs & Capaccioli 1979) for bulge-
dominated galaxies. Because of the complexity of the problem,

Fig. 2.—Average PSF over the whole GEMS field for the F850LP band plotted in linear (top left) and logarithmic scales (top right). The variance map of the PSF
is also plotted, in linear (bottom left) and logarithmic scales (bottom right). The contours are plotted in logarithmic scale, starting at 10�5 counts for the first contour
and with a separation of 0.5 dex. [See the electronic edition of the Journal for a color version of this figure.]
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we did not try to decouple the disk from the bulge, which
would have required a third fitting function into the model. We
also performed a fit to characterize the host galaxy as a Sèrsic
function (Sèrsic 1968), which helped in establishing a mor-
phological classification as shown below.

The two-dimensional fit provided us with a robust method to
decouple the nucleus and the host, allowing us to obtain the
fluxes of both components. For each model, the nucleus image
was subtracted from the original image to provide a complete
image of the host, including its substructures. We have ob-
tained the total flux of the host by direct measurement of this
restored image.

Finally, we also performed a surface brightness profile
analysis of the images, fixing the ellipticity and the position
angle to the values obtained from the two-dimensional fitting.
The surface brightness profiles were used to visually check the
results from the two-dimensional modeling. The physical scale
and the surface brightness of the galaxies were estimated
measuring the half-light radius (r1=2) and the surface bright-
ness at this radius (�1=2).

Tables 2 and 3 summarize the results of this analysis. For the
images of each object we list the model of the host included in
the fitting (disk, de Vaucouleurs, or the Sèrsic index derived
from the fitting), the derived total, nuclear, and host galaxy
magnitudes from the model, the host-to-nuclear flux ratio
(H :N), the axis ratio of the host (a/b), the position angle
(P.A.), and the reduced �2 of the fit. We also provide the
magnitude derived from the peak-scale PSF subtraction de-
scribed above (Sub), and the magnitude of the restored host
image (Emp), together with the half-light radius and surface
brightness.

3.4. Limits of the Method: Simulations

To understand the limitations of our methodology, we per-
formed simulations. We created simulated images that mimic,
as much as possible, the real data. Because of the large simi-
larities between our F606W and F850LP images, we simulated
only F850LP images and translated the results to F606W by a
simple zero-point shift transformation (F606W0 � F850LP0 ¼
1:6502 mag). The AGNs were simulated with a two-component
model (nucleus + host), plus noise. The nucleus was simulated
by a scaled PSF, using the mean PSF shown in Figure 2. The
host galaxy was simulated using a single model, either an
exponential disk or a de Vaucouleurs function. Clearly, this
was an oversimplification of the true diversity in galaxy mor-
phological types. However, most of our objects can be clearly
classified as either bulge or disk dominated (see below), with
very few cases of ambiguous morphological type. The simple
dichotomy assumed in the simulations is therefore appropriate
for the purpose of this paper.

To reproduce the noise pattern seen in the real images,
because of the drizzling process in the reduction (J. A. R.
Caldwell et al. 2004, in preparation), we created the noise map
in two steps. A first guess of the noise map was built using the
noise-free simulated images, assuming a Poisson distribution
for the noise, and adding the noise due to the background and
readout noise. Because of the drizzling, the noise distribu-
tion of the real images is narrower than that expected from
Poissonian statistics, and there are correlations between neigh-
boring pixels. In order to simulate this noise pattern, we
smoothed the simulated noise images by a mean filter using
a 3 ; 3 pixel box. Then we combined this smoothed noise
map with the original Poissonian one, with different relative
weights, until we recovered the observed noise distribution.

The final noise map consisted of 80% of the original map plus
20% of the smoothed one.
We covered a wide range of parameter space in our simu-

lations, going outside the expected boundaries for real data to
explore possible systematic effects. The simulations range in
total magnitudes between 18.5 and 25.5, with a range of host-
to-nucleus flux ratios between 0.1 and 2.0 (�9%–66% of the
total flux) and half-light radii for the hosts between 0B15 and
1B0 (between 0.5 and 10 kpc at the redshift of our objects). For
each set of data we created five different realizations based on
different noise maps. We finally created a total of 1880 simu-
lated AGNs, 940 pairs with similar parameters but different
host morphologies. The simulated images were created by
both the GALFIT and IRAF/ARTDATA packages, without sig-
nificant differences in the final results.
With these simulations we explored the range of parameter

space for which our method could robustly reclaim the key
parameters (total, nucleus, and host fluxes, host scale length,
and the contrast between host and nucleus). We also searched
for possible biases in the derived parameters, and we estimated
statistical errors by comparing the input and output values.
To place limits on our ability to differentiate between disk-
dominated and bulge-dominated galaxies, we fitted all the
simulations, like the real data, with three different models for
the host galaxy: an exponential disk, a de Vaucouleurs func-
tion, and a Sèrsic function (with a free n-index). The total
number of performed fits was 5640. A detailed description of
these simulations will be presented elsewhere (S. F. Sánchez
et al. 2004, in preparation); here we give only a brief summary.
In all cases we find that the nuclear magnitude is recovered
with higher accuracy than the host magnitude. Figure 3 shows
the distribution of the difference between the input and output
host magnitudes versus the input magnitudes for the different
input and fitted models. It is clear from this figure that the best
estimation of the host magnitude depends on an accurate as-
sessment of the host morphological type.
The error in total and nuclear magnitudes is always lower

than �0.12 mag. On the other hand, the accuracy of host
magnitudes depends more on the host flux (S/N) than on other
parameters such as the contrast (host-to-nucleus ratio) or the
host physical scale (for r1=2 > 0B15). The flux of the disk hosts
is better recovered than the flux of the elliptical hosts for the
same range of parameters. This is due to the ACS PSF fol-
lowing roughly an r1=4-profile (K. Jahnke et al. 2004, in
preparation), which makes it more difficult to disentangle nu-
clear point sources from spheroidal than from disk hosts. An-
other reason could be that disk galaxies are less concentrated,
and therefore, for the same luminosity, they have more light
in the wings. The error of the host magnitudes ranges from
�0.05 mag for the brightest disk hosts (F850LPhost � 20) to
�0.40 mag for the faintest spheroidal hosts (F850LPhost � 24).
It has already been noted (McLure et al. 1999; Sánchez &

González-Serrano 2003) that it is not possible to perform an
accurate morphological classification of host galaxies based
simply on the goodness of the fit to either disk or de Vaucouleurs
models (i.e., a comparison of the reduced �2). The model
fitting is dominated so strongly by the nucleus fitting that
the derived goodness parameter is similar for both models
(Sánchez & González-Serrano 2003). However, we find that
we achieve a reliable morphological classification using the
Sèrsic index from our fitting and comparing this with the
results of our simulations. In the absence of the nucleus and
without noise, the Sèrsic index should be 1 for a pure disk
model and 4 for a pure de Vaucouleurs model. The presence of
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TABLE 2

Results from the Two-dimensional Fitting: F606W-Band Images

QSO ID

(1)

Tile

(2)

Model

(3)

Total

(4)

Nuclear

(5)

Host

(6)

H :N

(7)

a/b

(8)

P.A.

(9)

�2
�

(10)

Sub

(11)

Emp

(12)

r1/2
(arcsec)

(13)

�1/2

(mag arcsec�2)

(14)

34357..................... 94 Disk 19.29 19.51 21.15 0.22 0.87 15.27 1.57 21.70 21.96 0.52 23.20

deVauc 19.19 19.53 20.63 0.36 0.92 18.55 1.57 21.70 21.82 0.52 23.36

1.76 19.27 19.53 20.96 0.26 0.89 16.15 1.56 21.70 21.86 0.52 23.27

41310..................... 47 Disk 23.32 23.91 24.27 0.71 0.52 44.38 0.35 24.20 24.27 0.20 23.47

deVauc 23.24 24.58 23.62 2.42 0.52 45.91 0.34 24.20 23.64 0.16 22.68

3.77 23.25 24.67 23.60 2.67 0.53 45.88 0.34 24.20 23.62 0.16 22.64

40 Disk 23.31 23.95 24.19 0.80 0.52 47.72 0.39 24.07 24.20 0.16 22.93

deVauc 23.25 24.94 23.51 3.73 0.55 48.67 0.39 24.07 23.53 0.11 21.71

4.60 23.23 24.96 23.48 3.90 0.53 48.65 0.39 24.07 23.50 0.11 21.70

52963..................... 50 Disk 22.91 24.19 23.32 2.22 0.43 4.20 0.55 23.29 23.34 0.20 22.38

deVauc 22.78 25.05 22.93 7.04 0.38 5.80 0.53 23.29 22.97 0.16 21.74

1.75 22.81 24.33 23.12 3.04 0.37 5.56 0.51 23.29 23.14 0.11 20.91

36361a ................... 94 Disk 23.39 25.28 23.60 4.69 0.57 �9.59 0.33 24.91 24.44 0.25 23.96

deVauc 23.14 26.44 23.17 >10 0.59 �14.02 0.34 24.91 24.10 0.25 24.08

0.51 23.42 24.87 23.76 2.77 0.56 �7.22 0.33 24.91 24.59 0.25 23.92

47615..................... 46 Disk 22.11 22.51 23.42 0.43 0.84 �80.08 0.56 23.57 23.44 0.25 23.06

deVauc 22.07 22.77 22.88 0.90 0.80 �78.31 0.57 23.57 22.91 0.20 22.57

1.59 22.10 22.57 23.26 0.52 0.83 �79.25 0.56 23.57 23.25 0.20 22.63

50415a ................... 85 Disk 22.96 23.45 24.08 0.55 0.99 87.91 0.30 24.62 24.89 0.38 25.47

deVauc 22.83 23.53 23.64 0.90 0.93 6.87 0.31 24.62 24.60 0.38 25.68

0.75 22.96 23.42 24.12 0.52 0.88 �57.55 0.30 24.62 24.92 0.34 25.15

51 Disk 22.84 23.40 23.83 0.67 0.92 72.84 0.35 23.74 23.84 0.38 24.44

deVauc 22.68 23.52 23.36 1.15 0.89 52.31 0.35 23.74 23.52 0.34 24.35

0.90 22.85 23.39 23.87 0.64 0.91 58.94 0.34 23.74 23.88 0.38 24.43

44126..................... 42 Disk 23.07 23.16 25.85 0.08 0.56 �36.55 0.42 25.73 24.96 0.11 23.10

deVauc 23.08 23.24 25.28 0.15 0.20 �21.78 0.42 25.73 25.37 0.16 23.38

0.02 23.05 23.12 26.19 0.05 0.67 �65.22 0.42 25.73 25.25 0.11 23.55

42601..................... 42 Disk 21.35 22.86 21.67 2.99 0.73 23.95 0.82 21.69 21.73 0.65 23.43

deVauc 20.83 23.25 20.96 8.24 0.73 25.99 0.85 21.69 21.59 0.65 23.62

1.69 21.23 22.96 21.48 3.90 0.73 25.22 0.78 21.69 21.66 0.65 23.52

48284..................... 85 Disk 19.39 19.50 22.03 0.09 0.89 �72.63 2.71 22.43 21.96 0.38 23.42

deVauc 19.36 19.53 21.48 0.16 0.84 �75.80 2.68 22.43 22.38 0.29 22.89

4.27 19.35 19.52 21.47 0.16 0.94 �62.78 2.68 22.43 22.45 0.34 23.25

39432..................... 89 Disk 22.28 22.46 24.38 0.17 0.92 �45.11 0.33 24.92 25.18 0.25 24.83

deVauc 22.19 22.44 23.95 0.24 0.86 �57.15 0.33 24.92 24.82 0.25 24.95

1.27 22.25 22.43 24.35 0.17 0.87 �56.49 0.33 24.92 25.15 0.25 24.88

31898..................... 30 Disk 23.15 23.47 24.66 0.33 0.58 13.64 0.32 24.53 24.64 0.34 24.95

deVauc 23.08 23.57 24.18 0.57 0.58 14.08 0.32 24.53 24.30 0.29 24.73

1.71 23.13 23.50 24.49 0.40 0.58 14.16 0.32 24.53 24.51 0.34 25.00

15731a ................... 18 Disk 19.81 19.90 22.67 0.07 0.94 87.59 3.27 22.99 21.84 0.11 20.42

deVauc 19.74 19.89 21.97 0.14 0.88 �3.49 3.29 22.99 21.88 0.16 21.59

0.82 19.82 19.90 22.74 0.07 0.92 85.02 3.27 22.99 21.85 0.11 20.43

50997a ................... 85 Disk 20.66 20.69 24.81 0.02 0.82 �13.19 0.77 50 25.71 0.29 25.60

deVauc 20.62 20.63 34.61 <0.01 0.11 �54.96 0.73 50 28.22 0.16 25.77

10.00 20.52 20.53 50.00 <0.01 0.10 35.78 0.73 50 25.41 0.07 21.96

51 Disk 20.43 20.46 24.41 0.02 0.67 10.88 0.63 24.49 25.04 0.43 25.30

deVauc 20.42 20.47 23.94 0.04 0.54 1.20 0.64 24.49 24.38 0.34 24.83

0.70 20.43 20.46 24.52 0.02 0.69 14.08 0.63 24.49 25.01 0.38 24.99

49298..................... 52 Disk 19.87 20.01 22.21 0.13 0.53 �80.46 2.08 21.81 22.30 0.70 23.96

deVauc 19.76 20.01 21.52 0.24 0.56 �81.40 2.16 21.81 22.19 0.70 24.18

0.79 19.87 20.00 22.29 0.12 0.52 �80.74 2.08 21.81 22.44 0.79 24.13

85 Disk 19.92 20.03 22.48 0.10 0.41 32.97 1.50 23.63 23.50 0.79 25.48

deVauc 19.77 20.05 21.42 0.28 0.36 36.29 1.52 23.63 23.34 0.79 25.55

0.32 19.92 20.00 22.80 0.07 0.41 29.88 1.49 23.63 22.83 0.25 23.79

43151..................... 95 Disk 22.30 22.32 26.95 0.01 0.89 81.11 0.38 29.82 27.15 0.43 28.58

deVauc 22.25 22.26 35.99 <0.01 0.10 46.05 0.37 29.82 29.89 0.07 26.45

7.66 22.21 22.22 36.23 <0.01 0.10 39.37 0.37 29.82 50 0 0

45 Disk 22.37 22.42 25.94 0.03 0.88 �51.65 0.39 28.83 25.96 0.43 26.78

deVauc 22.36 22.41 25.89 0.04 0.37 69.94 0.39 28.83 26.15 0.38 27.18

0.06 22.51 22.54 26.66 0.02 0.59 71.96 0.45 28.83 26.74 0.43 26.96

Notes.—Col. (1): COMBO-17 ID; col. (2): the GEMS tile of the analyzed image (GOODS tile when larger than 78); col. (3): the fitted model, indi-
cated as ‘‘Disk’’ for an exponential profile, ‘‘deVauc’’ for a de Vaucouleurs profile, and index N for a Sèrsic profile, where this index shows the best-fitted
Sèrsic index; cols. (4), (5), and (6): the total, nuclear, and host magnitude from the fitting; col. (7): the host-to-nucleus flux ratio; col. (8): the semiaxis ratio;
col. (9): the position angle; col. (10): the fit reduced �2; col. (11): the peak-subtracted magnitude (not model dependent); col. (12): the integrated magnitude
over the restored host image; col. (13): the half-light radius; and col. (14): the surface brightness at this radius.

a Object image was masked prior to fit.



TABLE 3

Results from the Two-dimensional Fitting: F850LP-Band Images

QSO ID

(1)

Tile

(2)

Model

(3)

Total

(4)

Nuclear

(5)

Host

(6)

H :N

(7)

a/b

(8)

P.A.

(9)

�2
�

(10)

Sub

(11)

Emp

(12)

r1/2
(arcsec)

(13)

�1/2

(mag arcsec�2)

(14)

34357..................... 94 Disk 18.34 18.66 19.86 0.33 0.87 �7.81 0.59 19.84 19.96 0.52 21.17

deVauc 18.32 18.81 19.44 0.55 0.88 �5.38 0.57 19.84 19.66 0.43 20.93

3.33 18.34 18.82 19.48 0.54 0.86 �4.63 0.58 19.84 19.64 0.38 20.64

41310..................... 47 Disk 22.56 23.29 23.35 0.94 0.41 39.73 0.31 23.30 23.35 0.25 22.99

deVauc 22.53 24.12 22.82 3.31 0.99 �4.57 0.32 23.30 22.82 0.20 22.45

1.57 22.56 23.48 23.18 1.31 0.42 40.08 0.31 23.30 23.17 0.25 22.94

40 Disk 22.53 23.37 23.22 1.14 0.40 43.08 0.37 22.40 23.20 0.25 22.86

deVauc 22.44 24.26 22.67 4.32 0.42 42.29 0.37 22.40 22.68 0.20 22.28

2.92 22.49 24.18 22.75 3.73 0.44 42.50 0.37 22.40 22.75 0.20 22.27

52963..................... 50 Disk 22.23 23.41 22.68 1.95 0.56 2.14 0.36 22.72 22.66 0.25 22.21

deVauc 22.10 24.20 22.27 5.91 0.47 5.31 0.35 22.72 22.28 0.20 21.71

3.00 22.14 25.63 22.19 >10 0.55 4.73 0.35 22.72 22.19 0.20 21.63

36361a ................... 94 Disk 22.64 25.21 22.75 9.63 0.56 �6.03 0.43 23.28 22.85 0.25 22.37

deVauc 22.32 50.00 22.33 >10 0.55 �8.61 0.45 23.28 22.50 0.25 22.42

0.95 22.64 25.10 22.76 8.62 0.56 �5.93 0.43 23.28 22.87 0.25 22.38

47615..................... 46 Disk 21.41 22.64 21.84 2.08 0.88 �87.85 0.47 21.96 21.82 0.30 21.81

deVauc 21.27 23.80 21.39 9.20 0.89 �84.30 0.49 21.96 21.42 0.25 21.52

1.10 21.40 22.68 21.81 2.22 0.88 �87.58 0.47 21.96 21.79 0.29 21.81

50415a ................... 85 Disk 21.79 23.12 22.18 2.37 0.87 10.26 0.46 22.21 22.24 0.34 22.56

deVauc 21.58 23.69 21.75 5.97 0.86 9.87 0.47 22.21 21.92 0.34 22.69

1.09 21.79 23.15 22.16 2.48 0.87 10.21 0.46 22.21 22.23 0.34 22.57

51 Disk 21.79 23.02 22.22 2.08 0.89 71.82 0.33 22.23 22.21 0.34 22.53

deVauc 21.59 23.66 21.77 5.70 0.88 74.96 0.34 22.23 21.85 0.34 22.63

1.31 21.76 23.11 22.14 2.44 0.89 72.99 0.33 22.23 22.14 0.34 22.56

44126..................... 42 Disk 22.35 22.60 24.10 0.25 0.88 �20.59 0.44 24.68 24.08 0.30 24.09

deVauc 22.36 22.56 24.31 0.19 0.60 �25.76 0.44 24.68 24.34 0.25 24.29

0.16 22.36 22.50 24.67 0.13 0.69 �49.28 0.43 24.68 24.66 0.29 24.16

42601..................... 42 Disk 20.32 22.28 20.52 5.05 0.77 24.14 0.47 20.46 20.53 0.56 21.94

deVauc 19.90 23.40 19.95 >10 0.78 23.41 0.44 20.46 20.32 0.56 22.09

2.29 20.13 22.83 20.23 >10 0.78 23.99 0.43 20.46 20.38 0.56 22.03

48284..................... 85 Disk 18.86 19.15 20.47 0.29 0.88 �51.18 0.64 20.49 20.58 0.52 21.80

deVauc 18.79 19.24 19.98 0.50 0.89 �56.14 0.64 20.49 20.26 0.47 21.73

3.31 18.89 19.31 20.15 0.46 0.95 �6.09 0.71 20.49 20.30 0.38 21.30

39432..................... 89 Disk 21.41 21.87 22.57 0.52 0.94 �9.41 0.40 22.59 22.69 0.30 22.66

deVauc 21.32 21.93 22.26 0.73 0.90 �19.89 0.41 22.59 22.40 0.29 22.88

1.79 21.41 22.00 22.36 0.71 0.93 �43.26 0.40 22.59 22.42 0.25 22.28

31898..................... 30 Disk 21.86 23.35 22.19 2.91 0.58 17.14 0.31 22.01 22.18 0.34 22.44

deVauc 21.61 24.31 21.71 >10 0.58 17.61 0.31 22.01 21.80 0.34 22.50

2.52 21.72 23.93 21.88 6.60 0.58 17.45 0.30 22.01 21.91 0.34 22.48

15731a ................... 18 Disk 19.50 20.02 20.56 0.60 0.99 �78.40 0.77 20.66 20.74 0.56 22.04

deVauc 19.30 20.11 20.00 1.10 0.91 �24.68 0.77 20.66 20.39 0.47 21.83

1.83 19.45 20.07 20.36 0.76 0.93 �38.40 0.76 20.66 20.45 0.47 21.78

50997a ................... 85 Disk 20.36 20.49 22.75 0.12 0.63 �23.78 0.49 22.94 22.16 0.20 21.81

deVauc 20.34 20.65 21.88 0.32 0.80 �15.77 0.52 22.94 22.01 0.25 22.09

0.83 20.36 20.58 22.22 0.22 0.79 �13.44 0.52 22.94 22.27 0.29 22.22

51 Disk 20.29 20.40 22.84 0.10 0.63 40.80 0.39 22.77 22.85 0.29 22.85

deVauc 20.27 20.46 22.29 0.18 0.61 44.89 0.39 22.77 21.83 0.16 20.88

1.39 20.28 20.41 22.73 0.11 0.62 41.68 0.39 22.77 22.75 0.29 22.85

49298..................... 52 Disk 19.46 19.79 20.92 0.35 0.55 �82.13 0.79 21.13 20.78 0.65 22.65

deVauc 19.13 19.82 19.96 0.87 0.47 �81.49 0.82 21.13 21.07 0.88 23.24

0.95 19.46 19.79 20.94 0.34 0.55 �82.22 0.79 21.13 20.78 0.65 22.64

85 Disk 19.50 19.83 20.99 0.34 0.50 28.65 0.72 21.10 20.86 0.56 22.61

deVauc 19.24 19.86 20.15 0.76 0.45 30.25 0.75 21.10 21.09 0.75 23.23

0.70 19.51 19.81 21.09 0.30 0.50 27.75 0.72 21.10 20.93 0.56 22.58

43151..................... 95 Disk 21.80 22.12 23.31 0.33 1.00 68.38 0.51 23.31 23.39 0.20 22.62

deVauc 21.75 22.23 22.87 0.55 0.83 68.29 0.51 23.31 22.80 0.16 21.85

0.87 21.80 22.10 23.36 0.31 0.83 71.44 0.51 23.31 23.11 0.20 22.51

45 Disk 21.93 22.22 23.52 0.30 0.98 82.06 0.39 23.72 23.55 0.29 23.52

deVauc 21.91 22.37 23.07 0.52 0.89 �79.39 0.39 23.72 23.08 0.25 23.20

1.20 21.92 22.23 23.44 0.32 0.97 79.46 0.39 23.72 23.44 0.29 23.50

Notes.—Col. (1): COMBO-17 ID; col. (2): the GEMS tile of the analyzed image (GOODS tile when larger than 78); col. (3): the fitted model,
indicated as ‘‘Disk’’ for an exponential profile, ‘‘deVauc’’ for a de Vaucouleurs profile, and index N for a Sèrsic profile, where this index shows the best-
fitted Sèrsic index; cols. (4), (5), and (6): the total, nuclear, and host magnitude from the fitting; col. (7): the host-to-nucleus flux ratio; col. (8): the
semiaxis ratio; col. (9): the position angle; col. (10): the fit reduced �2; col. (11): the peak-subtracted magnitude (not model dependent); col. (12): the
integrated magnitude over the restored host image; col. (13): the half-light radius; and col. (14): the surface brightness at this radius.

a Object image was masked prior to fit.



the nucleus and the noise alters this result. This classification
method had already been used by McLure et al. (1999) and
Sánchez & González-Serrano (2003).

Figure 4 shows the distribution of the output Sèrsic indices
along the simulated host magnitudes for the input disks (solid
contours) and the input de Vaucouleurs spheroids (dashed
contours). The Sèrsic indices are close to their input values
only for very bright host galaxies and tend to become smaller
as a consequence of the presence of a central point source.
Nevertheless, the two classes of disk and de Vaucouleurs
models remain well separated unless the host galaxy is very
faint. On the basis of these simulations we conclude that we
can perform a reliable morphological classification at least into
disk- or spheroid-dominated types for most of our objects.

4. RESULTS

On the basis of our fitting analysis and the simulations, we
assigned a morphological class to each of the AGN hosts
(Tables 2 and 3). We selected the morphological type for each
host galaxy by comparing its location in the Sèrsic index
versus host magnitude plane with the distribution obtained
from the simulations (Fig. 4). In this way, we derived initial
morphological classifications for each filter band separately. If
an object was observed more than once, in different mosaic
tiles (see Tables 2 and 3), we used the average value of the
two Sèrsic indices. If one of the two images originated in
the GOODS area, we gave preference to the values derived
from the analysis of the GEMS tile (since the GOODS tiles

Fig. 3.—Density distribution of the differences between the input and the output magnitudes of the host galaxies for the two simulated models (disk and
de Vaucouleurs), when fitted with three different functions: exponential disk, de Vaucouleurs, and Sèrsic, as described in the text. The first contour encircles 90%
of the objects, with increments of 20% between successive contours.
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incorporated into GEMS are slightly shallower than the proper
GEMS tiles; cf. x 2). From these criteria we could obtain un-
ambiguous classifications for 11 of the 15 objects, of which
nine had the same type in both bands and two were detected
only in F850LP. All these 11 objects are located in a non-
overlapping region between the spheroid and disk distribu-
tions of Figure 4. For three of the remaining four objects, the
classification was clear-cut in one band and ambiguous in
the other band (COMBO-17 36361 and 49298 in F606W,
COMBO-17 50415 in F850LP). In these cases we adopted the
morphological classification from that band in which the type
was found to be unambiguous. For only one remaining object
were we unable to converge on a unique classification based
on the fits alone. This object (COMBO-17 15731) has a Sèrsic
index of 0.82 in F606W, indicative of a disk, and of 1.83 in
F850LP, indicative of a spheroid. After visual inspection of
images and surface brightness profiles we concluded that this
object is most likely an early-type, bulge-dominated galaxy
(especially in the redder F850LP band) without significant
evidence of a disk but with two faint blue arms sticking out in
the F606W (rest-frame B band) residual images (see Fig. 10).
These ‘‘arms’’ could also be tidal features resulting from in-
teraction with the close companion of that galaxy, owing their
blue colors to enhanced star formation. We also note that the
contrast between nucleus and host is considerably more fa-
vorable in the F850LP band for this z ¼ 0:83 AGN, giving
additional weight to its classification as an early-type galaxy.

On the basis of the assigned type, we estimated the nuclear
magnitude using the value derived from the two-dimensional
fitting. The host magnitude was measured from the actual data
through a large circular aperture after removing the nucleus.
The structural parameters r1=2 and �1/2 were obtained from the
surface brightness analysis. Finally, we flagged each object
with a value between 0 and 3 to describe its degree of inter-
action (based on visual inspection), where 0 means no nearby
companion within a projected radius of �200 (i.e., �13 kpc at
the mean redshift of our sample), 1 means at least one nearby
companion but no tidal tails or bridges between the host and
the companion, 2 indicates a nearby companion with an ap-
parent bridge between the host and the companion, and 3

signifies objects clearly undergoing a merger event. Table 4
lists the final estimated parameters for our objects, separately
for the F606W- and F850LP-band images, including the mor-
phological classification and the interaction level flag. The
listed magnitudes have not been corrected for Galactic extinc-
tion, which is, however, small. For the values quoted hereafter,
we adopt a Galactic extinction of E(B� V ) ¼ 0:008 mag,
which corresponds to corrections of �0.024 and �0.014 mag
for the F606W and F850LP bands, respectively (Schlegel et al.
1998). In Appendix A we present color images and surface
brightness profile of the original data, the model, the restored
host galaxy, and the residuals, together with notes on individual
objects.
We find that three of the 15 objects show evidence of a

major merger: COMBO-17 52963, COMBO-17 36361, and
COMBO-17 42601. The images of these objects show gener-
ally blue clumpy structures, with linear shapes, as expected
from star-forming regions induced by recent merger events. In
some cases it is difficult to distinguish these structures from
those expected from spiral arms (e.g., COMBO-17 42601),
although the lack of disk structure in the profile suggests a
merger process. Another object, COMBO-17 15731, shows a
companion with what seems to be a bridge connecting it with
the host. Finally, two other objects show what could be close
companions, without any evidence of connection between
them and the hosts. Therefore, a fraction between 20% and
40% of the objects show some degree of interaction with close
companions, from major merger to low-level interaction.
Twelve of the 15 hosts (�80% of the sample) are morpho-

logically early-type galaxies, as defined by the Sèrsic index.
This fraction is not affected if we exclude the three possibly
merging galaxies. On the other hand, only one object can be
clearly classified as a disk-dominated galaxy (COMBO-17
49298). Two other galaxies could also have significant disks,
of which COMBO-17 36361 is heavily distorted, and the
classification is uncertain.

5. DISCUSSION

5.1. The Colors of the Host Galaxies

The average observed color of all the hosts is F606W�
F850LP ¼ 1:55 � 0:45 mag, without significant differences
between morphological classes (1:54 � 0:48 for the early-type
hosts and 1:65 � 0:09 for the late-type hosts, excludingmergers
and strongly interacting systems). We have compared the host
and nuclear colors in order to check whether there was a pos-
sible contamination from the nucleus, due to improper sub-
traction, that could affect our results. No significant trend is
seen between the nuclear and host colors.
Figure 5 shows the F606W� F850LP distribution of the

host galaxies as a function of redshift. For comparison, we
included the same distribution for the �4000 inactive galaxies
in the GEMS field at the redshift range of our objects. A de-
tailed study of these objects will be presented in forthcoming
papers by the GEMS collaboration (M. Barden et al. 2004,
in preparation; C. Wolf et al. 2004, in preparation; D. H.
McIntosh et al. 2004, in preparation). The red sequence of
early-type galaxies, as discussed by Bell et al. (2004), is clearly
identified in the figure as a red envelope and shows the color of
the oldest stellar populations at a given epoch. It is clear from
Figure 5 that the host galaxies, despite their morphological
types, range in their colors from the red sequence to blue colors
indicative of ongoing or recent star formation. In particular, the
morphologically early-type hosts tend to be bluer, on average,

Fig. 4.—Density distribution of the output Sèrsic index from two-dimensional
fitting to simulated disk (n ¼ 1; solid line) and de Vaucouleurs (n ¼ 4; dotted
line) host galaxies. The outer contour encircles 95% of the simulations, with
increments of 15% between successive contours. The squares show that distri-
bution for the host galaxies of our AGN sample (values listed in Table 3). [See the
electronic edition of the Journal for a color version of this figure.]
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than the red-sequence galaxies, hinting at the presence of a
significant younger stellar population. Roughly 50%–70% of
the 10 early-type hosts detected in both bands are bluer than
the red-sequence galaxies.

There are several combinations of stellar populations that
could explain the observed distribution. We discuss two extreme
cases: (1) the galaxy has a single stellar population, formed in a
single burst of star formation; and (2) the galaxy is dominated
by an old stellar population, similar to the stellar population of
field early-type galaxies, but it has undergone recent star for-
mation. Figure 6 shows schematically the same color distribu-
tion as Figure 5, but now we have overplotted the expected
colors for the two scenarios. Solid lines show the colors of
single stellar populations. These colors were calculated using
the Bruzual & Charlot (2003) models, assuming a solar metal-
licity and a Chabrier (2003) initial mass function (IMF; we also
tried a Salpeter 1955 IMF, without significant differences).
These isochrones are a rough indicator of the luminosity-
weighted age of the host galaxies. A wide range of ages, from
�0.3 to�3 Gyr, is required to explain the observed distribution.

On average, they seem to have moderately young luminosity-
weighted stellar populations, with an age of �1 Gyr. These
ages are indicators of the wide range of stellar populations
needed to describe the colors of the host galaxies in our sample.

However, a mix of different populations can also generate
similar colors. The dashed lines in Figure 6 show the colors of
GEMS red-sequence galaxies (taken to empirically represent
an old stellar population), where a varying fraction of young
stellar population has been added to the overall mass. The
young stellar population has been characterized by the popu-
lation of the galaxies in the blue end of the U � V color dia-
gram distribution for the GEMS field (U � V < 0 mag). This
model-independent approach has been cross-checked substi-
tuting this young population with a 0.03 Gyr model without
appreciable changes. It is seen that the colors of the host gal-
axies can be reproduced by adding a varying mass fraction
between close to 0% and �30% of young stars to an overall
population of old stars.

It is worth noting that uncertainties from dust reddening and
metallicity only mildly affect our conclusion that substantial

TABLE 4

Summary of the Results of Our Analysis

QSO ID

(1)

z

(2)

Class

(3)

Total

(4)

Nuclear

(5)

Host

(6)

r1/2
(kpc)

(7)

�1/2

(8)

Morph.

(9)

Inter.

(10)

F606W

34357................... 0.543 deVauc 19.19 � 0.02 19.53 � 0.03 20.82 � 0.05 2.73 � 0.72 21.4 � 0.2 Early type 0

41310................... 0.548 deVauc 23.24 � 0.04 24.58 � 0.06 23.55 � 0.26 0.74 � 0.23 20.3 � 0.2 Early type 1

52963................... 0.548 deVauc 22.78 � 0.03 25.05 � 0.07 22.97 � 0.22 0.68 � 0.21 19.4 � 0.2 Early type 3

36361................... 0.549 Disk 23.39 � 0.02 25.28 � 0.07 24.24 � 0.14 1.32 � 0.42 22.1 � 0.2 Late type 3

47615................... 0.649 deVauc 22.07 � 0.03 22.77 � 0.03 22.91 � 0.17 1.12 � 0.34 20.4 � 0.2 Early type 0

50415................... 0.664 deVauc 22.96 � 0.03 23.45 � 0.03 24.00 � 0.14 2.13 � 0.61 22.2 � 0.2 Early type 1

44126................... 0.729 Disk 23.07 � 0.04 23.16 � 0.06 24.46 � 0.52 0.63 � 0.17 20.7 � 0.2 Late type 0

42601................... 0.733 deVauc 20.83 � 0.02 23.25 � 0.05 21.59 � 0.06 3.75 � 1.15 21.2 � 0.3 Early type 3

48284................... 0.734 deVauc 19.36 � 0.02 19.53 � 0.03 22.38 � 0.05 1.85 � 0.58 20.7 � 0.2 Early type 0

39432................... 0.738 deVauc 22.19 � 0.02 22.44 � 0.03 24.73 � 0.26 1.44 � 0.46 21.7 � 0.3 Early type 0

31898................... 0.812 deVauc 23.08 � 0.04 23.57 � 0.06 24.20 � 0.26 1.89 � 0.59 22.3 � 0.3 Early type 0

15731................... 0.835 Disk 19.81 � 0.02 19.90 � 0.03 21.84 � 0.17 0.65 � 0.18 17.8 � 0.1 Early type 2

50997................... 0.837 Not det. 20.62 � 0.02 20.63 � 0.03 . . . . . . . . . Early type 1

49298................... 1.031 Disk 19.87 � 0.02 20.01 � 0.03 22.30 � 0.05 4.27 � 1.28 21.9 � 0.2 Late type 0

43151................... 1.037 Not det. 22.30 � 0.02 22.32 � 0.03 . . . . . . . . . Early type 0

F850LP

34357................... 0.543 deVauc 18.32 � 0.02 18.81 � 0.05 19.66 � 0.06 2.15 � 0.63 18.9 � 0.2 Early type 0

41310................... 0.548 deVauc 22.53 � 0.05 24.02 � 0.16 22.67 � 0.37 1.16 � 0.35 20.6 � 0.3 Early type 1

52963................... 0.548 deVauc 22.10 � 0.04 24.10 � 0.16 22.19 � 0.37 1.05 � 0.32 19.8 � 0.3 Early type 3

36361................... 0.549 Disk 22.64 � 0.05 25.13 � 0.19 22.60 � 0.38 1.32 � 0.42 20.5 � 0.3 Late type 3

47615................... 0.649 deVauc 21.27 � 0.04 23.71 � 0.15 21.42 � 0.22 1.51 � 0.45 19.5 � 0.3 Early type 0

50415................... 0.664 deVauc 21.58 � 0.04 23.60 � 0.15 21.79 � 0.26 1.91 � 0.56 20.4 � 0.3 Early type 1

44126................... 0.729 Disk 22.35 � 0.04 22.60 � 0.07 22.80 � 0.60 1.67 � 0.52 21.7 � 0.5 Late type 0

42601................... 0.733 deVauc 19.90 � 0.02 23.40 � 0.13 20.28 � 0.14 3.23 � 0.98 19.7 � 0.3 Early type 3

48284................... 0.734 deVauc 18.79 � 0.02 19.24 � 0.05 20.26 � 0.06 2.48 � 0.75 19.1 � 0.3 Early type 0

39432................... 0.738 deVauc 21.32 � 0.04 21.82 � 0.14 22.30 � 0.29 1.56 � 0.46 20.2 � 0.3 Early type 0

31898................... 0.812 deVauc 21.61 � 0.04 24.21 � 0.16 21.80 � 0.26 2.00 � 0.59 19.9 � 0.3 Early type 0

15731................... 0.835 deVauc 19.30 � 0.02 20.11 � 0.05 20.39 � 0.06 2.79 � 0.82 19.2 � 0.3 Early type 2

50997................... 0.837 deVauc 20.34 � 0.02 20.65 � 0.05 21.92 � 0.26 1.36 � 0.40 19.3 � 0.3 Early type 1

49298................... 1.031 Disk 19.46 � 0.02 19.79 � 0.05 20.78 � 0.09 3.97 � 1.22 19.6 � 0.2 Late type 0

43151................... 1.037 deVauc 21.75 � 0.04 22.12 � 0.14 22.65 � 0.36 1.65 � 0.46 20.3 � 0.3 Early type 0

Notes.—Col. (1): COMBO-17 ID; col. (2): redshift; col. (3): host classification (italics when dubious); cols. (4), (5), and (6): the total, nuclear,
and host magnitude for the given band; col. (7): half-light radius; col. (8): surface brightness at this radius, corrected for cosmological dimming;
col. (9): final morphological classification (italics when dubious); and col. (10): flag indicating the interaction degree. The interaction degree has
been visually classified as (0) isolated galaxies, (1) galaxies with a close companion, (2) galaxies with tidal tails and bridges with a close
companion, and (3) clear mergers. The listed magnitudes have not been corrected for galactic extinction.
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young stellar populations are present in many of the AGN host
galaxies. In particular, dust tends to dim and redden young
stars preferentially (e.g., Calzetti et al. 1994; Zaritsky 1999),
which, if corrected for, would imply even larger young stellar
population fractions in our hosts. On the other hand, changes in
metallicity by a factor of 3, in the sense of hosts of lower
metallicity, could reproduce the color offsets seen between the
early-type inactive and active galaxies. However, recalling the
typically high luminosities of the AGN host galaxies, coupled
with the metallicity-luminosity correlation and inspecting the
spatial clumping of the blue stars in many of the recovered host
galaxy images (Fig. 10), we find it rather unlikely that a
metallicity difference between active and nonactive morpho-
logically early-type galaxies could be the dominant factor in
driving the observed color differences. Moreover, it is well
known that QSO broad-line regions have high metallicities
(Hamann & Ferland 1992, 1993; Constantin et al. 2002). There
is thus no evidence for low metallicities in the host galaxies
as an explanation for the blue colors.

5.2. Absolute Maggnitudes, Scale Lenggths, and Stellar Masses
of the Host

We calculated k-corrections for the host galaxies to obtain
rest-frame U �V colors and absolute magnitudes that allowed
us to compare them with the inactive galaxies in the GEMS
field. In Appendix B, we describe in detail the method adopted
to derive those transformations. We used the observed F606W�
F850LP colors to derive the rest-frame U �V colors, using
these transformations, including the standard deviation of
each transformation in the color errors. Recall that for the
redshift range of the sample, these bandpass shifts are from
F606W� F850LP to U �V , and therefore the color transfor-
mations are relatively small. Once we had determined the rest-
frame U �V colors, we derived the absolute magnitudes of our

objects, using the transformations described in Appendix B,
including the standard deviation of each transformation in
the magnitude errors. The mean V-band absolute magnitudes
of our AGN host galaxies is MV ;host ¼ �20:2 � 1:2 mag,
covering a range between approximately �18.5 and approxi-
mately �22 mag.
We determined the half-light radii of these galaxies from

the scale lengths obtained in the fits, computing a luminosity-
weighted average of the values obtained for both bands
(Table 4). The average half-light radius is r1=2 � 1:9 � 0:8 kpc.
Figure 7 shows the distribution of the absolute magnitudes as
a function of these radii. For comparison, we overplot the
luminosity-size relation of early-type galaxies at the average
redshift of our sample (Kormendy 1977; Faber et al. 1987). We
adopted the luminosity-size relation obtained by Schade et al.
(1997) for red-sequence early-type galaxies in clusters at
z � 0:7, transformed to our cosmology. The loci of the early-
type active and inactive galaxies in the luminosity-size plane
are consistent with each other.
We estimated the stellar masses using the average relation

found by Bell & de Jong (2001) between the M=L and the
B�V color. For that we have estimated the B�V colors of
our objects using the relation between the U �V and the
B�V colors derived from the field galaxies in COMBO-17.
The correlation between both colors is tight, with a dispersion
of �0.07 mag. Using these colors and the V-band absolute
magnitudes of our objects we have an estimate of the stellar
masses of our host galaxies. The average mass derived for the
early-type hosts is �1:5 ; 1010 M�, with a range of masses
between �0.1 and �5:9 ; 1010 M�. We find AGNs harbored
by early-type galaxies with a wide range of masses, not re-
stricted to the most massive elliptical galaxies, as previously
reported by the studies of more luminous QSO hosts (e.g.,
Dunlop et al. 2003).

Fig. 5.—Observed F606W� F850LP colors for the host galaxies as a
function of redshift (large symbols). The filled circles show morphologically
early-type galaxies, the stars morphologically late-type galaxies (see text for
details). The open squares mark the objects with evidence of interactions/
mergers (class 2 and 3 in Table 4). The small symbols indicate early-type
(n � 2:5; filled circles) and late-type (n < 2:5; asterisks) inactive galaxies
observed in the GEMS field. [See the electronic edition of the Journal for a
color version of this figure.]

Fig. 6.—Observed F606W� F850LP colors for the host galaxies as a
function of redshift (large symbols) compared with simple population models.
The symbols are the same as those in Fig. 5. The solid lines show the expected
colors of a single stellar population with different ages. The dashed lines show
the expected colors of a mixed population, with a dominant old stellar pop-
ulation and a varying contribution of light from young stellar populations,
derived completely empirically (see x 5.1 for details). [See the electronic
edition of the Journal for a color version of this figure.]
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5.3. The U �V Color-Maggnitude Diaggram

Figure 8 shows the U �V versus MV color-magnitude di-
agram for the hosts, together with these values for �4000
inactive galaxies from the GEMS sample at the same redshift
as our objects. For consistency we have used the same grid of
transformations (described above) for deriving the rest-frame
colors and absolute magnitudes of the active and inactive
galaxies, using the observed F606W and F850LP magnitudes.
The morphological early- and late-type galaxies, as classified
within the GEMS project (M. Barden et al. 2004, in prepa-
ration; Bell et al. 2004), are indicated by filled circles and
stars, respectively. The red sequence of early-type galaxies,
described by Bell et al. (2004) for the GEMS inactive galaxies
at z � 0:7, is clearly visible in Figure 8. From this figure, we
can see that between five and seven of the morphologically
early-type hosts are bluer than the red-sequence early-type
galaxies (�50%–70% of the sample). The range depends on
where we draw the line for including objects in the red se-
quence (U �V � 0:6 0:8). On the other hand, only �30% of
the host galaxies detected in both bands are clearly as red as
red-sequence galaxies. This fraction would increase to �40%
if we included the two hosts not detected in the F606W band.

We performed one- and two-dimensional Kolmogorov-
Smirnov (K-S) tests on the color and color-magnitude dis-
tributions of the early-type host galaxies and the early-type
inactive red-sequence galaxies. The null hypothesis that both
samples were drawn from the same parent population has
probabilities of only 0.1% and 0.4%, respectively. The stan-
dard K-S tests do not take the errors into account. To deter-
mine the extent to which these errors can affect our results, we
simulated 1000 color and color-magnitude distributions. We
added random values to the original colors and magnitudes
following Gaussian distributions with the width of the errors.
Repeating the K-S tests on these simulated distributions, we
find that the acceptance probabilities of the null hypothesis are

only marginally larger, with 0.8% and 0.5%, respectively. We
conclude that the distribution of early-type AGN host galaxies
is significantly different than that of the red sequence.

However, as previously reported by Bell et al. (2004), there
is a tail of blue but morphologically early-type galaxies, which
is clearly seen in Figure 8. Using a similar K-S test, we find
that the color and color-magnitude distributions of the early-
type host galaxies are actually consistent with being drawn
from the complete sample of inactive early-type galaxies, i.e.,
including the blue tail. The probabilities found by a K-S test
on both samples are 16.7% (21.7%) and 39.1% (34.1%) for
the color and color-magnitude distributions without (with) the
inclusion of errors, respectively. However, applying a lumi-
nosity cut at MV < �21, which isolates the four most lumi-
nous early-type host galaxies, produces color distributions that
are again markedly different, although because of the reduced
number of objects, a K-S test would not produce a reliable
probability. These objects harbor the four most luminous
AGNs of our sample.

In summary, we have found that the host galaxies of AGNs
are mainly elliptical galaxies (�80%), with 20%–40% show-
ing evidence of interactions. Only �20% are disk dominated.
Roughly 50%–70% of the host galaxies that are structurally
early type are bluer than the red-sequence early-type galaxies,
indicating the presence of stellar populations younger than
those of the inactive early-type galaxies. Taking into account
the recently reported blue tail for early-type galaxies (Bell
et al. 2004), their colors become more similar, but they still
remain significantly bluer for the most luminous objects.
However, they are structurally similar to red-sequence early-
type galaxies, which may indicate that they are dominated by
an underlying old stellar population with only a small fraction
of the mass involved in a recent star formation episode.

Fig. 7.—Plot of the host galaxy absolute magnitude against half-light radius
for the 12 early-type galaxies of our sample ( filled circles). The solid line
shows the location of the luminosity-size relation for early-type red-sequence
galaxies at the mean redshift of our objects (Schade et al. 1997). The dash-
dotted line shows the relation at z ¼ 0 (Kormendy 1977).

Fig. 8.—Rest-frame color-magnitude distribution of the host galaxies of
active nuclei compared with the inactive galaxies from GEMS from the same
redshift range as our AGNs (symbols as in Fig. 5). The red sequence for early
types is clearly identified in the field galaxy distribution (at U � V k0:8). The
hosts, mainly early-type galaxies, are bluer than the red-sequence galaxies in
the field. There is a clear cutoff in the upper right corner due to the combined
effect of the different detection limits in the F606W and F850LP bands. This
limit does not affect our results. [See the electronic edition of the Journal for a
color version of this figure.]
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5.4. Comparison with Recent Results

The majority of previous studies of host galaxies were fo-
cused on host morphologies (e.g., Dunlop et al. 2003; Sánchez
& González-Serrano 2003). They found that the QSO hosts
were mainly early-type galaxies, with an increase in the frac-
tion of early-type galaxies with nuclear luminosity (Dunlop
et al. 2003). The fraction of late-type host galaxies ranges
between �15% and �35% for radio-quiet QSOs and almost
zero for radio-loud QSOs (Dunlop et al. 2003; Floyd et al.
2004; Sánchez & González-Serrano 2003; Hamilton et al.
2002). These fractions are similar to those found in our sample
(�20%), and there is no significant change with redshift. In
contrast, very few studies have focused on colors. Kauffmann
et al. (2003) have recently presented their results based on the
comparison of active and inactive galaxies from the Sloan
Digital Sky Survey (SDSS) at 0:02 < z < 0:3. They found that
the host galaxies of both type 1 and 2 AGNs have younger
mean stellar ages than inactive galaxies, possibly because of
starburst or post-starburst populations. Furthermore, �40% of
their objects are blue pure spheroids, and they found evidence
of recent interactions in �30% of their objects. Their sub-
sample of type 1 AGNs covers a range of luminosities similar
to that in our sample. Jahnke et al. (2004a) had already noticed
that the mean colors of the hosts of their complete sample of
low-z type 1 AGNs were bluer than expected, especially for
pure elliptical galaxies. Similar results have been found by
Kotilainen & Falomo (2004) for a sample of low-z BL Lac
host galaxies. Their results are remarkably similar to the ones
presented here, especially regarding the existence of a popu-
lation of blue elliptical hosts. Our results extend this result to
early epochs, covering the last half of the cosmic history.

On the other hand, Dunlop et al. (2003) did not find espe-
cially blue colors for their sample of low-z high-luminosity
QSO hosts, based on the analysis of R- and K-band images
(Dunlop et al. 1993; McLure et al. 1999). However, the
fraction of young stars required to reproduce our observed
colors would not produce significant deviations in R� K color
at low z because the red light from blue stars is small com-
pared to the light from the dominant underlying stellar pop-
ulations. Furthermore, Nolan et al. (2001) show evidence for a
small fraction of young stellar population in their spectro-
scopic analysis of the host galaxies studied by Dunlop et al.
(2003).

In a companion article (Jahnke et al. 2004b), we have an-
alyzed the host galaxies of AGNs in the GEMS project at high
z (1:8 < z < 2:5). We found evidence for significant UV flux
from young stars in all the detected host galaxies, in clear
agreement with current results.

It seems that the basic requirements for generating a pow-
erful AGN are a massive black hole and an abundant fuel
supply, as already expressed by Kauffmann et al. (2003). Only
massive early-type galaxies contain massive black holes, and
only galaxies with significant amounts of recent star formation
have the required fuel supply. It is still an open question why
these early-type galaxies retain enough gas to undergo star
formation and what the relationship is between AGNs and star
formation activity.

5.5. AGN Activvity and Star Formation: Why Are Our
Early-Type Hosts Blue?

The correlation between nuclear activity and enhanced star
formation could arise from an enrichment of gas due to recent
merger events. The merger would produce the infall of gas

needed to (re)ignite the AGN and trigger star formation at the
same time (e.g., Lin et al. 1988; Mihos & Hernquist 1996;
Corbin 2000). We find evidence of recent mergers in �20% of
our sample, a fraction similar to the values reported in the
literature (e.g., Kauffmann et al. 2003; Sánchez & González-
Serrano 2003). However, it is not clear that this fraction could
be considered to be a significant excess of merging galaxies.
The fraction of merging galaxies in the local universe is rather
small, �7%, based on classical studies like Shapley & Ames
(1932). But this fraction is known to increase with redshift.
For example, van den Bergh et al. (1996) and Lee & Hwang
(2000) found that at least �39% of the galaxies in the Hubble
Deep Field–North and Hubble Deep Field–South show dis-
rupted morphologies, reminiscent of mergers. Therefore, if a
merger is the cause of the enrichment of gas in these galaxies,
this event must have happened long before the morphological
relaxation of the galaxy, in the majority of the cases.
Galaxy interactions have been claimed for decades to be

important triggers of star formation (e.g., Larson & Tinsley
1978; Kennicutt et al. 1987). It was also believed that mergers
produce an enrichment of gas, and even minor interactions can
trigger star formation due to the infall of gas, compression,
and heating (e.g., Barton et al. 2000). In particular, tidal in-
teraction can trigger star formation that significantly affects the
colors of the nuclear region (e.g., Barton et al. 2003). (But see
Bergvall et al. 2003 for a counterexample.) This may well be
the kind of effect we detect in our observations, where we can
reproduce the observed colors with a small fraction of young
stars. Mihos & Hernquist (1996) estimated the timescales of
star formation induced by interaction to be �10–100 Myr,
which is of the same order as the morphological relaxation
time of �50–100 Myr (depending on the scale length of the
galaxies involved). Since even a somewhat aged population of
recently formed stars can still produce substantially blue col-
ors in the host galaxy (see the model tracks in Fig. 6), we may
well still see the enhanced blue color while the morphological
signatures of the merger or interaction have disappeared.
Another possibility could be that the gas was already pres-

ent in the morphological early-type parent galaxy. As stated
above, there is a tail of blue elliptical galaxies in the color
distribution of early-type galaxies in the GEMS sample—that
is, morphological early-type galaxies with enough gas to un-
dergo star formation. In that case a process such as a minor
merger, which would hardly be detectable by our current
morphological analysis, could produce the infall of this gas
into the inner regions.
A completely different connection between AGNs and star

formation activity could come from AGN-driven feedback
processes. The combined effect of the ionizing radiation and
possible mechanical outflows trigger star formation through-
out the host galaxy. The implications of AGN feedback for
galaxy evolution in general are still poorly understood (e.g.,
Colbert et al. 1996; Silk & Rees 1998).

5.6. The Host-Nucleus Luminosity Relation

McLeod & Rieke (1994) found that a minimum host lu-
minosity appears to be required to produce an AGN of given
luminosity. This result has been confirmed by different authors
(e.g., Dunlop et al. 2003; Floyd et al. 2004; Sánchez &
González-Serrano 2003; Jahnke et al. 2004a). Therefore, the
upper envelope of the nuclear luminosities shows a correlation
with host luminosities. The widely accepted interpretation is
that for a given host luminosity, the mass of the central black
hole is given by the bulge /black hole mass correlation
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(Magorrian et al. 1998; Ferrarese & Merrit 2000; Häring &
Rix 2004) and that each nuclear source has a maximum lu-
minosity given by the Eddington limit. The spread in the
nuclear-to-host luminosity ratio distribution would then be
largely produced by different accretion rates, implying L=LEdd
to range from �0.01 to �1 (assuming a fixed radiative effi-
ciency for all the objects).

Figure 9 shows the distribution of the nuclear absolute
magnitudes versus the absolute magnitudes of the spheroidal
hosts for our sample ( filled circles), together with different
samples of type 1 AGNs obtained from the literature. We have
taken the bulge luminosities whenever the bulge/disk compo-
nents of the hosts have been decoupled (e.g., Schade et al.
2000). The Jahnke et al. (2004a) sample has been included for a
comparison with another complete sample of slightly brighter
AGNs at a lower redshift range, z < 0:2 (open squares; 19
objects). We have included two well-defined samples of dif-
ferent families of even brighter AGNs (Dunlop et al. 2003;
Floyd et al. 2004) that include radio-loud and radio-quiet
quasars (open stars and open crosses; 19 and 14 objects, re-
spectively). The compilation by Hamilton et al. (2002) bundles
a large collection ofHSTobservations, but it is not, in any sense,
a complete or well-defined sample (triangles; 70 objects). Fi-
nally, we have included an X-ray–selected sample of type 1
AGNs, from Schade et al. (2000). Despite the large dispersion,
it is clear that all the samples follow the same trend.

In this figure we have overplotted the expected locations for
AGNs emitting at certain fractions of the Eddington limit, as-
suming a luminosity-dependent bulge mass-to-light ratio, fol-
lowing Dunlop et al. (2003) and Floyd et al. (2004). Despite a
few AGNs that appear to show super-Eddington luminosities,
the distribution of points is in agreement with a maximum of

L=LEdd ’ 1. The mean distribution follows mainly the expected
location for an object emitting at �10% of LEdd (dashed line),
while �90% of the objects are confined within a range of
fueling efficiencies between 100% and 1% of the Eddington
limit (solid and dash-dotted lines). There is no evidence that the
upper limit to the nuclear luminosity at a given host luminosity
could depend on either the host luminosity or the redshift.

As discussed above, the mass-to-light ratio depends on the
U �V color (e.g., Bell & de Jong 2001). At a given luminosity,
blue galaxies are less massive than red ones. If host galaxy mass
is translated into expected black hole mass, this implies that the
Eddington limit for the nucleus of a blue host galaxy is lower
than that for the nucleus of a red host galaxy with the same
luminosity. The Eddington limit plotted in Figure 9 corresponds
to a red spheroidal galaxy and, therefore, is an upper limit. As
we quoted in x 5.1, the blue colors of the host galaxies are most
probably produced by recent star formation involving less than
�30% of the overall host mass. In that case the Eddington limit
would be �0.3 mag fainter for the bluest host galaxies of our
sample, which does not change the overall results.

6. SUMMARY AND CONCLUSIONS

We have analyzed a flux-limited sample of 15 intermediate-
luminosity type 1 AGNs from COMBO-17 at 0:5 < z < 1:1
using the GEMS deep F606W- and F850LP-band ACS
images. We decomposed the host and nuclear components and
detected the host in all the F850LP-band images (and in 13 of
the F606W-band images). A morphological analysis has been
performed to determine whether the hosts were bulge- or disk-
dominated objects. About 80% of the hosts are spheroidal
galaxies, and only one object can be clearly classified as a disk-
dominated galaxy. We found evidence for ongoing mergers in
�25% of the early types and �30% of the late-type hosts.

The host galaxies show a wide range of F606W� F850LP
colors, indicating the presence of different stellar populations.
We found that a large fraction of the early-type hosts, �50%–
70%, show distinct blue colors when compared with the red-
sequence inactive early-type galaxies studied by GEMS at the
same redshift range. The color and color-magnitude dis-
tributions of the AGN hosts are significantly different from
those of red-sequence galaxies. On the other hand, the abso-
lute magnitudes, effective radii, and stellar masses of these
objects are remarkably similar to normal elliptical galaxies.
Therefore, a significant fraction of the AGNs in our sample
seem to be located in young spheroids.

We considered two different simplified scenarios that can
explain the observed color distributions: (1) a single stellar
population with a mean age of close to 1 Gyr or (2) a mix of
an underlying old stellar population plus a small mass fraction
in a young component. Both can describe the observed colors
well. On the other hand, the early-type host galaxies are
structurally similar to well-assembled elliptical galaxies, fol-
lowing the luminosity-size relation of early-type galaxies.
This indicates, most probably, that the process that has gen-
erated the blue colors has strongly altered neither the lumi-
nosity (�mass) nor the effective radius of these galaxies.
Taking into account this result, it seems that a mixed popu-
lation, dominated by an underlying population of old stars, fits
the observations better. This underlying population would
reflect the population of the parent galaxy.

Our results are in excellent agreement with the results from
the study of a large sample of type 1 and type 2 AGNs from
the SDSS at lower redshift (Kauffmann et al. 2003). They

Fig. 9.—Distribution of the F606W-band absolute magnitudes of nuclei
along the F606W-band absolute magnitudes of the spheroidal host galaxies of
our sample ( filled circles), together with different samples taken from the lit-
erature. The solid, dashed, and dot-dashed lines show the expected location for
an AGN emitting at 100%, 10%, and 1% of the Eddington limit, respectively.
[See the electronic edition of the Journal for a color version of this figure.]
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noted the existence of a population of young bulge galaxies
(�30% of their sample), in a state of post-starburst, and a
population of even younger mergers (�40% of their sample).
Recent results by Jahnke et al. (2004a) and Kotilainen &
Falomo (2004) also found that low-z host galaxies are bluer
than field galaxies. On the other hand, while Dunlop et al.
(2003) and Floyd et al. (2004) did not find evidence for dis-
tinctly blue colors in their sample of high-luminosity low-z
AGNs (z < 0:3), their color range is less sensitive to young
stellar populations at this redshift (R� K ), especially if there
is an underlying population of old stars.

A possible explanation for the connection between nuclear
and star formation activity in apparently normal elliptical
galaxies could be an enrichment of gas produced by a merging
process or the infall and concentration of gas produced by a
minor interaction. Since the fraction of merger galaxies in our
sample seems not to be remarkably larger than in inactive
galaxies, the merger/interaction should have happened in a
timescale long enough to enable the galaxy to relax morpho-
logically before the current AGN activity.
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APPENDIX A

AGN IMAGES AND SURFACE BRIGHTNESS: NOTES ON INDIVIDUAL OBJECTS

Figure 10 shows the color images and surface brightness profiles for all 15 objects in the sample. Here we present detailed notes
on individual objects:

COMBO-17 34357.—This is the lowest redshift object of our sample. Its host is clearly resolved, being a blue spheroidal galaxy,
without any clear trace of major disturbance. The residual image shows a clumpy structure near the very center that could be traces
of an old merging event, although it is too close to the central area to be distinguished from a PSF subtraction effect.

COMBO-17 41310.—A clearly resolved object. The host galaxy is as bright as the nucleus in both bands. The galaxy shows a
clear spheroidal morphology, without evidence of recent interactions. There is a projected companion in the field of view.

COMBO-17 52963.—A clearly resolved object. There is evidence for a recent or ongoing merging event, in the form of blue
compact clumpy structures in both the residual and the original image. The host galaxy is of early morphological type.

COMBO-17 36361.—A multiple system, comprising three major clumps of blue emission and two nearby companions. There is
clear evidence of a recent or ongoing merger. The morphological classification (late type) is rather uncertain, because of the
contamination from the nearby companions and substructures, some of them as bright as the host galaxy itself.

COMBO-17 47615.—A spheroidal host galaxy. There are neither appreciable substructures in the residual image nor close
companions.

COMBO-17 50415.—A spheroidal host galaxy. There is a nearby blue and compact companion and may be blue low surface
brightness substructure in the vicinity of the host galaxy.

COMBO-17 44126.—The most compact and faintest host galaxy in our sample. The morphological classification (late type) is
uncertain because of the low brightness and size.

COMBO-17 42601.—One of the biggest and brightest hosts of our sample. It is clearly classified as an early-type galaxy,
dominated by a large and blue spheroidal component. The residual image shows bright clumps and filaments, most probably due to
recent star formation.

COMBO 48284.—Big and bright host galaxy, clearly resolved. It shows a clearly spheroidal morphology, without traces of
disturbance.

COMBO-17 39432.—A compact spheroidal host galaxy. No irregularities in its morphology.
COMBO-17 31898.—A compact spheroidal host galaxy. This is the reddest object of our sample, which can be appreciated in

the color images.
COMBO-17 15731.—One of the most beautiful objects of our sample. The host galaxy seems to be dominated by a central

bulge, although both the residual and the host restored image show evidence of what could be two spiral arms. We have classified
this object as an early-type galaxy, since it is clearly bulge dominated. It presents a nearby blue and compact companion, which
may be interacting with the host. A possible bridge between the host and the companion is seen. It is difficult to clarify whether the
apparent arms are part of a real disk or structures produced by a recent collision.

COMBO-17 50997.—The host galaxy of this object has been detected only in the F850LP band. It is a compact spheroidal
galaxy. It shows a close projected companion as big and bright as the host galaxy.

COMBO-17 49298.—A clear late-type galaxy. The spiral arms are clearly seen in all the images.
COMBO-17 43151.—This object is the highest redshift object of our sample. Its host galaxy has been detected only in the

F850LP band, being a compact spheroidal galaxy, without evidence for disturbances.
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Fig. 10.—Each of the 15 panels, one per object , shows a color image created using the F606W- and F850LP-band images for the original postage image of the
object (top left), the restored host (top right), the host galaxy model (bottom left), and the residual image from the two-dimensional fitting (bottom right). To the
right, we show the surface brightness profile of the object (black dots), together with the profile of the best fit (solid line), of the derived nucleus (dash-dotted line),
and of the best-fitting host model (dashed line). For comparison, we have included the profiles of the restored host galaxy image, together with the profiles of the
best-fit model and of the peak-scaled PSF subtraction (dotted line). All surface brightness profiles are in mag arcsec�2; the radii are in arcseconds. The model fit is
marked with ‘‘DISK’’ for an exponential profile and with ‘‘VAUC’’ for a de Vaucouleurs profile. [See the electronic edition of the Journal for a color version of this
figure.]



Fig. 10.—Continued



APPENDIX B

FROM OBSERVED TO REST FRAME: EMPIRICAL k-CORRECTIONS

We calculated k-corrections for the host galaxies by comparing them with galaxies of the same magnitude, redshift, and colors
from the COMBO-17 survey where SEDs are available for all objects. First, we derived the rest-frame U �V colors from the
observed F606W� F850LP. In order to do this we performed aperture photometry on the �4000 inactive galaxies in the GEMS
field at the same redshift as our objects. We split this sample of galaxies into different redshift slices, each with a width of 0.02 and
stepped by 0.01 in redshift. For each slice we found a good linear correlation between the observed F606W� F850LP and the rest-
frame U �V colors. We computed linear regression solutions for the transformation,

U �V ¼ a(z)þ b(z)(F606W� F850LP); ðB1Þ

for each slice separately, considering both forward and backward transformations and averaging the two. The rms dispersions were
between 0.12 and 0.22 mag. This provided a grid of transformation coefficients a(z) and b(z) as shown in Figure 11. We then fitted
the a(z) and b(z) relations with high-order polynomials. Table 5 provides the polynomial coefficients needed to reconstruct the a-
and b-parameters and perform the transformation at any redshift. In order to cross-validate this set of color transformations, we
compared the rest-frame colors derived in this way with the original COMBO-17 colors for the input sample of inactive galaxies
(Fig. 12). We found no systematic differences between both colors, and a spread of �0.16 mag (rms).

We then created a grid of COMBO-17 U �V colors and redshifts, with a separation of 0.2 mag in color and 0.02 in redshift.
Each grid box contained all objects within a color range of 0.6 mag and a redshift range of 0.1 around the central values of the box.
For each grid box we again found a linear relation between the observed F850LP magnitude and the COMBO-17–based absolute
V-band magnitude,

MV ¼ A(z; U �V )þ B(z; U �V )F850LP; ðB2Þ

TABLE 5

Polynomial Coefficients Describing the Redshift Dependence

of Color Transformation Parameters a ¼ pn(z) and b ¼ qn(z)

Order n pn qn

0........................................... �64.0375 71.9392

1........................................... 488.2067 �538.3892

2........................................... �1529.8569 1676.0263

3........................................... 2503.5583 �2730.2606

4........................................... �2262.2580 2450.3622

5........................................... 1070.2635 �1148.4126

6........................................... �206.8062 219.5862

Fig. 11.—Distributions of the average a- and b-parameters of the linear regressions between the observed F606W� F850LP and the rest-frame U �V colors as a
function of the redshifts, for the �4000 inactive galaxies in the GEMS field with COMBO-17 photometry. The solid lines show high-order polynomial fits to these
distributions, the parameters of which can be found in Table 5. [See the electronic edition of the Journal for a color version of this figure.]
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Fig. 12.—Comparison between rest-frame U �V colors of inactive galaxies from COMBO-17 multiband photometry and the U �V values estimated from
observed GEMS F606W� F850LP, using the transformation described in the text.

TABLE 6

Polynomial Coefficients Describing the Redshift Dependence of Observed

to Absolute Magnitude Transformation Parameters A ¼ Pn(z)
and B ¼ Qn(z), Separately for Different Rest-Frame Colors

U �V Order n Pn Qn

�0.4 .......................................... 0 �36.3631 0.8845

1 �26.1132 0.9650

2 20.0688 �0.8527

�0.2 .......................................... 0 �38.9592 1.0106

1 �11.0029 0.2691

2 7.7105 �0.2934

0.0.............................................. 0 �34.9194 0.8240

1 �16.9380 0.5508

2 9.3486 �0.3781

0.2.............................................. 0 �34.0425 0.7915

1 �17.9921 0.5816

2 9.5968 �0.3823

0.4.............................................. 0 �33.2426 0.7501

1 �16.3457 0.5202

2 6.5599 �0.2537

0.6.............................................. 0 �37.8007 0.9602

1 �2.5629 �0.1072

2 �2.5713 0.1569

0.8.............................................. 0 �28.9003 0.5637

1 �28.2281 1.0473

2 13.3033 �0.5641

1.0.............................................. 0 �38.8294 1.0262

1 4.4406 �0.4684

2 �12.5859 0.6327

1.2.............................................. 0 �44.8231 1.3100

1 20.8241 �1.2308

2 �22.9941 1.1100

1.4.............................................. 0 �57.9184 1.9331

1 55.7256 �2.8866

2 �44.3401 2.1188



where the regression coefficients, however, depend not only on redshift but also on the intrinsic color. Note that by using F850LP
magnitudes at the mean redshift of our objects, we minimize this color term, as we always sample the SED not far from the rest-
frame V band. The rms dispersions of the MV values around the linear regression fits are around 0.15–0.22 mag. We fitted the
regression parameters with second-order polynomials as a function of z separately for each color range. Table 6 provides the
coefficients required to derive the A and B regression parameters. Again, we cross-validated this set of transformations by applying
it to the COMBO-17 inactive galaxies, finding no systematic differences between the two ways to estimate MV , and a spread of
�0.28 mag (Fig. 13).
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