
NEAR-INFRARED ADAPTIVE OPTICS IMAGING OF HIGH-REDSHIFT QUASARS

Renato Falomo

INAFYOsservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, 35122 Padova, Italy; renato.falomo@oapd.inaf.it

Aldo Treves
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ABSTRACT

The properties of high-redshift quasar host galaxies are studied in order to investigate the connection between gal-
axy evolution, nuclear activity, and the formation of supermassive black holes. We combine new near-IR observa-
tions of three high-redshift quasars (2 < z < 3), obtained at the ESOVery Large Telescope equipped with adaptive
optics, with selected data from the literature. For the three new objects we were able to detect and characterize the
properties of the host galaxy, found to be consistent with those of massive elliptical galaxies of MR � �24:7 for the
one radio-loud quasar, andMR ��23:8 for the two radio-quiet quasars. When combined with existing data at lower
redshift, these new observations depict a scenario where the host galaxies of radio-loud quasars are seen to follow the
expected trend of luminous (�5L�) elliptical galaxies undergoing passive evolution. This trend is remarkably similar
to that followed by radio galaxies at z > 1:5. Radio-quiet quasar hosts also follow a similar trend but at a lower aver-
age luminosity (�0.5 mag dimmer). The data indicate that quasar host galaxies are already fully formed at epochs as
early as �2 Gyr after the big bang and then passively fade in luminosity to the present epoch.

Subject headinggs: galaxies: active — galaxies: evolution — infrared: galaxies — quasars: general

1. INTRODUCTION

At low-redshift quasars are hosted in otherwise normal lumi-
nous and massive galaxies (Bahcall et al. 1997; Hamilton et al.
2002; Dunlop et al. 2003; Pagani et al. 2003) characterized by a
conspicuous spheroidal component that becomes dominant in
radio-loud objects. These galaxies appear to follow the same
relationship between bulge luminosity and mass of the central
black hole (BH) observed in nearby inactive elliptical galaxies
(Ferrarese 2006 for a recent review). If this link holds also at
higher redshift, the observed population of high-z quasars traces
the existence of�109M� supermassive BHs and massive spher-
oids at very early (<1 Gyr) cosmic epochs (Fan et al. 2001;
2003; Willott et al. 2003). This picture seems also supported
by the discovery of molecular gas and metals in high-z quasars
(Bertoldi et al. 2003; Freudling et al. 2003), which are sugges-
tive of galaxies with strong star formation. In this context it
is therefore important to push as far as possible in redshift the
direct detection and characterization of QSO host galaxies. In
particular, a key point is to probe the QSO host properties at
epochs close to (and possibly beyond) the peak of quasar activity
(z � 2:5).

Until few years ago, due to the severe observational difficul-
ties, the properties of quasar host galaxies at high redshift were
very poorly known (e.g., see the pioneering papers by Hutchings
1995; Lehnert et al. 1992; Lowenthal et al. 1995), and uncertain
or ambiguous results were produced because of inadequate qual-
ity of the images (modest resolution, low signal-to-noise data,
nonoptimal analysis).

Deep images with adequate spatial resolution are essential.
This goal is not easy to attain with the Hubble Space Telescope
(HST ) because of its modest aperture, which translates into a lim-
ited capability to detect faint extended nebulosity unless gravita-
tionally lensed host galaxies are used (Peng et al. 2006). One has
thus to resort to 10m class telescopes equippedwith adaptive optics
(AO) systems. This keeps the advantage of both high spatial res-
olution and high sensitivity, although some complications are in-
troduced: the need for a reference point source close to the target,
and a time- and position-dependent point-spread function (PSF).
Moreover, unless artificial ( laser) guide stars are available (not
yet fully implemented in current AO systems), only targets that
are sufficiently angularly close to relatively bright stars can ac-
tually be observed.
Although the first generation of AO systems at 4 m class tele-

scopes improved the detection of structures of the host at low z,
theydid not allowmuch improvement for distant quasars (Hutchings
et al. 1998, 1999;Marquez et al. 2001; Lacy et al. 2002; Kuhlbdrodt
et al. 2005). Only very recently have AO imaging systems become
available in large telescopes that could be used to image distant
QSO with the full capability of spatial resolution and adequate
deepness. Croom et al. (2004) presented a study of nine high-z
quasars imaged with the AO Gemini North telescope, but they
were able to resolve only one radio-quiet source at z ¼ 1:93.
In order to investigate the properties of quasar hosts at z > 2

and explore the region near the peak of QSO activity, we are car-
rying out a program to secure Ks-band images of quasars in the
redshift range 2 < z < 3 using the AO system at ESO VLT. In a
previous pilot work (Falomo et al. 2005) we presented the results
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for one radio-loud QSO (RLQ). Here we present new observa-
tions for three high-z quasars, one RLQ and two radio-quiet qua-
sars (RQQs). Throughout this work we use H0 ¼ 70 km s�1

Mpc�1, �m ¼ 0:3, and �� ¼ 0:7.

2. OBJECT SELECTION

Only targets sufficiently close to bright stars can be observed
with AO systems employing natural guide stars as reference. Be-
cause of that, we searched the latest (Veron-Cetty &Veron 2006)
active galactic nucleus (AGN) catalog (including data from the
Sloan Digital Sky Survey and 2dF surveys [Schneider et al. 2003;
Croom et al. 2001]) for quasars in the redshift range 2 < z < 3
and � < 0, having a star brighter thanV ¼ 14 within 3000. Besides
this bright source, needed to close the AO loop, other stars in the
field of view (FOV) are necessary in order to characterize the PSF
(both time and position on the field of view). Thus we required
targets to have one or more stars in the FOV for PSF character-
ization. Under these conditions the AO system at the VLT is ex-
pected to deliver images of Strehl ratio better than�0.2when the
external seeing is <0.600.

The 20 candidates fulfilling these requirements were then in-
spected individually, looking at the Digitized Sky Surveys red
plates. A priority was assigned according to the magnitude of the
guide star and its distance from the target. Based on the allocated
observing time, we then chose one radio-loud and two radio-quiet
objects (see Table 1).

3. OBSERVATIONS AND DATA ANALYSIS

We acquired Ks-band images using NAOSYCONICA (Rousset
et al. 2003; Lenzen et al. 2003), the AO system on the VLTat the
European Southern Observatory (ESO) in Paranal (Chile). The
CONICA used detector was Aladdin InSb (1024 ; 1024 pixels),
which provides a field of view of 5600 ; 5600 with a sampling of
54 mas pixel�1.

Each object was observed at random dithered positions, with
small shifts applied between successive frames, within a jitter box
of�2000 around the central position of the object, using individual
exposures of 2 minutes per frame, for a total integration time of
38 minutes per observing block, with each object having two ob-
serving blocks. The images (detailed in Table 1) were secured in
service mode by ESO staff under photometric conditions. The
accuracy of the photometric calibration, using standard stars ob-
served during the same night, is of �0.1 mag.

Data reduction was performed by our own improved version
of the ESO pipeline for jitter imaging data (Devillard 2001). It
first corrects for bad pixels by interpolation from neighboring
‘‘good’’ pixels, and then applies flat-fielding to each image, us-
ing a normalized flat field obtained by subtracting and averaging
a number of ON and OFF images of the illuminated dome. The
sky background level was evaluated and sky subtraction was ob-
tained for each image using an appropriate scaling and median

averaging of the temporally closest frames. The large number of
raw frames and the size of the jitter width proved to be a robust
procedure for generating reliable sky images from the science
frames themselves. All sky-subtracted images were then aligned
to subpixel accuracy using two-dimensional cross-correlation of
individual images and using as reference all the pointlike objects
in the frames.

Data for each observing blockwere treated separately; thus we
ended up with two combined images for each target. These were
carefully compared and found to be very similar; therefore we
further co-added them to form a single image used for all the
subsequent analysis.

Final modeling of the images was done with AIDA (Astronom-
ical Image Decomposition and Analysis; Uslenghi & Falomo
2007, 2008 [in preparation]), a software package specifically
designed to perform two-dimensional model fitting of QSO im-
ages, providing simultaneous decomposition into the nuclear
and host galaxy components.

Themost critical part of the analysis is the determination of the
PSFmodel and the choice of the background level that affects the
faintest external signal from the object.

3.1. PSF Modeling

To model the PSF shape as a function of position in the FOV
we used the image of the QSO 0633�23, which contains the
largest number of stars. We first select those sources usable for
PSF analysis on the basis of their FWHM, sharpness, roundness,
and signal-to-noise ratio, also including bright, slightly saturated
stars useful to model the PSF faint wings. In total, 14 stars were
selected.

Each star was then modeled with a Gaussian for the core and
an exponential function for the wings. Regions contaminated by
close companions, saturated pixels, and other evident defects
were masked out.

We found that both the FWHM and the ellipticity of the core
component depend on the distance of the source from the guide
star (see Fig. 1). The FWHM ranges from 0.1500 to �0.300, while
the ellipticity goes from 0.05 to 0.30 for objects close to the AO
star and sources at �4000, respectively. This analysis shows that
the star most suited for PSF characterization should be at the same
distance from the AO guide star as is the target. At distances from
AO star <3000 the size of the PSF core is stable within 10%.

We found the major axis of the PSF core is oriented along the
direction connecting the object with the star used for the AO
correction (Fig. 1). On the other hand, the shape of the wings is
almost independent of the position in the field. This is expected
in images obtained with AO corrections (Tristram & Prieto 2005;
Cresci et al. 2005).

A map of the PSF differences with respect to the sharpest PSF
was then created by fitting low-order polynomial curves to the
PSF parameters (Fig. 1). This allowed us to evaluate the addi-
tional correction to be applied to the PSF model at the position

TABLE 1

Journal of the Observations

Guide Star

Quasar Type z Date

V

(mag)

Seeing

(arcsec)

FWHM

(arcsec)

Ks

(mag)

V

(mag)

Distance

(arcsec)

QSO 0020�304 ......................... RQQ 2.059 2004 Dec 9 21.9 0.5 0.17 17.7 14.0 18.5

WGA 0633.1�233..................... RLQ 2.928 2005 Feb 4 21.5 0.6 0.14 18.6 14.0 22.3

PKS 1041�0034........................ RQQ 2.494 2005 Jan 30 20.7 0.6 0.15 18.4 14.5 19.4
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of the target. The adopted PSF for the quasar was thus con-
structed using all the available stars in each frame and giving
higher weight to those at similar distance from the AO star as the
target.
The corrections map derived using the data for QSO 0633�23

was also used for the other two QSOs because of the limited
number of stars available in these fields. Although some second-
order variations of the PSF cannot be excluded, we are confident
that the general trends are similar. Moreover, the angular sepa-
ration between AO guide star and PSF star is similar to the one
between AO star and target (difference<500); thus the additional
correction is very small and cannot affect the global result of our
analysis.

3.2. QSO Image Decomposition

For each source, a mask was built to exclude contamination
from other sources close to the target, bad pixels, and other possible

Fig. 2.—The �2 contour maps of the fit of the image of the objects as a func-
tion of the magnitude of the nucleus, host galaxy, and the scale length of the
galaxy assuming an elliptical model. The three levels represent the confidence
level probability of 68%, 95%, and 99% from the inner to the outer region. The
dashed lines show the best fit.

Fig. 1.—Left and middle panels show the variation of the PSF core properties with respect to the distance from the guide star. One pixel corresponds to 0.05400. The
right panel shows the relation between direction of the elongation of the PSF core and the position angle of the line connecting the star with the guide star. In all panels
the position of the target is indicated with QSO.

Fig. 3.—Ks-band image of the field of the QSO 0020-3041 obtained with
VLT+NACO. The FOV shown is 4000; north is up, and east to the left. The target
(QSO), the guide star (GS), and the stars used for the characterization of the PSF
are marked.
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Fig. 4.—Contour plot of the object (top panel ), object after subtraction of the PSF model (second from top), and residuals of the best fit (third from top). Scale
of contour plots is in arcseconds. Bottom panel: The radial surface brightness profile of the object ( filled points) and the fitted model (solid line) with components
( point source, dotted line; host galaxy, dashed line). The uncertainty in the radial surface brightness profile of the point source (PSF model) is about 0.1 mag at 0.500 and
0.3 mag at 1.200.



defects. In order to take into account possible small variations of
the local background with respect to the overall zero level of the
sky-subtracted images, we computed the average signal in a cir-
cular annulus centered on the source and with radii of about
300Y400 and 500Y600. We checked that in such annular regions the
average radial brightness profile of the object remains flat and
that the level of the signal inside the annular region was consis-
tent in all cases with the level of the background measured out-
side this annular region. This ensures that in this region there is
no extra extended emission due to the host galaxy or associated gas.
The applied correction for the level of the local background allows
us to properly evaluate the signal of the host galaxy in the very faint
external regions. The amount of this correction is such that only
the signal below surface brightness � � 22:5 (mag arcsec�2) is
affected; thus in all cases the objects would be resolved even
without the correction.

The QSO images were first fitted using only the point-source
model in order to provide a first check of the deviation of the
target from the PSF shape. If the residuals revealed a significant
and systematic excess over the PSF shape, the object was fitted
using a two-component model (host galaxy plus a point source).
Otherwise, the object was considered unresolved. In all three
cases presented here it was found the object was resolved, and
thus the final fit of the image of the target was obtained assuming
it is composed of a point source and an elliptical or disk galaxy
convolved with the proper PSF.

An estimate of the errors associated with themodel parameters
(magnitude of the nucleus, and magnitude and effective radius of
the host) is shown in Figure 2. These uncertainties are consistent
with those obtained using simulated quasars images (Uslenghi &
Falomo 2007, 2008 [in preparation]).

4. RESULTS FOR INDIVIDUAL OBJECTS

J002031�3041.—This is a radio-quiet quasar (z ¼ 2:059) dis-
covered in the 2dF survey (Croomet al. 2001).OurKs-band image
(see Fig. 3) shows the QSO close (600) to a Ks ¼ 13:3 star. The
characterization of the PSF for this field is based on a bright

(slightly saturated) star at about 600 from the target and by a cou-
ple of faint stars in the field. The core of the PSFwas thus defined
by the two faint stars while the external wing was constrained
by the bright one ( labeled PSF in Fig. 3). The PSF was then ad-
justed according to the distortion map computed using the data
of WGA J0633.1�2333.
The comparison of the QSO and the PSF data shows a signifi-

cant residual emission up to �1.500 from the center (see Fig. 4),
indicating that the object is resolved. The best two-dimensional
modeling of this object yields a host galaxy with MR ¼ �23:3
and Re � 11 kpc.
WGAJ0633.1�2333.—This radio-loud quasar (B ¼ 21:5)was

discovered correlating the ROSAT WGACAT database with sev-
eral radio catalogs (Perlmann et al. 1998; see Fig. 5). Its redshift
z ¼ 2:928 was derived from prominent emission lines of Ly� þ
O iv, Ly�, and C iv 1540 8 (Perlmann et al. 1998). The lumi-
nosity of the quasar is MB ¼ �24:6. The two-dimensional de-
composition (see Fig. 4) shows the host galaxy has a disturbed
morphology with an extended emission structure at�0.500 East.
Assuming an elliptical model, the host galaxy properties are
MR ¼ �24:65 and Re � 6 kpc.
J104117�0034.—This radio-quiet quasar (V ¼ 20:7) was dis-

covered in the 2dF survey (Croom et al. 2001). The optical spec-
trum shows prominent Ly� and C iv emission lines at z ¼ 2:494.
No radio emission at 20 cm is detected in the FIRSTsurvey at the
position of the quasar.
The PSF was characterized using a star at a distance from the

AO guide star similar to the distance between the AO guide star
and the target (Fig. 6), also adjusted using the map derived from
the WGA J0633.1�2333 data. Our analysis shows the object is
resolved, although we are not able to asses its morphology. Ei-
ther an elliptical or a disk model for the host galaxy can equally
well fit the data. Under the assumption of an elliptical model,
the absolute magnitude of the host galaxy is MR ¼ �24:1 and
the effective radius Re � 2:6 kpc. If a disk model were assumed

Fig. 5.—NACOKs-band image of the radio-loud quasarWGA J0633.1�2333.
North is up, and east to the left. The FOV is 4000. The target (QSO), the guide star
(GS), as well as some stars used for characterization of the PSF, are marked.

Fig. 6.—NACOKs-band image of the radio-quiet QSO J104117- 0034.North
is up, and east to the left. The FOV is 4000. The target (QSO), the guide star (GS),
and stars used for characterization of the PSF are marked.
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the host magnitude would be practically unchanged while the ef-
fective radius would be somewhat smaller.

5. DISCUSSION

To investigate the properties of the QSO hosts at different red-
shifts it is preferable to compare data probing the same rest-frame
wavelengths. The Ks band at 2 < z < 3 closely matches the rest-
frame R band; thus in the following discussion our own data as
well as data from the literature were transformed to the R band.
This was done using the cross-band k-correction given in Table 2
with details given in the Appendix. This transformation is virtually
independent of the assumed spectral energy distribution of the host
galaxy over the whole redshift range of interest (�m < 0.2 mag),
allowing a reliable measurement of the rest-frame luminosity.

In order to compare our results with those published in the lit-
erature at high redshift, we considered only observations obtained
in the near-IR at large (8Y10m class) telescopes orHST data. This
allow us to perform a comparison of similar stellar populations
detected in QSO host at lower z observed in the optical.

5.1. RLQ Host Galaxy Evolution

In Figure 7we report our newmeasurement for the host galaxy
of one RLQ at z � 3, together with our previously reported RLQ
hosts at z ¼ 2:55 observed with VLT+NACO (Falomo et al. 2005)
and selected literature data. These include all results from HST

WFPC2 images at z < 0:6, our previous survey of RLQs at z < 2
(Falomo et al. 2004; Kotilainen et al. 2007), and measurements
of four objects byHST+NICMOS (Kukula et al. 2001). Two ad-
ditional individual points at z > 2 were derived from theH mag-
nitude of the host galaxy of lensed QSO reported by Peng et al.
(2006) transformed into R band following the method described
above. All together, these observations depict a general trend
where the host luminosity increases by �1.5 mag from present
epoch up to z � 3. This is fully consistent with the expected
luminosity evolution of a massive elliptical galaxy undergoing
passive evolution. On average this trend corresponds to that of a
galaxy of luminosity�5L� [assumingM �(Ks) ¼ �23:9; Gardner
et al. 1997] corresponding toM �(R) ¼ �21:1 that is undergoing
passive stellar evolution. The dominance of an old, evolved stel-
lar population is also supported by spectroscopic studies of low-
redshift quasar (Nolan et al. 2001).

As mentioned above, it is worth noting that this result is rela-
tively robust with respect to the uncertainty for the filter trans-
formation due to the choice of spectral energy distribution (SED)
template for the galaxy since the comparison is done nearly at the
same rest-frame band. The only point that could move substan-
tially is that at z ¼ 3:27 (Peng et al. 2006) since it was observed
in H band (see the Appendix). In this case, if instead of an ellip-
tical model a Sb (or Sc) SED is assumed, the host galaxy would
be 0.4 (or 0.6) mag fainter, suggesting a possible drop of the host
luminosity. With the caveat of the small statistics for RLQ hosts
at high redshift, we think that the present data do not show evi-
dence for a drop in luminosity of RLQ hosts.

Several studies carried out at low redshift (Smith & Heckman
1989; Bettoni et al. 2001; Ledlow & Owen 1995) and high red-
shift (Willott et al. 2003; Inskip et al. 2005; Pentericci et al. 2001;
Zirm et al. 2007) have shown that powerful radio emission is al-
most ubiquitously linked with massive and luminous ellipticals.
Indeed, the global photometric and structural properties of radio
galaxies are identical to those of nonradio early-type galaxies of
similar mass (or luminosity). This is clearly apparent at low red-
shift since radio galaxies follow the same fundamental plane of
inactive normal ellipticals (Bettoni et al. 2001).

Given the above premises it is therefore of interest to compare
the cosmic evolution of RLQ host luminosity with that of ra-
dio galaxies (RGs). Willott et al. 2003 present a compilation of
K-band magnitudes of various samples of radio galaxies. The ob-
served K-band magnitudes were converted to absoluteMR using
the same transformations adopted for our objects. Then we have
binned the data into redshift intervals of�z ¼ 0:3 from z ¼ 0 to
z ¼ 2 and of �z ¼ 0:5 at z > 2. The trend in luminosity of this
data set of radio galaxies is very similar to that exhibited by the
hosts of RLQs (see Fig. 7). At z < 1 there is a small systematic
difference (by �0.5 mag) in the luminosity evolution between
RLQ hosts and RGs. This is difficult to interpret because of the
nonhomogeneous definition of the RG data set (compilation from
various different surveys; Willott et al. 2003) can introduce se-
lection effects in the RG samples.

TABLE 2

Results of Image Analysis

Ks (mag) MR (mag)

Quasar z �2 Nucleus Host

re

(arcsec)

K-Correction

(Ks ! R)

Re

( kpc) Nuclues Host

QSO 0020�304 .......................... 2.059 0.33 17.9 19.8 1.4 3.05 11.3 �25.2 �23.2

QSO 0633�233 .......................... 2.928 0.47 19.0 20.0 0.7 2.75 5.7 �25.0 �24.3

QSO 1041�003 .......................... 2.494 0.90 18.6 19.6 0.3 2.93 2.6 �25.0 �24.0

Fig. 7.—Evolution of radio-loud quasar host luminosity compared with that
expected for massive ellipticals (atM �,M� � 1, andM� � 2; solid, dotted, and
dashed lines, respectively) undergoing passive stellar evolution Bressan et al.
(1998). The host galaxy of the RLQ at z � 2:9 presented in this work and another
RLQ at z � 2:5 from Falomo et al. (2005) are shown as filled pentagons.HST ob-
servations by Dunlop et al. (2003) and Pagani et al. (2003) are represented by
triangles, those byHooper et al. (1997) by inverted triangles, and those byKukula
et al. (2001) by squares. ESONewTechnology Telescope observations byKotilainen
& Falomo (2000) are shown by the diamond. VLT observations Falomo et al.
(2004) and Kotilainen et al. (2007) are represented by a circle, andHST data for
lensed hosts by Peng et al. (2006) by open stars. Each point is plotted at the mean
redshift of the sample with error bars representing the 1 � dispersion of the sam-
ple. In the case of individual objects the uncertainty of the measurement is given.
A binned version of the data for radio galaxies shown in Fig. 8 is also given
(asterisks).
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Nevertheless, it is remarkable that both RG and RLQ hosts fol-
low a similar trend of the luminosity up to redshift z � 3. In our
opinion this is suggestive of a commonorigin of the parent galaxies
and also emphasizes that both types of radio-loud galaxies follow
the same evolutionary trend of inactive massive spheroids. This re-
sult can be seen also in the conventional K-z plot comparing radio
galaxies andQSOhosts at z > 1 (see Fig. 8).A similar scenariowas
found byHutchings (2006) for a small sample of higher z quasars.

5.2. RQQ Host Galaxy Evolution

Since the hosts of RQQs are on average less luminous than
those of RLQs, their study at high redshift is more difficult. In-
deed, very little is known at z > 2. In Figure 9 we report our new
detections for two radio-quiet quasar hosts at z > 2 compared
with data from the literature at lower redshift (Dunlop et al. 2003;
Kukula et al. 2001; Hyvonen et al. 2007; Falomo et al. 2004;
Kotilainen et al. 2007; Croom et al. 2004).

With the possible exception of the RQQ at z � 1:9 detected by
(Croom et al. 2004), the host galaxy luminosity of RQQs appears
to increase by about 1 mag from z ¼ 0 to z � 2:5. This is con-
sistent with the trend for nonactive massive elliptical galaxy of
M ¼ M� � 1 undergoing simple passive evolution. This is also
similar to the behavior observed for RLQs hosts, but occurs on
average at a lower level of luminosity (about 0.5 mag fainter).
Moreover, it is worth noting that the same level of luminosity
corresponds to that of nonactive early-type galaxies at z � 1:4
(Longhetti et al. 2007) and at z � 1:8 (Daddi et al. 2005).

Peng et al. (2006) report the detection of the host galaxy of a
number of gravitationally lensed quasars without radio classifi-
cation, eight in the redshift range 2 < z < 3 and one at z > 3.
Considering that the vast majority of QSO are radio quiet, one
might assume that most of them are RQQs. Under this assump-
tion and after converting their H-band host luminosity to R-band
rest frame according to our SED galaxy template, we found their
luminosity ( MRh i ¼ �24:8 at zh i � 2:5;MR ¼ �25:4 at z � 3:4)
is well above the overall trend drawn by the objects at lower red-
shift. The only point that could be significantly affected by the
choice of the SED is the individual source at z � 3:4, which, in
the case of an Sb template, would be fainter by 0.7 mag. In any
case, the Peng et al. (2006) data for these high-z QSO hosts ap-
pear well separated from the objects at lower redshift.

Note that the average value of Peng et al. data in the range
1 < z < 2 are fully consistent (see Fig. 9) with our extensive pre-

vious study performed at VLT (Falomo et al. 2004; Kotilainen
et al. 2007) and thus no systematic effects due to different anal-
ysis are expected. One possibile explanation of this difference
of host average luminosity at z > 2 is that some (or most) of
these objects are radio loud and thus their host would be naturally
brighter. However, this may be difficult to asses because they are
lensed objects. Another possibility is that since the objects at
z > 2, studied by Peng et al. have quite luminous nuclei (average
MBh i ¼ �26), their host galaxies could also be systematically
more luminous than those in the rest of QSO samples (MB �
�24:3 for our RQQs at z > 2).
Detection of extended emission in the near-IR has been also

found for QSO at very high redshift by Hutchings (2003). This
paper reports Gemini North direct images secured under average
conditions (seeing 0.700) for five QSOs at z � 4:7 The observed
K-band host magnitude for these objects (as estimated from PSF
removal and extrapolated flux profile) are in the range, Ks ¼
19:3Y20:5 This corresponds to R-band absolute magnitudes in
the rangeM (R) ¼ �26:6 to�27.8, assuming an elliptical galaxy
SED or�0.5 mag fainter in the case of disk galaxy SED. In both
cases these data, compared with those presented in our paper,
show that these host galaxies are substantially more luminous
(by a factor at least 5) than the trend derived from the whole data
set up to z � 3. However, it is worth noting that at this redshift the
K band is mapping the host galaxy at �3700 8. Therefore, the
stellar population responsible for the observed emission is very
different from that considered in the rest of the data set (rest-frame
R or I ). If such high luminosity were confirmed at high-z, it would
indicate a substantial amount of star formation at these epochs.
Finally, we comment on the very recent and intriguing results

by Schramm et al. (2007) of three RQQs at z ¼ 2:6Y2:9 that
appear to have host galaxies of extremely high luminosity
[MR(host) ¼ �25:8 to�26.8]. They are at least 3mag aboveM �

after passive evolution is included. These results are very diffi-
cult to reconcile with the rest of quasar host detection at similar
or lower redshift and would imply exceedingly high ongoing star

Fig. 8.—Apparent K-band magnitude vs. redshift (theK-z plot) for luminous
radio galaxies (Willott et al. 2003, asterisks) compared with hosts of RLQs at
z > 1. Circles represent VLT data by Falomo et al. ( 2004) and Kotilainen et al.
(2007); squares represent HST data by Kukula et al. 2001); and open stars rep-
resent HST data of gravitational lensed QSO by Peng et al. (2006). The two
radio-loud QSO presented in this work are also shown ( pentagons).

Fig. 9.—Evolution of radio-quiet quasar host luminosity compared with that
expected for massive ellipticals (atM �,M� � 1, andM� � 2; solid, dotted, and
dashed lines, respectively) undergoing passive stellar evolution (Bressan et al.
1998). The two new RQQs at z � 2:05 and 2.5 presented here are marked with
filled circles. The data for samples at lower redshift are from Dunlop et al. (2003)
and Pagani et al. (2003) (triangles); Hooper et al. (1997; inverted triangle; Kukula
et al. (2001; squares); Hyvonen et al. (2007; pentagons); Falomo et al. (2004) and
Kotilainen et al. (2007; circle); Croom et al. (2004; open triangle); and Peng et al.
(2006; open stars); see also Falomo et al. (2004) for details of previous samples.
Crosses represent the luminosity of massive early-type galaxies at z � 1:4 and
z � 1:8 studied by Longhetti et al. (2007) and Daddi et al. (2005), respectively.
Each point is plotted at the mean redshift of the sample with error bars represent-
ing the 1 � dispersion of the sample. In the case of individual objects the uncer-
tainty of the measurement is given.
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formation. Given the scanty information on these luminous high-
zQSOs, it is not clear whether these are exceptional cases that are
possibly associated with very high luminous quasars.

As a whole, with the caveat that at z > 2 there are only few
measurements and large differences among objects, the present
observations do not exhibit any signature of a drop in luminosity
(or mass) of the RQQ hosts up z � 2:5.

6. CONCLUSIONS

The main motivation of this paper is to contribute to the mea-
surement of the stellar luminosity of the host galaxy of high-z
quasars, which is a probe of the host galaxy mass. As a whole,
while not excluding the possibility in some cases of ongoing
episodes of star formation, the available data are consistent with
no evolution in mass, indicating therefore that QSO host galaxies
are already well formed at z � 3. Since then they passively fade
to the present epoch. This is at odds with one of the main conclu-
sions by Peng et al. (2006).

This has important implications for theories of the structure
formation in the universe. In particular, hierarchical merging sce-
narios predicting a substantial mass reduction at early epochs
(Kauffmann & Haehnelt 2000), as well as those models predict-
ing a late merging and assembly period for local massive spheroids,
have difficulties in explaining the existence of a substantial pop-
ulation of massive, passive (red and dead) early-type galaxies
at high redshift (e.g., McCarthy et al. 2004; Cimatti et al. 2004;
Daddi et al. 2005; Papovich et al. 2006; Longhetti et al. 2007).
Only the most recent hierarchical models (e.g., Granato et al.
2004; De Lucia et al. 2006; Croton et al. 2006; Bower et al. 2006),
which take into account the influence of the central supermassive
black hole (AGN feedback, e.g., through heating of gas in mas-
sive halos by AGN energetic), do in fact agree reasonably well
with the observed stellar mass function and allow for the exis-
tence of massive early-type galaxies out to z � 4.

Our results have important implications also for the study of
the parameter � ¼ (MBH/Msph), linking black hole and host gal-

axymasses (e.g., Merloni et al. 2006). For a sample of�30 quasars
at z � 0:3, Labita et al. (2006) found that � is consistent with the
value for quiescent galaxies in the local universe, confirming an
earlier result reported byMcLure&Dunlop (2001) for a different
sample of low-z quasars. On the other hand, a decreasing � was
derived from a study of a sample of Seyfert galaxies at z � 0:36
(Treu et al. 2007). At high z the situation is even less clear. In
their study of gravitationally lensed quasar from the CASTELS-
HST project, Peng et al. (2006) claim that� is consistent with the
local value up to z ¼ 1:7. After that,� sharply increases by a fac-
tor of 4. Our results strongly suggest the mass of the host galaxy
does not significantly change with the cosmic time (at least up to
z � 3). At face value the claim by Peng et al. would then imply
the untenable scenario whereMBH is decreasing with the cosmic
time. See, however, Lauer et al. (2007) for the possible presence
of selection bias affecting the samples considered by Peng et al.
(2006) and Treu et al. (2007). It is also worth noting that the very
high luminosities reported by Peng et al. (2006) for a number of
alleged RQQ host galaxies at z > 2 imply a higher luminosity
with respect to the passive evolution. If confirmed, this would
exacerbate the problem of theMBH dependence on z implied by�.

Because of the potential cosmological importance of the result
in the context of the models of galaxy and SBH formation it is
mandatory to resolve a sizeable number of objects at z � 3 and
beyond. These observations should be done in the K band in
order to minimize the uncertainty on the k-correction due to the
assumed SED of the objects.

This work was partially supported by PRIN 2005/32. This re-
search has made use of the NASA/IPAC Extragalactic Database
(NED), which is operated by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the Na-
tional Aeronautics and Space Administration. This work was
supported by the Academy of Finland (project 8107775).

APPENDIX A

CROSS FILTER K-CORRECTION

We have transformed Ksmagnitudes into rest-frame R along the lines described in Hogg et al. (2002). To perform this transformation
we assumed the SED for an elliptical galaxy (Mannucci et al. 2001) and compared the integrated flux through the standard R (Cousins)
filter to that in Ks band taking into account both the different zero-point calibration and the wavelength stretching effect by (1þ z).

Fig. 10.—Cross-filter correction between H (bottom curves) and Ks (top curves) observed magnitudes at various redshift to the magnitude in R band at rest frame.
Three different SED galaxy models are considered: elliptical (solid line), Sb (dashed line), and Sc (dotted line). Spectral templates are drawn fromMannucci et al. (2001).
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In Figure 10 we report the conversion from the observed H and Ks magnitudes to rest-frame R-band for three different galaxy SED
models (elliptical, Sa, and Sc) taken from Mannucci et al. (2001). In the conversion between Ks to R the uncertainty associated to the
choice of the SED of the galaxy is less than 0.2 mag for the whole redshift range considered here (from z ¼ 0 to z ¼ 4). A similar un-
certainty is found for the correction betweenH and R up to z ¼ 2:5, while beyond this limit the different choice of SED lead to substantial
different corrections up to 1 mag at z ¼ 3:5.
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