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Abstract. We present the results of a high resolution (0.271. Introduction

px~1) near-infrared H band (1.65m) imaging survey of a com-

plete sample of 20 flat spectrum radio quasars (FSRQ) extraclég determination of the properties of the host galaxies of dif-
from the 2Jy catalogue of radio sources (Wall & Peacock 198%rent types of active galactic nuclei (AGN) is a key tool for
The observed objects are intrinsically luminous with mediarur understanding of the AGN phenomenon and for unifica-
M(B) = -25.5. The median redshift of the objects in the samptn of different types of AGN. Comparison of AGN properties
is z = 0.65. At this redshift, the H band observations probe thet affected by orientation effects ( e.g. host galaxies) provides
old stellar population of the hosts at rest frame wavelength afcrucial test of the current unified models (Antonucci 1993;
~1 pum. Urry & Padovani 1995). Also, it sheds light on the role played

We are able to detect the host galaxy clearly for six (é?ythe environment for triggering of nuclear act_|V|ty (Hutchings
%) FSRQs and marginally for six (30 %) other FSRQs, whi% Neff 1992) and on the effect of the AGN on its host.
the object remains unresolved for eight (40 %) cases. We find Flat spectrum radio quasars (FSRQ) form a distinct group
the galaxies hosting FSRQs to be very luminous (M¢87). from “normal” steep spectrum radio-loud quasars (RLQ). Most
Compared with the typical galaxy luminosity L* (M*(H)-25) duasars with radio spectral index, >-0.5 (f, v*®) are char-
they appear-2 mag brighter, although the undetected hosts magterized by rapid variability, high and variable polarization and
reduce this difference. They are also at least as bright as, &g brightness temperatures (Fugmann 1988; Impey & Tapia
probably by~1 mag brighter than, the brightest cluster galaxie?90; Quirrenbach et al. 1992). Moreover, almost all FSRQs in
(M(H)~-26). The luminosities of the FSRQ hosts are interm&omplete samples (Wall & Peacock 1985) are core-dominated
diate between host galaxies of low redshift radio-loud quaséf§lio sources and objects observed at different epochs with
and BL Lac objects (M(H)-26), and the hosts of high redshiftVLB!I display superluminal motion (Padovani & Urry 1992;
radio-loud quasars (M(H)-29), in good agreement with cur-Vermeulen & Cohen 1994). FSRQs share many observed prop-
rent unified models for radio-loud AGN, taking into accourfties with BL Lac objects and they are often grouped together
stellar evolution in the elliptical host galaxies. Finally, we findt0 & common class of blazars. The main difference between
an indicative trend between the host and nuclear luminosity fb two classes is that while FSRQs have strong broad emission
the most luminous FSRQs, supporting the suggestion basediggs of similar intensity to “normal” quasars, emission lines are
studies of lower redshift AGN, that there is a minimum ho3€ry weak or absent in BL Lacs. How much of the distinction

galaxy luminosity which increases linearly with the quasar Ifetween BL Lacs and FSRQs is due to intrinsic properties or
minosity. a consequence of the classification criteria remains unclear, in-
deed by definition BL Lacs are required to have emission line
Key words: BL Lac objects: general — galaxies: active — galaXe_quivalent Width smaller thar_1/°5, otherwise they are classified
ies nuclei i infrared: gala>;ies — quasars: genéral as FSRQ; Thls 'selec.tlon bias may be responsible for the re-
’ | ' ported emission line differences (Scarpa & Falomo 1997). On
the other hand, based on their extended radio emission and evo-

Send offorint re offprint requests 19.K. Kotilainen (SISSA address) Iut|onary]!otr)?pertles (Stlckzl_f(?t al. 1991; Padovani 1992) the two
* Based on observations collected at the European Southern ObJEPUPS of biazars appear di erent.

vatory, La Silla, Chile. Fig. 1b and the appendix will be found in the ~ The rapid variability, high polarization and high luminosity
on-line version at http://link.springer.de of blazars are usually explained in terms of synchrotron radi-
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ation strongly relativistically beamed close to our line-of-sightable 1. The sample
(Blandford & Rees 1978). This is supported by the fact that
practically all blazars are luminous and rapidly variaiteay

. 3 Name Other name z \% M(B)
sources ( e.g. von Montigny et al. 1995). If the beaming hy=
pothesis is correct, it implies the existence of a more numergygs g208— 512 1.003 169 -26.8
parent population of objects intrinsically identical to blazargks 0336— 019 CTA 26 0.852 18.4 -24.9
but with the jet directed away from our line of sight. In the uniPKS 0403- 132 OF-105 0571 17.1 -25.4
fied schemes (Barthel 1989; Urry & Padovani 1995), that inté?KS 0405—- 123  OF-109 0.574 149 -27.7
pret different classes of objects based on geometry, the curre®i§s 0420—- 014  OF-035 0915 170 -265
favoured model identifies the parent objects of FSRQs with hifffS 0440- 003 NRAO 190 0.844 19.2 -24.3
luminosity lobe-dominated (F-R II) radio galaxies (RG), whil&KS 0454 463 0.858 17.4 -26.5
the low luminosity core-dominated (F-R 1) RGs represent tlfég 823?‘ ggg OH-10 (())':33573 115875 '2275'3
parents of BL Lacs (Browne 1983; Ulrich 1989; Padovani S0736+017 Ol 61 0101 165 .245

Urry 1992). A comparison of statistical properties of FSRQ a 1055+ 018  4C 01.28 0.888 183 -253
BL Lac samples (Padovani 1992) suggests that the two classes ek 156 + 023 3¢ 273 0158 12.8 -26.9

blazars represent similar aCtiVity phenomena OCCUrring in hlghKS 1253—- 055 3C 279 0538 17.7 -24.6
and low-luminosity early type galaxies, respectively. Howevesks 1504— 166 OR-107 0876 185 -255
there exist potential problems in this simple unification, such pgS 1510- 089 OR-017 0.361 165 -25.1
the discrepant linear radio sizes of RGs and RLQs, dependeR&S 1954 388 0.626 17.1 -25.3

on redshift of the ratio of RLQs to RGs, the lack of superlumin&KS 2128- 123  OX-148 0.501 16.1 -26.1
motion in RGs, and the discrepant radio morphologies of somiKS 2145 +067  4C 06.69 0.990 165 -274
BL Lacs with respect to F-R | RGs (see Urry & Padovani 1995§KS 2243- 123 OY-172.6 ~ 0.630 16.4 -26.4

While some effort has gone to study the properties of KS 2345- 167 OZ-176 0576 184 -241

Lacs ( e.g. Falomo 1996; Wurtz, Stocke & Yee 1996; and ref-
erences therein), no systematic investigation of the host prc%fp—
indi

erties of FSRQs has so far been undertaken. In this paper i ; ) = ) )
Q pap vidual objects with existing results in the literature. Hubble

present the first deep high spatial resolution (0.@¢ 1, ~ 1” - 1 1 .
FWHM) near-infrared (NIR) imaging study of the host galax(-:ons'[ant k=50 km 5™ Mpc™ and deceleration parametey g

ies of a complete sample of FSRQs in the H (1.66) band. = 0 are used throughout this paper.
While most work on AGN host galaxies has traditionally been
doneinthe optical, the NIR wavelengths offer many advantages qpservations and data reduction
Optical emission from quasars is strongly dominated by the nu-
clear source. Often the host galaxies are interacting systeéis have obtained NIR broad-band images at H (168 band
and appear irregular in the optical because of tidal distortiaof,20 FSRQs. The observations were carried out during two ob-
star formation and dust emission. The luminosity of the maserving runs (in August 1995 and January 1996) atthe ESO/MPI
sive old stellar population, on the other hand, peaks in the NIR2m telescope at the European Southern Observatory (ESO),
leading to a minimum nucleus/host ratio there. With increasing Silla, Chile. We used the 2556 px IRAC2 NIR cam-
redshift, one also needs to apply much lower K-correction thara (Moorwood et al. 1992) and pixel scale @.2& 1, giving
in the optical. a field of view of 69 arcséc Details of the observations and
The FSRQ sample is taken from the 2Jy (Wall & PeacodklR photometry are given in Table 2. We shifted the targetin a
1985) catalogue of radio sources, including all flat spectrux 2 grid across the array between the observations with typical
sources at 1.0, at declinationd <20° and not classified as offsets of 30, thus keeping the target always in the field and
BL Lacs. This yields a total of 20 sources. General propertigsing the other exposures as sky frames. Individual exposures
of the objects are given in Table 1. For information of the radiwere of 60 sec duration; these were coadded to achieve the final
and X-ray properties of the sample, see Padovani (1992) angkgration time.
Sambruna (1997), respectively. We investigate the properties of Data reduction was performed using IRAF. First, from a raw
the host galaxies of FSRQs using 1-D luminosity profile decorfiat-field frame, we marked all bad pixels that were subsequently
position into nuclear and galaxy components. We compare t@rected for in all flat-field and science frames by interpolating
host absolute magnitudes and scale lengths with those of BL leaoss neighboring pixels. The corrected ON and OFF flat-field
hosts, “normal” RLQ hosts and RGs, and study the relationshifames were subtracted from each other, and in case of several
between host galaxies and nuclear activity. ON-OFF pairs, averaged together. The resulting flat-fields for
This paper is arranged as follows. In Sect. 2, we describach filter and each night were finally normalized to create the
the observations and data reduction. Sect. 3 gives the modelfingl flat-fields. For each science frame, a sky frame was pro-
of the profiles, while in Sect. 4 we present the derived haodticed by median averaging all the other frames in a grid. This
parameters and discuss the properties of the sample with respeatlian sky frame was then scaled to match the median inten-
to other classes of AGN. Conclusions are given in Sect. 5. In thigy level of the science frame, and subtracted. Finally, flat-field

endix (http://link.springer.de), we compare our results for
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Table 2. Journal of observations. (when available), to obtain the point spread function (PSF) suit-
able for each image. Since the field of view is small, only for
Name Date  T.. FWHM 6 ap. few objects a star of brightness comparable (or brighter) to the
min arcsec  mag target was present in the observed field. For most sources only
fainter stars were available, therefore extrapolation of the PSF
PKS 0208- 512  19/8/95 6 1.2 11.76 was required at the lowest flux levels. This extrapolation is par-
21/8/95 20 11 11.70 ticularly important for marginally resolved objects for which
PKS0336-019 12/1/96 72 1.0 16.39 the reliability of derived host properties strongly depends on
PKS 0403- 132 11/1/96 60 1.2 14.97 the assumed PSF shape.
iig 83(2)05: éij 1;%32 g; 8'8 1222 We have adopted a functiona_l form to describe the shape of
' ' the PSF as a Moffat (1969) function, characterized ligr the
PKS 0440- 003 13/1/96 75 1.0 16.04 . . .
PKS 0454— 463  11/1/96 66 1.0 15.91 core and3 for the wings of the PSF. A fit of a Moffat function to
PKS 0605— 085 12/1/96 42 09 12.71 the shape of the profiles of the available bright stars was found
PKS 0637— 752 12/1/96 72 1.0 14.79 to be quite a good representation of the observed PSF. In order
PKS 0736 + 017  11/1/96 45 0.9 13.66 to describe the shape of the PSF for fields with no stars or only
PKS 1055 +018  11/1/96 51 0.9 15.19 faint stars, we have determinedfrom fitting the core of the
PKS 1226 +023  12/1/96 20 09 10.92 stellar profile, wherea8 was derived from the values obtained
PKS 1253- 055 21/8/95 40 2.0 12.92 by fitting bright stars in other frames observed during the same
PKS 1504166 18/8/95 40 1.3 17.40 night with similar seeing conditions. For a few objects, no stars
PKS 1510-089  20/8/95 40 2.0 13.29 were visible in the observed field and in these cases the target
ﬁig g‘igg: igg ﬁggg gg 8:8 ijég itself, which is always dominate_:d by the nuclear source, was
PKS 2145+067 21/8/95 60 1.1 14.47 used to estimate andf as described above.
PKS 2243 123 18/8/95 40 0.9 14.91 The luminosity profiles were fitted into a point source (de-
PKS 2345- 167 18/8/95 60 0.8 13.43 scribed by the PSF) and a galaxy (described by de Vaucouleurs

law, convolved with the PSF) components by an iterative least-
squares fit to the observed profile. Noisy outer parts of the pro-
correction was applied to each sky-subtracted frame to prodiites were rejected from the fit. There are three free parameters
the final reduced images. All the images of the same target wareur fitting: the PSF and bulge intensities at the center, and
then aligned, using field stars or the centroid of the light di#he effective radius of the bulge. We also tried to fit a number of
tribution of the object as a reference point, and combined fofiles with a combination of a PSF and a disk, and although
order to produce the final reduced images that will be usediinmany cases no significant difference was found with respect
the subsequent analysis. to an elliptical fit, in no case did the disk model yield a better
Standard stars from Landolt (1992) were observed fréit This is not surprising, since RLQs are expected to be hosted
quently throughout the nights to provide the photometric caii early-type galaxies, as well demonstrated for low redshift
bration zero points. We estimate photometric accurasy®.1 objects by e.g. Taylor et al. (1996; hereafter T96) and Bahcall
mag. K-correction was applied to the host galaxy magnitudesal. (1997). For sources with no host galaxy detected in our
following the method of Neugebauer et al. (1985; their Table 8pservations, we determined an upper limit to the brightness
for a first-ranked elliptical galaxy. The applied K-correction fobf the host galaxy by adding simulated “host galaxies” of var-
each source is reported in Table 3, column 3. The size of tieeis brightness to the observed profile until the simulated host
correction, insignificant at low redshift, is m(HP.14 at our became detectable within the errors of the luminosity profile.
median redshift bz = 0.65. No K-correction was applied tothe A main problem with the fitting is related to the uncertainty
nuclear quasar component, since for a power law spectrum iinéghe sky background level. We have checked this by adding or
K-correction equals to (1 + Z)*, wherea~ -1 for quasars.  subtracting counts, corresponding te tevel of the background
around the target, from the observed profiles, and redoing the
fits. The derived host parameters do not change much. Another
problem is the existence of multiple minima in thé-fit, e.g.
Because of the relatively high redshift of the quasars, the eseveral r(e)u(e) pairs can fit the data almost equally well. Note
tended emission around them is faint and consequently rattieat r(e) andu(e) are expected to be correlated, for the total
noisy. Therefore, in our analysis we have considered only the galactic luminosity to be accurately reproduced (see e.g. T96).
imuthally averaged fluxes. After masking all the regions arounle have checked the severity of this problem by starting the
the target contaminated by companions, we have derived fiorfrom various different initial values. In general, the fitting
each object the radial luminosity profile out to a radius wheprogram always finds roughly the same best values, more easily
the signal was not distinguished from the background noisa for sources with a clearly resolved host galaxy. We estimate
This corresponds typically to surface brightnesg(fl) = 23- an error in the derived host galaxy magnitudes to~he0.3
24 mag arcsec?, depending on exposure time and observingag for the clearly detected hosts, this error being largest for
conditions. Similar procedure was followed for the field stathe sources with the largest nucleus-to-galaxy luminosity ra-

3. Modelling of the luminosity profiles
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tio. For the marginally detected hosts, due to the uncertaintiiate redshift, for the marginally resolved FSRQ hosts and for
mentioned above, we can only assess a lower limit to the ertbe RLQ hosts of Hooper, Impey & Foltz (1997). This may in-
margin as>=+0.5. dicate a continuation, and even strengthening, of the deviation
The fact that we find a very good agreement with previotdigund by T96 to higher redshift which is likely explained by
studies on the derived host luminosity for two low redshift FShe (uncorrected) contribution of the nuclear source in RGs (see
RQs in our sample (PKS 0736+01 and PKS 1226+023 =3C 2736).
see Appendix at http://link.springer.de) gives us confidence in Interestingly, however, the firmly detected FSRQ hosts (and
our adopted procedure also for the more problematic derivatidme intermediate redshift RLQ hosts obRback et al. 1996)
of host properties in our higher redshift sources. We also ndtave relatively brighter magnitudes than the low redshift RLQs
that one of the marginally resolved objects, PKS 2128-123 at ard the intermediate redshift RLQs of Hooper et al. (1997),
0.501, has been clearly resolved in the I-band by the HST (D&®nsistent with the established RG relation (solid line in Fig.
ney et al. 1995). The host magnitude we derive in the H-bagjl Also, the magnitudes of the high redshift-@) RLQ hosts
is ~1 mag fainter than expected from the I-band for normatudied by Lehnert et al. (1992) are consistent with the H-z rela-
galaxy colours. However, this difference is not unreasonabi@n, suggesting that between redshifts efz5 and z2 there
taking into account all the uncertainties mentioned above. is an increase in the host brightness with respect to the Hub-
ble diagram. Similar result for high redshift RGs was noted by
Eales et al. (1997) who found that while the Hubble diagram of
luminous 3C RGs and fainter 6C/B2 RGs were similaxad 5,
In Fig. 1a we show the H band contour plots of all the FSRQie 3C RGs are-0.6 mag brighter at:z1. Eales et al. attribute
after smoothing the images with a Gaussian filtes-of 1 px. this change not to stellar evolution, but to a difference in the
We detect the host galaxy clearly for six (30 %) FSRQs arigtrinsic luminosity of the AGN component of the RG samples
marginally for six (30 %) more. The host remains unresolvesjudied. There is also an obvious selection effect in that at very
for eight (40 %) FSRQs out of 20. We summarize our resuliégh redshifts, only very bright host galaxies can be detected
in Table 3, which gives the best-fit model parameters of tifgee also Fig. 3).
profile fitting and the derived properties of the host galaxies. In Fig. 3, we show the H band absolute magnitude vs. red-
In Fig. 1b (http://link.springer.de), we show the profiles of eac$hift for the host galaxies from various samples. The average H
FSRQ, with the best-fit models overlaid. Table 4 presents a coband absolute magnitude of the resolved FSRQ host galaxies is
parison of the H band absolute magnitudes of the FSRQ hadstdd) = -27.4+0.6 and the average bulge scale length 7.6
with relevant samples from previous studies in the literaturepc, while the values after adding the marginally resolved hosts
for which we report the average values after correcting the pure -26.41.2 and 12.8:6.0 kpc. The absolute magnitude con-
lished values for color term and to our cosmology @150). sidering only the four resolved FSRQs at02x<1.0 is M(H) =
In the Appendix (http://link.springer.de), we compare our NIR27.8:0.3. The FSRQ hosts are therefore large (all havelRge)
photometry with previous existing studies, and discuss in mdegc, the empirical upper boundary found for normal local ellip-
detail individual quasars, including comparison with previoutcals by Capaccioli, Caon & D’Onofrio 1992), and very lumi-
optical/NIR determinations of the host galaxies. nous, much brighter than the luminosity of ahdalaxy, which
has M(H) = -25.6-0.3 (Mobasher, Sharples & Ellis 1993). It is
therefore evident that the clearly detected FSRQ hosts are pref-
erentially selected from the high-luminosity tail of the galaxy
In Fig. 2 (upper panel) we investigate the location of the FSRQ@minosity function (the derived upper limits for the unresolved
hosts and the hosts of various other AGN samples imagedhiosts are also consistent with this). Indeed, we find no case of
the NIR in the apparent magnitude vs. redshift H-z Hubble dian FSRQ host with M(H}-25, indicating that for some reason
gram, relative to the established relation for RGs (solid line, effjese quasars cannot be hosted by a galaxy with™(sim-
Lilly & Longair 1984; Lilly, Longair & Allington-Smith 1985; ilarly to what was found by T96). The FSRQ hosts have also
Eales et al. 1997). For comparison, we also show the evolutigtightly brighter luminosities than the mean value of brightest
ary model for elliptical galaxies derived from passive models ofuster member galaxies (BCM; M(H) = -26:8.3; Thuan &
stellar evolution by Bressan, Chiosi & Fagotto (1994; dashé&tlischell 1989), although there are several FSRQ hosts that fall
line, normalized to the average redshift and magnitude of thgo the BCM range.
T96 low redshift RGs). The resolved FSRQ hosts lie remark- Most of the available comparison data are for low and in-
ably well on the H-z relation, whereas there is large scatter f@rmediate redshift RLQs. The samples we have retrieved from
the marginally resolved FSRQ hosts. In Fig. 2 (lower panel) Viterature span a moderately large range in redshift frer.2
show the H-z diagram for the mean value of various samplesugf to z~0.6, slightly smaller than the average redshift of the
AGN taken from the literature. T96 found for nearby RLQ anBSRQ sample. The average host galaxy magnitudes for the var-
RG hosts (after removing the nuclear component) that they igais samples are given in Table 4. The RLQ samples we con-
above the established RG relation, i.e. toward fainter magnituglder are (in order of increasing average redshift) from McLeod
by ~ 0.5 mag on the average. It is apparent that the same hofdRieke (1994a,b), Bahcall et al. (1997), T96, Veron-Cetty &
true for most other low redshift AGN samples and, at interm&Voltjer (1990), Hooper etal. (1997) andRnback et al. (1996).

4. Results and discussion

4.1. Host luminosity
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Table 3. Properties of the host galaxies.

Name z K-corr.  r(e)/R(e) m L(n)/L(g) My Note*
("/kpc) nucleus host nucleus host
PKS 0208- 512 1.003 0.30 1.85/20.2 11.8 15.0 19.0 -33.2 -30.3 M
PKS 0336- 019 0.852 0.22 16.2 >16.6 >1.4 -28.2 >-280 U
PKS 0403- 132 0.571 0.12 2.75/23.8 14.9 18.8 323 -28.8 -251 M
PKS 0405- 123 0.574 0.12 1.20/10.4 13.4 15.6 8.1 -30.0 279 R
PKS 0420- 014 0.915 0.25 2.45/25.9 13.5 17.0 240 -314 -28.1 R
PKS 0440- 003 0.844 0.21 16.0 >17.5 >4.0 -28.3 >-27.0 U
PKS 0454— 463 0.858 0.22 159 >18.1 >7.6 -28.5 >-26.5 U
PKS 0605- 085 0.872 0.23 U
PKS 0637— 752 0.654 0.14 1.35/12.5 14.6 17.8 19.0 -29.2 -26.1 M
PKS 0736 +017 0.191 0.01 0.75/ 3.2 14.3 14.3 1.0 -26.2 -26.2 R
PKS 1055+018 0.888 0.23 15.2>17.7 >10.0 -29.3 >-270 U
PKS 1226 + 023 0.158 0.01 4.50/16.6 10.9 13.3 9.0 -294 270 R
PKS 1253- 055 0.538 0.12 12.9 >13.7 >2.1 -29.6 >-29.0 U
PKS 1504—- 166 0.876 0.23 17.6 > 100 -26.9 U
PKS 1510- 089 0.361 0.04 14.8 >16.2 >3.6 -27.3 >-26.0 U
PKS 1954—- 388 0.626 0.14 0.65/ 5.9 14.1 16.3 7.3 -294 -27.3 R
PKS 2128- 123 0.501 0.11 2.00/16.0 13.9 18.0 440 -29.0 251 M
PKS 2145+ 067 0.990 0.29 1.05/11.4 14.4 17.7 19.0 -305 275 M
PKS 2243—- 123 0.630 0.14 0.80/ 7.3 14.8 18.2 240 -28.9 -255 M
PKS 2345- 167 0.576 0.13 0.90/ 7.8 13.3 15.7 9.0 -30.1 -27.8 R

*: R = resolvedM = marginally resolvedU = unresolved.

Table 4. Comparison of the average host galaxy properties with other samples.

Sample filter N <z> <Mp> < Mu(nue)> < Mg(host) >°
L* Mobasher et al. (1993) K 136 0.0#D.030 -25.a:0.2
BCM Thuan & Puschell (1989) H 84 0.0#0.026 -26.30.3
RLQ McLeod & Rieke (1994a) H 22 0.183.029 -25.1#0.5 -24.9:0.6
RLQ McLeod & Rieke (1994b) H 23  0.1960.047 -26.9:0.9 -25.4#0.6
RLQ Bahcall et al. (1997) \Y, 6 0.2200.047 -25.%0.9 -26.14-0.5
RLQ Taylor et al. (1996) K 13 0.2360.046 -24.5-0.8 -27.10.8 -26.3t0.7
RLQ Veron-Cetty & Woltjer (1990) | 20 0.34B0.094 -25.20.5 -26.3:0.5
RLQ Hooper et al. (1997) R 6 0.46%9.032 -26.80.4 -26.2:0.4
RLQ Rdnnback et al. (1996) R 9 0.590.120 -24.41.1 -25.8£0.4
RLQ Lehnert et al. (1992) K 6 2.3420.319 -30.5:1.0 -28.8:1.1
RG Taylor et al. (1996) K 12 0.2140.049 -21.40.6 -25.H0.7 -26.10.8
BL Falomo (1996), Wurtz et al. (1996) R 48 0.10a.101 -25.22.4 -26.3t0.7
BL Falomo et al. (1997) | 7 0.4220.186 -27.@:0.8 -26.40.8
FSRQ/R+M (0.5<z<1.0) H 9 0.671#0.157 -26.21.1 -29.740.8 -26.741.2
FSRQ/R (0.5<z<1.0) H 4 0.67%0.141 -25.91.3 -30.2:0.7 -27.8£0.3

“: R =resolvedM = marginally resolved.
b Transformation of magnitudes to H band done assuming V-H = 3.0, R-H = 2.5 and H-K = 0.2 galaxy colours.
All magnitudes have been converted to our adopted cosmology 80 km s Mpc™! and g = 0).
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Considering all these samples together gives average host nragshift, and/or a relationship of the host luminosity with the
nitude of M(H) =-25.9:0.4. As can be seen from Fig. 3, thereuclear luminosity (see Sect. 4.2).

is no significant difference between the average values of these| ahnert et al. (1992) reported spatially resolved structures

samples. Considering first conservatively both the resolved 849he K pand around six RLQ at2.3 that, if interpreted as

marginally resolved FSRQ hosts gives average host magnityfl; yalaxies, would correspond to extremely luminous galax-

of M(H) =-26.7+£1.2, i.e. slightly brighter but 1o away from

v, ies (average host M(H) = -2818..1), ~1-2 mag brighter than
the average RLQ value. On the other hand, considering only g FSRQs at20.65. However, within the scatter involved in

firmly detected FSRQ hosts with-D.2, the average M(H) = {hese numbers, our results appear to be consistent with those of
-27.8+0.3, more significantly brighter but still consistent with epnert et al. (1992), both for the evolutionary trend in the Hub-
the low-z RLQs within 3. The simplest unified model stateg,e giagram (see above) and for the trend between the nuclear

that all RLQs are similar; it is therefore not surprising that RLQ

nd host galaxy luminosities (see Sect. 4.2.), and is supporting

and FSRQ hosts are reasonably similar, especially consideriigyence for the existence of a real upturn in the host luminosity

the small number of sources analyzed. However, the persistg&gurring between0.5 and 2.2, leading from >L* hosts

1-2 magnitude difference of FSRQ hosts with AGN hosts g} o\ redshift to the host galaxies of high redshift quasars that
lower redshift suggests evolution in the host brightness withe several magnitudes brighter than L* (see Fig. 3). While this
type of change is consistent with evolution of the stellar pop-
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Fig. 2. Upper panel: The apparent magnitude of the host galax-
ies vs. redshift (Hubble diagram). Resolved FSRQs are marked as
filled circles, marginally resolved FSRQs as open circles and de-
rived limits for the hosts of unresolved FSRQs as open circles with _,, | i
arrow. PKS 0208-512 is marked as an asterisk (see Appendix at | L |
http://link.springer.de). Sources from T96 are marked as filled (RLQ) ) 05 0 05
and open (RG) squares, RLQs from McLeod & Rieke (19944a,b) as solid log =z

and inverted solid triangles, aneb2 RLQs from Lehnert et al. (1992)

as open triangles. The solid line is the Hubble relation for RGs (Lilly &ig. 3. Upper panel:Plot of the absolute H band magnitude of the
al. 1985; Eales et al. 1997). The dashed line is the evolutionary motiet galaxies vs. redshift. The average luminosities of L* galaxies
for elliptical galaxies (Bressan et al. 1994), normalized to the avéM(H)~-25.0; Mobasher et al. 1993) and brightest cluster member
age redshift and magnitude of the low redshift RGs of T98wer galaxies (BCM; M(H}-26.3; Thuan & Puschell 1989) are indicated
panel:As in the upper panel, except for the mean values of the FSR@slong-dash and short-dash lines,respectively. For symbols, see Fig.
in comparison with samples from literature. The diamond represedtd-ower panel:As the upper panel, except for the mean values of
the combined sample of resolved and marginally resolved FSRQs, eéatious samples. Additional samples based on optical imaging from
cluding the two low redshift objects (PKS 0736+017 and 3C 273Yeron-Cetty & Woltjer (1990, RLQ) and Bahcall et al. (1997, RLQ)
Additional samples from optical imaging bydRnback et al. (1996, are indicated as marked in the figure. For other symbols, see Fig. 2.
RLQ), Hooper et al. (1997, RLQ), Falomo (1996, BL Lacs), Wurtz et

al. (1996, BL Lacs) and Falomo et al. (1997, BL Lacs) are indicated as

marked in the figure.



J.K. Kotilainen et al.: Near-infrared imaging of the host galaxies of flat spectrum radio quasars 511

ulation in the elliptical hosts (as argued for high redshift RGs 1 ]
FSRQ E

by Lilly & Longair 1984), or being intrinsic AGN luminosity 6F
effect (as argued for high redshift RGs by Eales et al. 19974 [
there are many caveats in this comparison, most notably differz £
ences in the intrinsic quasar luminosity of the various samples? } ot R

In addition, optical and NIR imaging by Lowenthal et al. (1995) © :
failed to detect extended emission in a sample of six radio-quiet -
quasars (RQQ) at~22.3. Their upper limits indicate that the 2t
RQQ hosts at high redshift must k&8 mag brighter than L*  °F
and>1 mag fainter than the Lehnert (1992) sample of RLQs at® |

similar redshift, suggesting that RLQs and RQQs are differefit' - E
types of objects. N yoveeNNE

While other explanations for light around high redshift o
RLQs have been proposed, e.g. foreground galaxies produciznfp;

T96 RLQ E

intervening Mgll 2800A absorption lines (LeFevre & Ham- . %& ]
mer 1988) or light from a hidden quasar scattered by dust or & NSSS\TE
electrons along the radio axis (Fabian 1989), starlight froma - 0 1 2
host galaxy remains the most likely alternative, given that high log (LNILG)

redshift RGs can reach similar luminosities and the quasar nEb-

.. . . . 4. Histogram of the nucleus/host luminosity ratio for the FSRQs,
ulosities follow remarkably well the tight Hubble diagram for, g : .
. dforthel dshift RLQs f McLeod & Rieke (1994b) and |
RGs (e.g. Lilly 1989; Eales et al. 1997). and for the low recs Qs from Mcl.eo leke ( ) and low

) ) ~_ redshift RLQs and RGs from T96. The K-band data from T96 has been
There has been considerable d|sagree_ment on the similagfiiverted into the H-band assuming colour for the nuclear and galaxy
between the hosts of RGs and RLQs. While some authors hg¥fponents of H-K = 1.1 and 0.2, respectively.

found similar size and morphology ( e.g. Barthel 1989; Veron-
Cetty & Woltjer 1990; Lehnert et al. 1992), others have con-
cluded that RLQ hosts are brighter by 0.5-1.0 mag than RGsasfditional evidence for more luminous hosts (M¢H26.8) at
similar extended radio emission ( e.g. Smith et al. 1986; Hutdmgher redshift. Although based on a small number of resolved
ings 1987; Smith & Heckman 1989). Abraham, Crawford &bjects, it appears therefore that, accounting for stellar evolu-
McHardy (1992) showed that this disagreement is most likelipn that makes galaxies brighter byl mag betwee z = 0 and
due to underestimation of RLQ host luminosity due to difficul = 1, the hosts of FSRQs have similar luminosity to lower red-
ties in PSF subtraction (because of cosmological host surf&éft BL Lacs, in agreement with the unified model. Note also
brightness dimming and scattered light from the nuclear cothat recent spectroscopic study of the emission line properties
ponent), and that RLQ hosts are in fact brighter than RGs. Ho(®carpa & Falomo 1997), which is one of the main distinctive
ever, using carefully matched samples, T96 found that RLQ agfearacteristics between FSRQs and BL Lacs, yields additional
RG hosts are almost identical in morphology, scale length adidpport to this scenario.
luminosity, and moreover, the nuclear components of RGs are
fa_inter and _r_edder than those in RLQS, a_II in good agreemend The nuclear component
with the unified model. At average redghif= 0.214+-0.049,
the average host magnitude of the host galaxies of RGs in Ttee average absolute magnitude of the fitted nuclear component
study of T96 is M(H) =-26.%0.8. This value agrees reasonabljor all FSRQs is M(H) = -29.%0.8. This indicates that FSRQ
well with the higher redshift FSRQ hosts, taking into accounuclei are on average2.5-3 mag brighter than the RLQ nuclei
some stellar evolution in the early type host galaxies. The datalower redshift ( e.g. T96; M(H) = -2740.8) and~4.5-5
presented in this paper therefore support the similarity betweamag brighter than the nuclear components in low redshift RGs (
RLQ and RG hosts, considering also the good agreement bey. T96; M(H) = -25.%0.7). The presence of a strong nuclear
tween the magnitudes of the FSRQ host galaxies and the haggimponentin FSRQ is even more evident when considering the
redshift RGs used to produce the Hubble diagram (Fig. 2; smécleus/galaxy (N/G) luminosity ratio, shown in Fig. 4. None
Eales et al. 1997). of the low redshift RLQs and RGs studied by McLeod & Rieke
FSRQs share many properties ( e.g. variability and pol4#994b) and T96 have N/G10 in the H band, whereas about
ization) with BL Lac objects and it is therefore interesting tbalf of our FSRQs are above this limit.
compare the host properties of these two classes of blazars. Refrom Figs. 2 and 3 it appears that the host galaxies of the var-
cent optical R band investigations of BL Lac hosts€02 by ious control samples considered here are not dramatically dif-
Falomo (1996) and Wurtz et al. (1996) find the average abgerentin intrinsic luminosity, especially if some stellar evolution
lute magnitude of the host galaxies to be M{H25.8 (see Table in the elliptical host galaxies is taken into account. Therefore,
4), with some indication of positive correlation of host brightFig. 4 clearly indicates that FSRQs exhibit a nuclear compo-
ness with increasing redshift. HST R band imaging of a smalént which is systematically brighter than that of other AGN.
number of BL Lacs at20.5 (Falomo et al. 1997) has providedrhis is consistent with the beaming model with large Doppler
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amplification factor that makes the observed difference 8f
magnitudes understandable.

In Fig. 5, we show the relation between the luminosities of
the nucleus and the host galaxy for the FSRQs, and for various

J.K. Kaotilainen et al.: Near-infrared imaging of the host galaxies of flat spectrum radio quasars

samples from literature, for individual quasars (upper panel) and T

for the mean values of the samples (lower panel). While T96 75 ggg%fﬁm

found no convincing correlation between the host and AGN T8 Rehoe

luminosity, we find there is a tendency for the more powerful -30 "X 214 JicRoaa

FSRQs to reside in more luminous hosts. Similar trend has pre- [ g B4

viously been noted in the NIR for low redshift quasars (McLeod O BLFo7

& Rieke 1994a,b) and for Seyfert galaxies (Danese et al. 1992; B

Kotilainen & Ward 1994). Moreover, recent optical observa%; 28 ™

tions of bright (M(Rx-24) quasars at 0<4z<0.5 (Hooper et = - ° 'Y

al. 1997) also indicate what the authors call a positive correlatign -0 L

between the host and nuclear luminosity. R P "
Note that not only the fully and marginally resolved FSRQ 26

hosts, but also all the upper limits derived for the unresolved ..'g A

hosts are well consistent with the boundary limit proposed by ov D Q‘;ﬁ'

McLeod & Rieke (1995) for AGN with M(B¥-23 (solid line Y yv \nd

in Fig. 5). They interpret the limit in the sense that there is a on - vvw

minimum host galaxy luminosity which increases linearly with ~ Lol

quasar luminosity. Recently, McLeod (1997) has speculated that

this relationship represents a constant ratio of the central black -24 -26

hole mass to the host galaxy mass. Finally, we advise caution

about possible selection effects in this relationship. Since faint

host galaxies are difficult to be detected under the mostluminous | o FS;Q/R |

nuclei, we may expect that this contributes to the void of sources e gig%l%m

in the lower right-hand corner in Fig. 5. On the other hand, O RG T96

in the case of beamed objects such as FSRQs the effects of Il %8 ﬁgggii

amplification of the nuclear source may move systematically "o RLG Hor

the points towards larger nuclear luminosities. B BLpay

5. Summary and conclusions

(H,host)

The main finding of our NIR study is that we can resolve the=
host galaxies of a significant fraction of luminous AGN out
to considerable redshift. The host galaxies 80265 FSRQs

are large (average bulge scale length3+7 kpc) and bright
(average M(H)--27+1), much more luminous tharflgalaxies

(by ~2 mag) and somewhat more luminous than the brightest
cluster galaxies (by-1 mag). Note that all detected hosts have
M(H)<-25 (~L*) and the derived upper limits are consistent
with this value. The FSRQ hosts are 1-2 mag brighter than the
hosts of lower redshift RLQs, ardl mag fainter than the hosts

of z~2 RL_QS' conS|s_,t_ent with Ste”"f‘r evolution in the e”'pt'caﬁg. 5.Upper panelPlot of the H band nuclear vs. host luminosity. For
hostgalaxies and unified models. Finally, the FSRQ hosts appgahnols, see Fig. 2 and 3. The solid line is the limiting mass-luminosity

~1 mag brighter than the hosts of lower redshift BL Lac objectgpyelope from the M(B,nuc) vs. M(H,host) diagram of McLeod &

again consistent with them forming a common class of blazaggeke (1995), converted to H band using a least squares fit of the

if mild stellar evolution in their host galaxies is assumed.  M(B,nuc) and M(H,nuc) values for the FSRQs from Tables 1 and 3. The
The luminosity of the host shows a positive trend with that ¢fvo large circles represent the estimated error in the derived host galaxy

the active nucleus, at least for the most luminous sources. Tiiggnitudes{+0.3 mag for the clearly detected hosts; filled circle, and

enforces the suggestion that, for the brightest AGN, there isz& 0.5 for the marginally detected hosts; open circlgwer panel:

minimum host galaxy luminosity which increases linearly withs in the upper pan_el, except for the mean values of various samples.

quasar luminosity. However, since several objects remain unf8! SYmPols, see Fig. 2 and 3.

solved, deeper and higher resolution NIR imaging is required

for these sources in order to determine their host properties.

—-26

—24

—28
M(H,nuc)

-32
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