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(Carilli et al. 1997, Athreya et al. 1998); (iii) an excess of companion galaxies
detected along the axes of the radio sources (Rottgering ef al. 1996); (iv) a pos-
sible excess of Lyman break selected galaxies in field of several powerful radio
sources (Lacy and Rawlings 1996) and (v) an excess of red objects in the field
of the powerful radio source 40'23.56 (Knopp and Chambers 1997).

The host galaxies of HZRGs are the most massive galaxies known at high-
redshifts, and since they are probably located in forming clusters of galaxies
they are likely to be the ancestors of brightest cluster galaxies (Best et al., this
volume). Here we present HST-WFPC2 images for a sample of 10 powerful
radio galaxies with redshifts between z= 2.3 and z= 3.6, and compare these
with VLA images of the associated radio sources with similar resolution.

We assume a Hubble constant of Hy = 50 km s™' Mpc™! and a deceleration
parameter of gy = 0.5.

The work we present has been carried out in collaboration with P. McCarthy,
C. Carilli, H. Spinrad, W. van Breugel and D. Macchetto.

2 Sample selection

The radio galaxies were initially selected from a sample of more than 60 HZRGs
which were known at the commencement of the project (1995; e.g. van Ojik
1995 and references therein). Most of these distant radio galaxies were found
by observing ultra steep spectrum radio sources (USS) (a < —1.1, where a is
the radio spectral index; van Ojik 1995).

Objects were selected according to the following criteria: (i) bright in the R
band (R < 24, i.e. sufficient to be mappable in a reasonable time with the
HST): (1) amongst the brightest objects in the Lya emission line (Lya flux >
1075 erg s~'em™?). In addition we included in the sample the radio galaxy
21414192 at z = 3.58 for its high redshift. Finally we included in the analysis
unpublished WFPC2 images of the radio sources B2 0902434, at = = 3.39, and
TX 08284193 at = = 2.57 obtained from the HST archives.

In addition to the HST images, all the radio galaxies in the final sample have
been imaged with the VLA at several frequencies and have good Lya spectra
taken with resolution of < 100 km s~!. For some of the radio galaxies, ground-
based narrow band images of the Lya emission gas, and broad band images in
various color bands (mostly R-band and K-band) are also available.
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3 HST and radio observations

The 10 radio galaxies were imaged with the Planetary Camera (PC) of WFPC2
during Cycle 5 and /or Cycle 6. The typical exposure time was 5300 sec (2 orbits)
for each galaxy. The total observing time was split between two exposures to
facilitate removal of cosmic ray events.

The filters were chosen to avoid contamination from the strong Lya emission
line and were the FT0TW filter (centered at Ao = 6868 Aand with a FWHM of
A\ = 1382A) for the radio galaxies having redshift = > 2.9, and the F606W
filter (Ag = 5934A, A\ = 1498 A) for the rest of the sample. The radio galaxy
TXS 08284193 was observed during Cycle 4, in polarimetric mode using the
WF3 of the WFPC2, with the filter F6T5W (Ag = 6756A, A\ = 865 A). The
total exposure time of 10000 sec was split between ten observations. The radio
galaxy B2 0902434 was observed during Cycle 4 using the PC of the WFPC2
with the filter F622W (XA; = 6189.9 A, A\ = 916A). The total exposure time
of 21600 sec was split between nine observations. Details on the data reduction
will be presented elsewhere.

All the radio maps with the exception of 0902434, 17074105 and 2104-242
are part of a VLA high resolution multifrequency study carried out by Carilli
et al. (1997). The radio map of 09024343 is a high resolution (0.15”) radio
continnum image at 1.65GHz obtained by Carilli by combining data from the
VLA and MERLIN (see Carilli 1995 for details). The radio maps of 17074105
and 2104-242 have been recently obtained by us: details of the observations will
be presented elsewhere.

4 Discussion

Grey-scale HST WFPC2 images of all the radio galaxies with VLA radio con-
tours superimposed are shown in Figures 1, 2 and 3. We defer a more sys-
tematic analysis of the optical morphology of these HZRGs and its relation to
their other properties (radio emission, ionized gas, dust content etc) to a future
paper (Pentericci ef al. in preparation). Here we will make a few remarks on
two of the most important characteristics of HZRGs as seen by the HST: the
alignment between the optical continuum emission and the radio emission, and
the clumpiness of the optical continuum.
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Figure 1. HST/WFPC2 images overlayed with VLA radio maps of 5 radio galaxies
of our sample in order of increasing radio size: (a) 1345424 at 2 = 2.879 (17 kpc); (b)
0943-242 at =z = 2.923 (29 kpc); (c) 2025-218 at = = 2.630 (38 kpc); (d) 12434036 at
2z = 3.570 (50 kpe); (e) 0211-122 at = = 2.336 (134 kpc). Coordinates are in J2000.
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Figure 2. HST/WFPC2 images overlayed with VLA radio maps of 3 radio galaxies:
(a) of 08284193 at z = 2.572 (98 kpc); (b) 2104-242 at z = 2.491 (177 kpc); (c)
17074105 at = = 2.345 (173 kpc). For the first 2 HZRGs only the central region with
the host galaxies is shown. Coordinates are in J2000.
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Figure 3. HST/WFPC2 images overlayed with VLA radio maps of 3 radio galaxies:
(a) 21414192 at = = 3.594 (60 kpc); (b) 1410-001 at = = 2.363 (189 kpc); (¢) 09024343
at = = 3.395 (29 kpc). For 1410-001 (b) only the central region with the host galaxy
is shown. Coordinates are in J2000.
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Figure 4. Distribution of differences between inner radio and optical position angles
for the sample of high redshift radio galaxies

4.1 Alignment effect

The UV continuum of radio galaxies having z > 0.5 is generally well aligned with
the radio axis, the so called alignment effect (McCarthy et al. 1987; Chambers,
Miley and van Breugel 1987). This indicates that the presence of the AGN has
a dramatic influence upon the optical /uv appearance of the host galaxies. The
three most promising models that have been proposed to explain the nature of
the optical light are that it is due to: (i) scattered light from a hidden quasar;
(ii) young stars whose formation was induced by the passage of the radio jets;
(iii) nebular continuum emission from the ionized gas (see reviews by McCarthy
1993 and Rottgering and Miley 1996).

The HST data with their high resolution provide a closer insight into the
inner regions of HZRGs, and confirm that the alignment is still present at scales
of less than an arcsecond. In Figure 4 we present the distribution of the differ-
ences in position angle between the radio axis and the optical continuum axis.
To determine the optical position angle, for the galaxies with a more regular
morphology, we smoothed the HST images with a Gaussian function having a



492 Pentericci et al.

FWHM of 1. Subsequently we fitted the inner 3" region with ellipses, using
the IRAF package ISOPHOTE, which also gives the PA of the major axis of
the ellipse. In the cases of galaxies with a very irregular morphology, we simply
picked the brightest optical peaks and choose as optical axis the line passing
through them. To determine the position angle of the radio emission we con-
sidered the inner part of the jets, i.e. not taking into account any bending or
curvature.

Despite the fact that most galaxies show a very good alignment, we notice that
the details of the effect is different from case to case: in some radio galax-
ies the optical continuum emission has a definite cone-like shape, reminiscent
of an ionization cone (e.g. 0828+193, Figure 2), while in other objects the
aligned component is extremely narrow and elongated (e.g. 12434036, Figure
1). Amongst this latter group there are two radio galaxies in which the nar-
row optical emission follows the radio jet extremely accurately at the locations
where the jet bends sharply or curves (1345424 and 12434036, Figure 1).
While a cone-like shape is expected in models that consider the aligned optical
continuum as being scattered light of a central buried quasar (e.g. di Serego
Alighieri et al. 1989), the close one-to-one correlation between optical and ra-
dio components is better explained by jet-induced star-formation models (e.g.
Chambers et al. 1987), or by models in which the radio jet can enhance the
scattering properties of the material surrounding the jet (Bremer et al. 1997)
The new data seem to confirm that there is no single model that can satisfacto-
rily explain the optical morphology of all HZRGs and the nature of the aligned
optical continuum emission. It seems likely that all three mechanisms contribute
to the aligned light, but their relative importance varies greatly from object to
object. This conclusion is also supported by recent measurements of the polar-
ization of the optical continuum in high redshift radio galaxies, showing that
while some objects present considerable amounts of polarization, other have up-
per limits consistent with no polarization at all (e.g. Cimatti ef al., this volume).

Furthermore, the existence of misaligned systems remains to be explained;
in our sample there are 2 cases of total misalignment between radio and optical
emission: the radio galaxy 0902434, in which dust could play an important
role in obscuring the central regions (Eales et al. 1993, Fisenhart and Dick-
inson 1992), thus “masking” the alignment effect, and the extremely peculiar
and complex system 17074105 (Figure 2), which is comprised of 2 (possibly 3)
separate galaxies, with similarly strong Lya emission. The galaxies are located
along the radio axis, but they are clumpy and extended almost perpendicular to
the radio axis. This unusual morphology would be hard to explain just by invok-
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ing the presence of dust, since the dust should have an extremely complicated
distribution with multiple dust lanes parallel to the radio axis.

4.2 Clumpiness

A striking feature of the HST images of the radio galaxies is the widespread
clumpiness of the optical continuum emission. Most galaxies are comprised of
several components, regardless of whether or not they are aligned with the radio
axis; typical sizes for the clumps are in the range 2-10 kpc. Furthermore there
is a tendency for the larger radio sources to have a clumpier optical continuum.
To give a consistent definition of “clumpiness” we proceeded in the following
way: since the size of our sample is small, and for the faintest galaxies it is
difficult to fully delineate the structures with the allocated observing time, we
first normalized the total observed flux of each galaxy (within a fixed aperture)
taking the faintest (and most distant) galaxy 21414192 as reference. We then
defined the parameter n as the number of components which have at least one
contour at a flux level of 4.4 x 107'%(1 4 z)~* erg cm™? sec™! A~' (to take
into account surface brightness dimming). This value was chosen so that the
radio galaxy 21414192 had 2 clumps. Note that despite the fact that we used
different filters sampling emission at different restframe frequencies, this is a
good approximation because the spectra of HZRGs are flat in the UV region.

In Figure 5 we present a plot showing how n, our measure of clumpiness,
varies with radio size, for all the radio galaxies in the sample, including also data
for the radio galaxies 1138-262 (Pentericci et al. 1998) and 4C28.48 (Chambers
et al. 1996); the sources with radio sizes greater than ~ 80 kpc have on average
more than twice as many clumps than the smaller radio galaxies. A Spearman
rank correlation test gives a significance level of 95% for this correlation.

A possible explanation for this trend is that the medium around the hosts
of powerful AGN is dense and clumpy on a scale of more than 100 kpe: as the
radio sources expand through the gas, they light up (e.g. by triggering star
formation in the gas clouds) more and more material.

Note that our result is contrary to that found by Best et al. (1996) for a
complete sample of z ~ 1 3C radio sources, which have been imaged with the
HST: they found that smaller radio sources tended to be comprised of a string of
several knots, while larger radio galaxies were made generally of only 2 optical
components. However one has to keep in mind that the range of radio sizes of
the z ~ 1 3C sample is 3 times as large as that of our sample.
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Figure 5. Number of optical clumps of the galaxies versus total radio source size

4.3 The formation of BCGs?

A possible way of interpreting the optical morphologies of high redshift radio
galaxies, is that we are witnessing the assembling of massive galaxies: star for-
mation is taking place in the clumps that we observe, with typical star formation
rates of a few M.yr~! per clump (Pentericci et al. 1998). These components
will then merge with the central galaxy on dynamical time scales of order 10%
years. The presence of strong starbursts is also supporied by new measurements
indicating the presence of large amounts of dust in these high redshift systems
(e.g. Cimatti et al. 1998, v.d. Werf, this volume). Recently Dey el al. (1997)
found a direct spectroscopic evidence that the UV continuum clumps of 4C41.17
are star forming regions, not dominated by scattered light: the spectrum of this
galaxy shows absorption lines and P-Cygni profiles similar to those found in the
spectra of high redshift star forming galaxies. Furthermore, as we have reviewed
in the introduction, there is now increasing evidence that at least some HZRGs
are in dense cluster-type environment (see also Carilli ef al. this volume).

In conclusion there is considerable evidence that the hosts of = > 2 radio galaxies
might evolve into brightest cluster galaxies.

References

Athreya, R.M., Kaphai, V.K., McCarthy, P.J., van Breugel, W.: 1998, A&A
329, 809



HST/WFPC2 images and properties of the most distant radio galaxies 195

Best, P., Longair, M. S, and Rottgering, H. J. A.: 1997, MNRAS: vol 295, p549

Bremer, M. N., Fabian, A. C., and Crawford, C. S.: 1997, MNRAS 284, 213

Burrows, C.: 1995, in C. Burrows (ed.), Wide Field and Planetary Camera 2
Instrument Handbook, Baltimore: STScl

Carilli, C.: 1995, A&A 298, 77

Carilli, C. L., Freudling, W_, Rottgering, H., lvison, R.J. and Mazzei, P.: 1998,
ApJS 109, 1

Cimatti, A., Rottgering, H., van Ojik, R., Miley, G. K., and van Breugel, W.:
1997, AEA 329, 399

Chambers, K. C'.; Miley, GG., van Breugel, W. J. M., Bremer, M. A. R., Huang,
J. S., and Trentham, N. A.: 1996, ApJS 106, 247

Chambers, K. C., Miley, G. K., and van Breugel, W.: 1987, Nat 329, 604

Crawford, C. and Fabian, A.: 1996, MNRAS 282, 1483

Dey, A., van Breugel, W., Vacca, W., and Antonucci, R.: 1997, ApJ 490, 698

di Serego Alighieri, Fosbury, R. A. E., and Tadhunter, P. Q. C.: 1989, Nat 341,
307

Dickinson, M.: 1996, in N. T. A. Aragon-Salamanca and J. Wall (eds.), Proc.
of the conference HST and the High Redshift Universe, World Scientific

Eales, S.. Rawlings, S., Puxley. P., Rocca-Volmerange, B., and Kuntz, K.: 1993,
Nat 363, 140

Eisenhardt, P. and Dickinson, M.: 1992, ApJ 47, 399

Hill, G. and Lilly, S.: 1991, ApJ 367, 1

Knopp, G. P. and Chambers, K. C.: 1997, ApJ 644, 487

Lacy, M. and Rawlings, S.: 1996, MNRAS 280, 888

Lauer, T.: 1989, PASP 101, 445

McCarthy, P., van Breugel, W., Spinrad, H., and Djorgovski, S.: 1987, ApJL
321 29

McCarthy, P. J.: 1993, ARAE&A 31, 639

Pentericel, L., Rottgering, H., Miley, Gi., Spinrad, H., McCarthy, P., van
Breugel, W., and Macchetto, F.: 1997h, ApJ: submitted

Rottgering, H. J. A., West, M., Miley, G., and Chambers, K.: 1996, A&7AS 307,
376

Rottgering, H. and Miley, G. K.: 1996, in J. R. Walsh and I. Danziger (eds.),
Science with the VLT, p.285

van Ojik. R.: 1995, Ph.D. thesis, University of Leiden






