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Abstiact

We have started a search for High Redshift Radio Galaxies (HzRGs) in
an area covering 7 s1 by selecting a sample of Ultra Steep Spectrum {JSS)
souices with a low flux density cut-off S1400 > 10 mJy and a steep spectral
index a < =13 (S o v*) using the WENSS, NVSS and TEXAS radio
surveys Preliminaiy results for 25 scurces shows that we are almost twice
as effective in finding HzRGs than previous searches using hrighter 1adio
sources and less steep 1adio spectra (o < —1 0) The 1edshift distribution
is consistent with an extension of the z — a 1elation to & < —1 3, but a
large fraction of owr sample (40%) consists of objects which are too faint
to obseive with 3—4m class telescopes The first 1esults fiom owr Keck K-
band imaging and spectioscopy program indicate that these faint objects
are our best candidates to detect H2RGs at 2 > 3 5 QOur search is aimed at
significantly increasing the mumnber of very high redshift radio galaxies for
further detailed studies of {he formation and evolution of massive galaxies
and their environment

1 Introduction

Detailed spectroscopic and morphological studies of High Redshift Radio Galax-
ies (HzRGs) are important foi the understanding of the formation and evolution
of massive elliptical galaxies Unlike quasars, the light from HzRGs is not dom-
inated by the {non-stellar) AGN component but is spatially resolved, allowing
us to get a clearer view of the host galaxy and its young stellar population Two
dramatic examples of this are the recent discovery of jet-induced star formation
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inthe HeRG 4C 41 17at z = 3 8 (Dey ef al  1997), and the strong morphological
evolution of HzRGs Letween 2 < z < 4 4 (van Breugel et a/ 1998}

Unfortunately, the pumber of known HzRGs rapidly decieases at high red-
shift (Fig 1) At piresent, 125 1adio galaxies with z > 2 are known, of which 20
have z > 3 and only 3 have z > 4 Complete, flux-limited 1adio surveys, like the
3CR (Spinrad et af 1985) and MRC/1Jy (McCarthy et al 1996) smveys have
failed to yield significani numbers of HzR(Gs (see Table 1) The most efficient
way of finding HzR({s is to concentiate on 1adio-sources with an ultra-steep
radio spectium Half of the z > 2 1adio galaxies know today have been discov-
ered from several samples of USS (a 5 —1) radio sources (Blundell et al 1998,
Rottgering ef al 1997, Chamnbers et al  1996) Figure 1 shows the contiibution
of USS selecled sources (shaded) to the total number of known z > 2 HzRGs
All the z > 3 5 radia galaxies were found from targeted USS samples
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Figmie 1 Known z > 2 Radio Galaxies The contiibution of soutces found from
ultra steep spectium samples is shaded

2 A sample of USS sources from new radio sur-
veys

With the advent of the 325 MHz WENSS (Rengelink ef ol 1997}, the 365 MHz
TEXAS (Douglas et af 1996), the 14 GHz NVSS (Condon et af 1998} and
the 1 4 GHz FIRST (Becker et al 1995) surveys it is now possible for the first
time to define a large sample of USS souices with even steeper spectral indices
(¢ $ —1 3} covering the entire sky North of declination —35°, and using 10 -
100 times lower flux density limits than has been possible before (Rottgering et
al 1994) We briefly describe our 2 subsamples below More details will be
given in De Breuck et al (1998)
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2.1 The WENSS/NVSS (WN) sample

A corielation of 1998 Januaiy veisions of the WENSS and NVSS catalogues
provided spectial indices for 143,000 sources, of which we selected the 0 9%
with spectral indices @335, < —13 Several additional selection criteria were
applied to the sample (i} S1400 > 10 mJy, fo obtain spectial indices accurate to
5 01, (it) Galactic latitude [b| > 15°, to avoid excessive Galactic extinction, and
(iii) only single-component sources in the WENSS and NVSS surveys (547 and
45" 1esolution) were retained Unlike some other USS samples (¢ g the 6C*,
Blundell ef al 1998}, we did not apply additional size cut-offs, as HzRGs exist
with angular sizes up to 54" (4C 23 56 at z = 2 479, Chambers et al 1996, our
WN sample also contains a z — 3 215 galaxy of 26" ) The piesent WN sample
consists of 354 USS sources

2.2 The TEXAS/NVSS (TN) sample

The WENSS suivey covers the sky north of § = +29° In order to obtain a
more Southernly sample of USS sources in the atea outside WENSS (—35° <
d < +29°), we correlated the TEXAS 365 MHz survey with the NVSS In
addition to the same selection ciiteiia used for the WN sample, we have also
excluded 50% of the sources with questionable fluxes or positions in the TEXAS
catalogue Douglas ef @/ 1996

2.3 High-Resolution Radio Images from FIRST and VLA
observations

The WENSS, Texas and NVSS surveys, from which the described USS samples
have been defined, do not provide high enough positional accuracy or resolution
for the optical identification of the radio sources, which we pieselected to be
undetected on the POSS plates (mp > 20)

We therefore correlated ocur WN sample with the FIRST catalogue (Becker ef
al 1995) which has accurate positions (< 0”5), and nine times better resolution
(5" ) Unfortunately, the present coverage of the FIRST survey overlaps with
only 40% of our WN/TN samples We therefore observed 239 sources in our
sample outside the FIRST area with the VLA in A and BnA arrays The
observations were made at 4 § GHz to obtain 0”5 to 1” resolution and to
determine spectral curvature
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2.4 Optical Spectroscopy and Near-IR imaging

Spectroscopic observations of out samnple with the Lick, ESO 3 6in and WHT
telescopes has yielded fiim redshifts for 14 souices from the WN and TN sam-
ples The median redshift is z = 2 4, only 4 have 2z < 2, while 5 have 2 < z < 3,
4 have 3 < z < 4, and 1 has x = 413 Tor ~40% of the souices obseived, we
could not yet determine the redshift because either no ohject or no emission
lines were detected

We have started a project to obtain K-band images of these faint objects
using the Near-IR Camera (NIRC) on Keck I Our first results on 8 galaxies
have yielded K-band magnitudes in the range 18 4 — 22 7 (4" aperture} On
the basis of the Hubble K — z diagiam {Fig 2}, we pedict that 2 objects will be
atz~1,4 will be at 3 < z < 4, and 2 will be at z > 4 The combined methad
of using USS sources together with the K — z diagram is extremely efficient
in finding very high redshifi radio galaxies This was shown by recent Keck LI
LRIS spectioscopy of two objects with K = 19 75 and K = 19 70, which yielded
z = 3 506 and z = 3 517, respectively
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Figure 2. Hubble K-z diagiam for the 3C and 6C surveys (Eales ef @l 1997), and
NIRC data for HzRGs fiom van Breugel et al (1998) The new USS f-band detec-
tions and very high redshift candidates are shown by horizontal bars at the predicted
redshift The horizontal arrew indicates the range of predicted redshift for our faintest
i -band ebject All magnitudes are corrected to a 64 kpc metric diameter, assuming
Ho = 50, qp = 0 The inset shows a blowup of the NIRC data in the 15 < 2 <55
and 17 5 < I{ < 20 5 region
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3 Discussion

3.1 Redshift — Spectral Index Relation

Figure 3 plots spectral index against redshift for 4 different samples of radio
soutces The 3CR and MRC/1Jy suiveys (dots aud crosses} have no spectral
index bias and show the spectral index — redshift correlation This relation
1s due to a combination of k—correction and intrinsic spectial curvature of the
radio spectia (Carilll ef al  this volume and 1eferences therein) The 4C USS
sample (Chambers ef al 1996, open circles, ai$l® < —~1, median z = 1 84)
shows a rather uniform redshift distiibution of sources, hom z = 0 4 to 3 8,
which includes a dramatically higher percentage of HzRGs than the suiveys
without speciral index selection The preliminary results of our WIN/TN sample
have shown that we are even more eflicient in finding z > 2 sources than the 4C
(Table 1) The major differences between our sample and the 4C are our steeper
spectral index cut-off and our lower flux limit We interpret the higher median
redshift in our sample as a combination of two effects (i) an extension of the
redshift — spectral index relation towaids steeper spectial—indices, and (i) our
lower flux density limit causing the objects in our S1400 > 10 mJy flux—limited
sample to be more distant than the Sy7s > 2 Jy 4C sample
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Figure 3. aiis against z for 2 samples without spectral index selection (3CR and
MRC; dots and crosses), and 2 USS samples (4C and our new new WN/TN sample;
apen citcles and suns) Note that the corielation is present in the 3CR and MRC, and
that the USS samples are finding much more z > 2 radio galaxies
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Sample Definition Known Redshift Unknown
| 2<2 12<2<3 | 2>3
3CR Si7g > 10Ty || 995 % 05% 0% 1%
MRC/1Jy || Sa0s > 095Jy |1 934 % 59 % 07T % 41 %
4C USS altlt < 10 || 53% 35 % 12 % 50 %
New USS || add®® <13 || 35 % 35 % 30 % | 456% (faint)

Table 1. The HzRG content for four samples of 1adic sources as a function of z: 3CR
(Spimtad et al 1985), MRC/1Ty (McCaithy et al 1996}, 4C (Chambers et al 1996),
and our new USS sample

3.2 Radio Powers

The main advantage of using radio galaxies instead of quasars to study the
formation of giant ellipticals is their host galaxy is much less contaminated by
a non-stellar AGN However, also radio galaxies have a 1esidual contribution
of non-siellar light fiom the central AGN, confusing our view of the stella:
population {Eales, this volurne) A direct indication of this dependence is the
correlation between emission-line luminosity and radio power (McCarthy 1993)
The key to minimizing the effects of radio AGN aciivity is therefore to probe
lower powers, which we achieve with the much lower flux density limit of our
sample Figure 4 shows that we ate indeed beginning to find galaxies at these
lower powers The new galaxies at z > 2 with Paos < 10%° W/Hz/sr will allow
us to disentangle the redshitt and power evolution of radic galaxies, with the
caveat of using primnatily USS sources

4 Conclusions

The new radio surveys have allowed us to define a sample of faint (S0 > 10
mJy) sources with o < —1 3 We have found relatively more z > 2 sources than
previous USS or other suiveys, indicating that the 2 — a relation extends out
to higher redshifts The fraction of z < 2 galaxies is less than 1/3, confirming
the high efficiency of the USS selection technique Stellar age estimates of the
parent ellipticals of HzRGs all indicate formation redshifts zp > 5 (e ¢ Dunlop
ef al 1996) OQur Near IR-imaging and deep spectroscopy at Keck provides the
best chance of finding these z > 5 HzRGs and glimpse the earliest evolutionary
stages of massive ellipticals
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Figure 4. The monochromatic radic power Pgas against 1edshift for 3CR and owm
sample Known WN/TN sources aie pieviously known z > 2 radio galaxies falling
info our sample The line indicates the lower limit of our WN sample Qur sample not
only 1eaches higher redshifts, but also selects sources with 10 to 15 times lower radio
powers

Acknowledgements Work performed at the Lawrence Livermore National
Laboratory is supported by the DOE under contract W7405-ENG-48

References

Becker, R, White, R, Helfand, D, 1995, ApJ 450, 559

Blundell, K M, Rawiings, S, Bales, S A, Tayloi, G B, & Biadley, A D
1998, MINRAS, in press, astro-ph/9707336

Chambais, K |, Miley, G , van Breugel, W , & Huang, J , 1996, ApJS 106, 215

Condon, J 1998, ApJ, in preparation, http //www cv nrao edu/ jconden/nvss html

De Breuck, C, van Breugel, W , Rottgering, H , & Miley, G 1998, in prepa-
ration

Dey, A , van Breugel, W, Vacca, W D | Antonucci, R 1997, AplJ, 490, 698

Douglas, J , Bask, F , Bozyan, F |, Torrence, G , & Wolfe, C, 1996, AJ 111,
1945



8 De Breuck et al

Dunlop, J , Peacock, J , Spinrad, H , Dey A | Jimenez, R, Stein, D |, & Wind-
horst, B 1996, Nature, 381, 581

McCatthy, P, 1993, ARA&A 31, 639

MeCarthy ef o/ 1996 McCarthy, P, Kapahi, V |, van Breugel, W | Persson, 5,

Athreya, R , & Subrahmanya, C', 1996, ApJS 107, 19

Rengelink, R, Tang, Y , de Biuyn, A , Miley, G , Bremer, M N, Rotigering,
& Bremer, M A R 1997, ALA, 124, 259

Rottgering, H | Lacy, M , Miley, G , Chambers, K , Saunders, R , 1994, A&AS,
108, 79

Rottgering, H J A, van Gjik, R, Miley, G , Chambers, K (', van Brengel,
W J M, & de Koff, S, 1997, A&A, 326, 505

Spimtad, H , Djorgovski, 8§, Mart, J, & Aguilat, L, 1985, PASP 97, 932

van Breugel, W J M , Stanfoid, S A, Spintad, H, Stern, D, & Graham, J
R, 1998, ApJ, in press, astro-ph/9803019



Technicallnformation Departments Lawrence Livermore National Laboratory
University of California « Livermore, California 94551




