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Abstract. We present results of first epoch high resolution
imaging observations of four extremely distant quasars. The
sample includes the only two radio-loud quasars at redshift z >
4 known to the date of observations, 1251—407 (z = 4.46) and
15084572 (z = 4.30). The 5 GHz observations of 1251—407,
1351-018 (z = 3.71) and 1354—174 (z = 3.15) were made
with the VLBA in January 1995. The source 1508+572 was
observed with the EVN in May 1995. The milliarcsecond scale
structures of these quasars are dominated by compact cores. The
two z > 4 quasars are unresolved on the baselines observed.
We show that the apparently less prominent milliarcsecond scale
extended radio structures in high redshift quasars than in their
low redshift counterparts may be explained by the difference in
spectral indices of the cores and jets.
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1. Introduction

Presently known quasars are found in the redshift range 0.01 <
z < 5.By studying quasars at different redshifts one can address
two main questions: (i) whether their intrinsic properties show
evidence of evolution with redshift characteristic for this class
of objects and (ii) whether the observed properties of quasars at
different redshifts have the imprint of a cosmological model.
Cosmological tests using compact radio source struc-
tures have already provided promising results. The apparent
angular size-redshift relation for different samples of such
sources shows clear non-Euclidean behaviour (Kellermann
1993, Gurvits 1994) suggesting the possibility of using this de-
pendence to constrain the deceleration parameter (qo) and the
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Table 1. Source parameters

Source RA (2000)* Dec (2000)* S° z

(h) (m) (s) ) O mly)
1251-407 12 53 59.53 —40 59 30.7 220 4.46°
1351—-018 13 54 0690 —02 06 03.2 820 3.71¢
1354—174 13 57 06.08° —17 44 01.8° 970  3.15¢
15084572 15 10 02.92 +57 02 43.4 2927 4308

* TIERS 1995

® total flux density at 5 GHz from Wright & Otrupcek 1990
¢ Shaver et al. 1996

4 Véron-Cetty & Véron 1993

¢ Perley & Taylor 1996

' Gregory et al. 1996

€ Hook et al. 1995

cosmological constant (A) (Krauss & Schramm 1993, Jackson
& Dodgson 1996). The apparent proper motion-redshift depen-
dence for superluminal sources may also place limits on g (e.g.
Vermeulen 1996). Proper motion measurements of two-sided
VLBI jets observed at different redshifts may lead to the de-
termination of gy and the Hubble constant (H() independently
of any luminosity calibration (Pelletier & Roland 1989, Roland
et al. 1993). Structural data on the highest redshift quasars are
especially important for these studies since the differences in
the models are greater at higher redshifts.

Here we present 5 GHz VLBI observations of four extremely
high redshift quasars, including 1251—407 and 1508+572
which were the only radio-loud quasars at z > 4 known to the
date of observations (Shaver et al. 1996, Hook et al. 1995). We
also discuss whether there is any difference in the appearance
of cores and jets between high and low redshift sources.
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Fig. 1a—d. 5 GHz images of a 1251407, b 1351018, ¢ 1354—174 and d 1508+572. Contour levels are: a -0.5, 0.5, 1, 2, 5, 10, 25, 50, 90%
of the peak brightness of 162 mJy/beam; restoring beam is 7.7 x 1.8 mas at PA=16°; b -0.12, 0.12, 0.25, 0.6, 1, 2, 5, 10, 25, 50, 90% of the peak
brightness of 886 mJy/beam; restoring beam is 4.9x2.0 mas at PA=21°; ¢ -0.2, 0.2, 0.3, 0.5, 1, 2, 5, 10, 25, 50, 90% of the peak brightness of
807 mJy/beam; restoring beam is 5.1x 1.9 mas at PA=16°; d -0.25, 0.25, 0.5, 1, 2, 5, 10, 25, 50, 90% of the peak brightness of 286 mJy/beam;

restoring beam is 6.5x4.2 mas at PA=77°

2. Observations, calibration and data reduction

The source coordinates, redshifts and total flux densities are
shown in Table 1. All observations were made at 5 GHz using
left circular polarization.

The observations of 1251—407, 1351—018 and 1354—174
took place on 28 January 1995 using eight (for 1251—-407) or
nine (for 1351—018 and 1354—174) antennas of the NRAO Very
Long Baseline Array (VLBA) with an effective bandwidth of
64 MHz. The data were correlated at the VLBA correlator in
Socorro, NM, USA. The source 1508+572 was observed on 20
May 1995 using six western European antennas in the European
VLBI Network (EVN). The data for 1508+572 were recorded
with the Mk IIT VLBI system with an effective bandwith of
28 MHz. These data were correlated at the MPIfR correlator in

Bonn, Germany. Parameters of the telescopes are summarized
in Table 2.

Fringe-fitting and calibration were done using the NRAO
AIPS package (Cotton 1995, Diamond 1995). The initial am-
plitude calibration was based on the system temperatures mea-
sured during the observations and the measured gain curves for
each antenna. In the case of the VLBA observations, the am-
plitude calibration was adjusted by up to 2% using calibrator
sources known to be unresolved or barely resolved with VLBA
(1730-130 and 1127-145 on short baselines). The initial am-
plitude calibration for 1508+572 observed with EVN anten-
nas had to be changed by up to 29% (in the case of Wester-
bork) based on observations of the calibrator source 1739+522
which is unresolved on the European baselines. Both the Cal-
tech DIFMAP package (Shepherd et al. 1994) and NRAO AIPS
package were used for self-calibration and imaging. The clean
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Fig. 2a—d. Correlated flux density (Jy) versus projected baseline length
for a 1251—407, b 1351—-018, ¢ 1354—174 and d 1508+572
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Table 2. VLBI telescopes and their characteristics at 5 GHz

Radio telescope  Diameter (m) SEFD?* (Jy)
VLBA® 25 300
Effelsberg 100 20

Jodrell Mk2 26 320
Medicina 32 296

Noto 32 187

Onsala 25 780
Westerbork 93¢ 108

* gystem equivalent flux density
® 8 or 9 identical antennas
¢ the telescope was used in phased array mode;

an equivalent diameter is given.

maps shown in Fig. 1 are the results of the DIFMAP imaging
process starting with point source models with flux densities
consistent with the corresponding zero-spacing values. Table 3
summarizes the source model parameters obtained by model
fitting using DIFMAP.

Plots of the correlated flux density values versus the pro-
jected baseline length are shown for each source in Fig. 2. Due
to their unresolved nature, 1251—407 and 1508+572 appear to
be reasonable amplitude calibrator and good phase-referencing
sources at 5 GHz for the VLBA and EVN, respectively.

3. Comments on individual sources
3.1. 1251—407

This source is identified with a quasar at z = 4.46, the high-
est redshift radio-loud quasar found to the date of observations
(Shaver et al. 1996). It remains practically unresolved on the
VLBA baselines up to 90 M\ (Fig. 2a).

3.2.1351-018

The radio source 1351—018 has a redshift of z = 3.71. Ear-
lier 20 cm VLA observation (Neff & Hutchings 1990) showed
the source unresolved on ~1.4 arcsecond scale. Our VLBA im-
age (Fig. 1b) shows a dominant compact component and a very
weak extension at a position angle of —13° with a peak bright-
ness 20 times higher than the off-source rms noise. The angular
separation of the peak of the extended emission from the core
is 13 mas which corresponds to a linear distance of [ ~ 90 pc
(Hy =80 km s~! Mpc~! and ¢y = 0.1 are assumed throughout
the paper).

3.3. 1354174

The source 1354—174 has the lowest redshift (z = 3.15) among
the four sources discussed in this paper. Apart from the compact
core, Fig. 1c shows two low brightness features in the eastern di-
rection. Their peak brightness exceeds the image noise level by a
factor of 20. The more distant, stronger component is separated
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Table 3. Fitted elliptical Gaussian model parameters of the source structures

Source Component S r S} a b/a
(mly) (mas) ()  (mas)
1251-407 A 164 - - 0.8 0.2
1351-018 A 932 0 - 0.7 0.7
B 19 13.4 —13 75 0.0
1354—174 A 1088 0O - 1.7 0.6
B 16 10.5 131 220 00
C 19 31.8 83 8.1 0.4
15084572 A 290 - - 0.7 0.7
Notes to Table 3:

S flux density, 7 angular separation from the central component,
© position angle, a, b component major and minor axes,
® component major axis position angle,

agreement factor is the square root of reduced x* (see e.g. Pearson 1995).

Position angles are measured from north through east.

from the core by 32 mas, corresponding to a linear separation
of 200 pc.

3.4. 1508+572

This source has a redshift of z = 4.30. The source is unresolved
on the relatively short intra-European baselines (up to 38 M,
Fig. 2d).

4. Discussion

In order to investigate parsec scale structural properties of radio-
loud QSOs we study the sample of quasars imaged at 5 GHz in
the Caltech-Jodrell (CJ) VLBI survey (Xu et al. 1995, Taylor et
al. 1994, Henstock et al. 1995, Taylor et al. 1996) supplemented
by the z > 3 quasars presented in this paper and Gurvits et al.
(1992, 1994), and 1538+592 (Snellen 1996, private commu-
nication). The CJ survey contains sources over a broad range
of redshifts (0.2 < z < 3.9). All z > 3 quasars imaged at
5 GHz with VLBI are included in our sample. For quasars with
known redshifts (taken also from Véron-Cetty & Véron 1993,
Vermeulen & Taylor 1995 and Vermeulen et al. 1996), we de-
termined the flux density ratio of the brightest “jet” component
and the core component. For this determination, we used the
flux densities of the fitted model parameters given in the refer-
ences. To compare regions of the same linear size in high and
low redshift samples, we “fixed” the resolution at 7 pc, corre-
sponding to ~1 masat z > 1 and to ~1.5 mas at z ~ 0.5. Only
extended components outside this central region of 7 pc were
considered in the following analysis. Similarly, if there were two
or more components within the central region, the strongest one
(presumably the core) was considered. In cases where no jet
components were found according to the definition above, an
upper limit to the jet flux density was determined based on the
lowest contour level brightness and the beam size in the images.
Some z > 3 sources imaged with considerably lower resolu-
tion than 1 mas were excluded from the analysis (0336—017,

P Agreement

®) factor

25 0.66

—24  1.06

72

76 1.84

—83

3

1 1.02

sE T T
0.2 0.5 1‘ 2 5

redshift

Fig.3.S; /S, versus z for 151 quasars averaged over 15 bins. Error bars
indicate the scatter of data within each bin. The solid curve indicates
the best least squares fit calculated using unaveraged data

1442+101 and 1508+572). The total number of quasars included
was 151.

Compact radio cores are known to have flatter spectra than
extended features associated with jets. Due to this difference, the
ratio of apparent flux densities of a core and a jet observed at a
fixed receiving frequency for two intrinsically identical objects
but located at different redshifts will be different. Assuming that
the radio spectrum of the components follows a power law with
S o< v, the ratio of the jet and core flux densities is given by

S,/8. = koo (M

where o; and «. are the jet and core spectral indices and k is a
constant, the emitted frequency v.,, is related to the observed
frequency vops by Vem = Vobs(1 + 2). S; and S, are defined as
the flux densities of the strongest components outside and inside
the 7 pc central region, respectively.

Fig. 3 shows values of S;/S. against z. For plotting pur-
poses only, data are evenly averaged over 15 bins. Each bin
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contains the same number of sources (10; in one case 11). Based
on the simplest assumption that the intrinsic spectral properties
of the sources are identical at different redshifts, one can esti-
mate the spectral index difference (o; — o) which is consistent
with the measured S /S, values. The best least squares fit using
all 151 points provides a; — o, = —0.55 £ 0.43 as shown also
in Fig. 3. The value obtained is consistent with what is known
about core and jet spectra in well studied low redshift quasars.
Quasars in general are known to have very compact flat spectrum
self-absorbed cores with a radio spectral index a. > —0.5. The
spectral indices of the extended radio features lie in the range
—1.3 < aj < —0.5 (e.g. Kellermann & Owen 1988).

Although it can not be ruled out on the basis of this re-
sult, there is little reason to suppose that jet and core spectral
indices for radio-loud quasars as a class of objects undergo sig-
nificant change over large redshift range. Compact energetic
radio sources observed with VLBI have relatively short radia-
tive lifetimes (up to a few hundred years), which can be ignored
on cosmological time scales even at the earliest cosmological
epochs at which these objects are observable. Since the sources
are subgalactic in size their radio structures are largely indepen-
dent of the intergalactic medium (Kellermann 1993).

5. Conclusion

Investigating the weak trend we see in the apparent parsec scale
radio morphology of quasars at different redshifts we suggest
that the difference in their appearance at high and low redshifts
at a fixed received frequency may naturally be explained by
the difference in spectral indices of the cores and jets. In gen-
eral, the steeper spectrum jets tend to be fainter with respect to
the flat spectrum cores as the redshift, and therefore the rest-
frame frequency, increases. The observed weak trend does not
contradict the assumption of intrinsic similarity of quasar radio
continuum spectral properties in the widest available range of
redshifts. Together with other physical arguments (short radia-
tive lifetime and small linear size), this conclusion supports the
idea that radio-loud quasars are useful as “standard” objects for
cosmological tests. New and more sensitive VLBI surveys of
considerably larger samples of sources may provide data for a
similar but statistically better established study.
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