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Abstract. We present high resolution (0.15”) radio continuum
images of total and polarized intensity at 1.65 GHzof thez = 3.4
radio galaxy B2 0902 + 343. These images were made by com-
bining data from the VLA and MERLIN. Also presented is a
re-analysis of the images of this source made with the VLA
at higher frequencies (Carilli et al. 1994). The new high reso-
lution low frequency image reveals a long ‘plume’ of emission
extending well beyond the northern hot spot regions. This plume
has an extremely steep spectrum (index < —3.3), possibly in-
dicating significant inverse Compton losses off the microwave
background, as predicted for sources at very high redshift. High
resolution spectral index images confirm that the southern-most
knot in the jet has a flat spectrum (index = —0.034:0.02 between
1.65 GHz and 8.3 GHz), suggesting it as the active nucleus of
the radio galaxy.

The multifrequency polarized intensity images of B2 0902 +
343 verify the large rotation measures, and gradients in rotation
measure, across the northern hot spot regions, indicative of a
dense, magnetized local environment, comparable to what has
been observed for lower redshift radio sources at the centers
of cooling flow clusters. The high resolution 1.65 GHz image
confirms the ring morphology of the southern-most component
of the source, as previously seen at 8.3 GHz.

A detailed comparison between the radio and optical im-
ages of B2 0902 + 343 (from Eisenhardt & Dickinson 1992) is
presented, showing how the flat spectrum radio core source is
situated in a ‘valley’ between two optical peaks, and how the
radio jet coincides closely with a ‘trough’ between the eastern
and western parts of the optical galaxy.

We conclude that most of the peculiarities of the B2 0902 +
343 radio galaxy can be explained by assuming that the source
is oriented at a substantial angle with respect to the sky plane,
perhaps between 45° and 60°, with the northern regions of the
source approaching. A requirement of this idea is that the central
region of the galaxy be obscured by a substantial amount of dust.
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1. Introduction

The first z > 3 radio galaxy to appear in the literature was
that associated with the radio source B2 0902 + 343 at z = 3.40
(Lilly 1988), and B2 0902 + 343 remains one of the more unique,
and puzzling, of high redshift galaxies. The unique aspect of
B20902 + 343 is its very flat optical broad band spectral en-
ergy distribution (SED), after correction for line contamination
(Eisenhardt & Dickinson 1992; Eales et al. 1993). The flat SED
of B2 0902 + 343, coupled with its low rest frame optical mag-
nitude (relative to other high redshift radio galaxies), has led
to the suggestion that B2 0902 + 343 is a prime candidate for
a ‘protogalaxy’, undergoing its first major burst of star forma-
tion (Eales & Rawlings 1993; Eales et al. 1993; Eisenhardt &
Dickinson 1992). The puzzling aspect of B2 0902 + 343 is that,
unlike many high redshift radio galaxies, it does not follow the
radio-optical ‘alignment effect’ (see McCarthy 1993 for a re-
view). Indeed, the relative radio-optical morphology of B2 0902
+ 343 is extremely bizarre, with the radio jet situated in a ‘val-
ley’ between the twin-peaks seen in images of both broad band
(R) continuum, and narrow band (Ly «) line, emission (Eisen-
hardt & Dickinson 1992). At z = 3.40, 1" = 3.5 h~! kpc, where
h=H,/100kms~! Mpc~! and assuming g, = 1/2.

The radio continuum properties of B2 0902 + 343 are also
unusual. The radio source is fairly small (in projection) with
a full extent of about 5”. The source shows a bright, ‘knotty’
jet of about 1.5” extent, with a sharp bend of almost 90° at
its northern end (Carilli et al. 1994; van Breugel & McCarthy
1989). The southern half of the source is comprised of two
distinct components separated by about 1” and situated about 3"
south of the jet. The position angle defined by the line connecting
the two southern components is perpendicular to that of the
source as a whole. The fainter of the two southern components
forms a neat ‘ring’ of 0.4” diameter when imaged at high spatial
resolution. Another interesting result from the multifrequency
polarized intensity images is the large rotation measures (>
1000rad m~2), and gradients in rotation measure, seen across
the northern hot spot regions of B2 0902 + 343.

We have begun an extensive program of sensitive, high spa-
tial resolution, multifrequency radio continuum imaging of high
redshift radio galaxies to study the properties of the sources in
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Fig. 1a. An image of total intensity from B2 0902 + 343 at 1.65 GHz
with aresolution of 0.15"” (FWHM). The contour scheme is a geometric
progression in 2'/2, which implies a factor 2 change in surface bright-
ness every two contours (negative contours are dotted). The first level is
0.36 mJy/beam. The off-source RMS on this image is 0.12 mJy/beam

total and polarized intensity. Such observations are critical to
the interpretation of the radio structures, and for comparison
with high resolution optical images, and they provide unique
information on the source environments. These studies include
detailed observations of individual sources (Carilli et al. 1994),
and a survey of a large number of z > 2 sources (Carilli et
al. in prep). This paper presents images of total and polarized
intensity of B20902 + 343 at 1.65 GHz with 0.15" resolution
made from combined MERLIN+VLA data. Also presented is a
reanalysis of the high frequency VLA observations of B2 0902
+343. These data, combined with previous optical imaging, are
used to develop a working model for the bizarre structures in
the high redshift radio galaxy B2 0902 + 343,

2. Observations

A 12 hour dual polarization synthesis observation of B2 0902
+ 343 at 1.65 GHz was made with the Multi-Element Radio
Linked Interferometer (MERLIN) operated by the Nuffield Ra-
dio Astronomy Laboratory on January 1, 1994. The array con-
sists of 8 elements with a maximum projected baseline length
of 216km and a minimum projected baseline length of 3.6 km
(data from the very short MK2 to Lovell baseline were not used

24.75 24.70
RIGHT ASCENSION (B1950)
Fig.1b. An image of B2 0902 + 343 at 8.3 GHz with a resolution of
0.21”. The contour scheme is the same as Fig. 1a, but now the first level
is 75uJy/beam. The off-source RMS on this image is 25 pJy/beam

in this experiment). The MERLIN data were calibrated, edited,
and self-calibrated by T. Muxlow using standard routines at
NRAL.

A potential difficulty with the MERLIN-only data is the lack
of short spacings in the Fourier-domain. Missing short spacings
could lead to missing large-scale structure in the image plane,
effectively putting the radio source in a ‘hole’ in the image
plane. The shortest spacing used from the MERLIN data cor-
responds to a fringe which is sensitive to structures on scales
of about 10”. Hence, any diffuse structure on this scale asso-
ciated with B20902 + 343 will not be properly imaged with
the MERLIN only data. In order to fill-in these missing spac-
ings, we added the short spacing (projected baselines < 5.4 km)
VLA data at 1.65 GHz to the MERLIN data. Before the data
were combined checks were made for relative astrometry and
amplitude calibration. The relative VLA-MERLIN amplitude
calibration was checked by looking at the visibility amplitudes
on comparable projected baselines (‘crossing points’ in the uv-
plane). Agreement in amplitude was found to within 5%. The
relative MERLIN-VLA astrometry was checked by comparing
the position of the radio core of B2 0902 + 343 seen at 8 GHz
with the VLA with that seen at 1.65 GHz with MERLIN at
matched resolutions. The core position was found to agree to
0.1” between telescopes. A second check was made using the
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Fig. 1c. An image of B2 0902 + 343 at 1.65 GHz with a resolution of
0.4". The contour scheme is the same as Fig. 1a, but now the first level
is 0.55 mJy/beam

brightest hot spot (the A hot spot in the northern lobe), with a
similar agreement between telescopes.

The VLA observations are described in detail in Carilli et
al. (1994). In this paper we employ the data in the 5 GHz and
8 GHz bands of the VLA. These data were re-analyzed for the
purposes of this paper in two ways. First, in each frequency
band we observed at two frequencies separated by 450 MHz.
The individual bands were analyzed independently in Carilli et
al. (1994). In this paper the images of the Stokes parameters,
I, Q, and U, from the two IF’s in each band were combined to
improve signal-to-noise. The median frequency is assumed in
the analysis (4.7 GHz and 8.3 GHz). And second, the 1.65 GHz
MERLIN image has revealed structure to the north of hot SpOt A.
While this structure was suggested in the VLA higher frequency
images, in our previous analysis the choice was made in the self-
calibration procedure to omit this structure, based on the false
conclusion that the structure was an imaging artifact. The data
has been re-analyzed with this new structure included in the
self-calibration process.
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Fig. 2a. The greyscale and the contours are of the spectral index dis-
tribution of B20902 + 343 between 8.3 GHz and 1.65 GHz at 0.21”
resolution. The contour levels are: —1.8, —1.6, 1.4, -1.2, —1.0, —0.8,
-0.6, -0.4, 0.2, 0.0. The greyscale ranges from —1.9 (white) to 0.0
(black)

3. Results and analysis

3.1. Total intensity

A contour image of total intensity made from the MER-
LIN+VLA data on B20902 + 343 at 1.65GHz is shown in
Fig. 1a. This image has been made using uniform weighting
of the visibilities, and using a Gaussian taper of 1 M) (the ta-
per distance corresponds to the 30% point of the Gaussian and
A is the observing wavelength). The spatial resolution, as de-
fined by the FWHM of the Gaussian restoring CLEAN beam,
is 0.15”. For comparison, Fig. 1b shows the source at 8.3 GHz
with a restoring beam of 0.21” FWHM. A number of features
have been labeled, according to the nomenclature of Carilli et
al. (1994).

The majority of the source structure is similar at both fre-
quencies, with two notable exceptions. First, the southern-most
component in the jet is considerably less prominent (relative
to the the rest of the source structure) at low frequency than
at high frequency. And second, the 1.65 GHz image reveals a
long, spatially resolved ‘plume’ of emission extending well to
the north of hot spot A. Fig. Ic shows an image at 1.65 GHz
made using a Gaussian taper of 0.5 M), resulting in a beam of
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[g Component  Position® F(1.65GHz)® ob3f of%0¢

1 "

g: Al 09"02™24.77¢, 34°19/57.85” 112 —-0.86 —1.1

;ﬂ: I O9h02m24.795,34019/56.97,, 11.1 —-0.80 -1.1
]2 09h02m24.785, 34019'57.18” 9.48 —-0.74 —-1.6
N 09h02m24.805, 34° 19'56.78" 9.57 —-0.03 -0.5
B1 09h02m24.77s, 34°19'54.42° 281 —-0.87 -
“B1950

®Surface Brightness in mJy/beam at 0.21 " resolution (FWHM of Gaussian restoring beam) at 1.65 GHz.

“Spectral index between 1.5 GHz and 8.3 GHz at 0.21” resolution.
4Spectral index between 8.3 GHzand 15.0 GHz at 0.21” resolution.

I

34 19 59

58—

57

DECLINATION (B1950)

55—

54—

53

| | | | | | |

2490 24.85 24.80 2475 24.70 24.65
RIGHT ASCENSION (B1950)

09 02 24.95

Fig. 2b. The greyscale and contours are of the spectral index distribu-
tion of B20902 + 343 between 4.7 GHz and 1.65GHz at 0.4”. The
contour levels are: -3.2, -2.9, -2.6, 2.3, -2.0, -1.7, -1.4, 1.1, -0.9,
-0.7,-0.5, -0.3, -0.1, 0.0. The greyscale ranges from 3.5 (white) to
0.1 (black)

FWHM = 0.4”. At this resolution the plume is seen to extend
about 2" from hot spot A, to the northeast. The detection of
this plume gives the radio source an overall ‘S’-type symmetry
about the center.

The hot spot B regions also show more diffuse structure
at 1.65 GHz than at higher frequencies. In particular, the gap
between the southern components and the core and jet to the
north begins to fill-in with diffuse, steep spectrum emission.

3.2. Spectral Index

The spectral index distribution of B20902 + 343 between
1.65GHz and 8.3 GHz at 0.21” resolution is shown in Fig. 2a,
where the spectral index, o, is defined as: intensity o (frequency)®.
The values for peak surface brightness and spectral index be-
tween 8.3 GHz and 1.65 GHz for various source components
are listed in Table 1. Also listed are spectral index values be-
tween 8.3 GHz and 15.0 GHz from Carilli et al. (1994) at this
resolution.
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Fig.3a. The linearly polarized intensity image of B20902 + 343 at
1.65 GHz at a resolution of 0.15”. The contour scheme is the same
as Fig. 1a, but now the first level is 0.5 mJy/beam. Note that only the
northern region of the source is displayed, since this is the only region
where polarized emission is detected
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Fig. 1a, but now the first level is 0.1 mJy/beam

The southern-most component in the jet is seen to have a flat
spectrum (o35 = —0.03 + 0.02). We assume, as in Carilli et
al. (1994), that this component is the active nucleus of B2 0902
+ 343. The spectral index distribution between 1.65 GHz and
4.7 GHz at 0.4" resolution is shown in Fig. 2b. The most remark-
able aspect of this image is the plume to the north of hot spot A,
which has an extremely steep spectrum, reaching a sensitivity
limited minimum spectral index value of —3.3 (spectral index
values were only calculated in regions where surface bri ghtness
was above four times the off-source RMS at each frequency).
Note that, even with the plume, the full extent of the source is
only about 7", which is below the 10" maximum size that can
be properly imaged with a full synthesis observation with the
VLA in A array at 4.7 GHz (Perley 1993).

3.3. Polarized emission

The polarized intensity image of B20902 + 343 at 1.65 GHz
with a resolution of 0.15” is shown in Fig.3a, while Fig.3b
shows the polarized intensity at 8.3 GHz at 0.21” resolution.
The only region with significant polarized emission at both fre-
quencies is the region around hot spot A. The fractional polar-
ization attains maximum values of about 12% at both 8.3 GHz
and 1.65 GHz in this region. For comparison, the limit (15) to
fractional polarization for hot spot B1 in the southern half of
the source is < 3% at both 1.65 GHz and 8.3 GHz. The 8.3 GHz
image shows significant polarized flux from jet knot J2, with a
fractional polarization of 5%. At 1.65 GHz the fractional polar-
ization of J2 is < 0.9%.

RIGHT ASCENSION (B1950)

Fig.3c. The contours are of total intensity from B2 0902 + 343 at
8.3 GHz with a resolution of 0.4, The greyscale is of Faraday ro-
tation measure at 0.4" resolution. The greyscale range is —2000 rad
m~? (white) to +2000 rad m~2 (black), and the contour levels are:
-0.18, -0.09, 0.09, 0.18, 0.36, 0.72, 1.44, 2.88, 5.76, 11.52, 23.04,
46.08 mJy/beam

The 1.65 GHz data provide an important check to the claim
of large rotation measures, and rotation measure gradients, seen
towards the A hot spot region of B20902 + 343 (Carilli et
al. 1994). In Fig. 4 are shown plots of observed position angle
versus wavelength? for two positions in B20902 + 343. Note
that the analysis was necessarily done at 0.4" resolution, in or-
der to include all three frequencies (8.3, 4.9, and 1.65 GHz).
In all cases reasonable fits of observed position angle versus
wavelength? are obtained, verifying the notion of large rotation
measures, and gradients in rotation measure, towards B2 0902 +
343. The rotation measure distribution in the northern hot spot
region (Fig. 3c), shows a gradual change of rotation measure
from east to west, as well as a ‘ridge’ of large rotation mea-
sure running along northern edge of the radio source, perhaps
indicative of compression of cluster gas by the expanding radio
source (Carilli et al. 1988). As discussed in Carilli et al. (1994),
the large rotation measures seen towards B2 0902 + 343 are in-
dicative of a dense, magnetized local environment, comparable
to what has been observed for radio sources at the centers of
cooling flow clusters (Taylor et al. 1994).

We have transformed wavelengths into the rest frame of
the source before calculating the rotation measure, implying a
factor of (1 + z)? larger rotation measures than if we used the
observed wavelengths. We feel this transformation is reasonable
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Fig.3d. The contours are of total intensity from B20902 + 343 at
8.3 GHz with a resolution of 0.21”. The line segments show the pro-
jected magnetic field direction, for regions with significant polarized
flux

since rotation measure changes of > 50rad m~2 over scales of
less than an arc-second are hard to justify for a Galactic screen
(Leahy 1987; Pedelty et al. 1989). The observed wavelength
dependence of the fractional polarization of knot J2 is another
indication of large rotation measures local to B2 0902 + 343
(Dreher et al. 1987).

The projected magnetic field morphology at 0.21” resolu-
tion is shown in Fig.3d. The field projects parallel to the jet
(to within 11°), and perpendicular to the edge of the lobe. The
magnitude of the magnetic field can be estimated by assuming a
minimum energy configuration for the fields and particles (Mi-
ley 1980). The question of the validity of assuming minimum
conditions in radio sources remains open. However, support for
such an assumption comes from the recent detection of syn-
chrotron self Compton X-ray emission from the radio hot spots
of Cygnus A, from which hot spot magnetic fields were de-
rived independent of minimization assumptions. The results for
Cygnus A were fields close to those derived from minimum
energy assumptions (Harris et al. 1994). Making the same as-
sumptions as in Carilli et al. (1991), we derive minimum energy
fields in the hot spots of B2 0902 + 343 of 650 G, while those
in the diffuse plume to the north of hot spot A are about 100
uG. The implied minimum pressures are 1 10~8 dynescm™2 in
the hot spots and 3 10~!% dynes cm ™2 in the lobes. For compar-
ison, minimum energy fields in the lobes of Cygnus A are about
50 uG, while those in the hot spots are about 300 pG (Carilli et
al. 1991; Harris et al. 1994).

3.4. Radio-optical comparisons

Broad and narrow band optical images of B2 0902 + 343 were
presented in Eisenhardt & Dickinson (1992). In Fig. 5 we repro-
duce two of these images, along with images of the radio source
at 1.65 GHz. Figure 5a shows the R band image of B2 0902 +
343. The R band redshifts to a relatively line free uv continuum
band in the rest frame of B2 0902 + 343. Figure 5b shows the nar-
row band image centered on Lya emission from B2 0902 + 343.
Eisenhardt & Dickinson quote an optical seeing FWHMO0.95".
A cross marks the position of the flat spectrum radio core.

The relative radio-optical morphology of B20902 + 343
shows clearly the two remarkable aspects of the B2 0902 + 343
optical galaxy. First is the fact that both the continuum and line
emission are asymmetrically distributed relative to the radio
core source, with the majority of the emission coming from
north of the radio core. Second is the east-west split of both
the line and continuum emission, with the radio source being
situated in between these two optical emission regions. Indeed,
the northern jet and hot spot regions of the B2 0902 + 343 radio
source fill almost exactly the trough between the optical peaks,
and the radio core position corresponds to a ‘valley’ in both
optical images.

A critical question in the above analysis is the accuracy of
the astrometry. Again, we found the astrometry of the VLA to be
consistent with that of MERLIN to within 0.1” (Sect. 2). Eisen-
hardt & Dickinson used seven stars in the field for astrometry,
and quote standard deviation of 0.25”. There is the additional
question of the relative radio-optical reference frames. The re-
cent compilation of Stone (1994) suggests a typical uncertainty
between the two frames of ~ 0.2”. In order to have the radio
core correspond to the nearest optical peak would require a shift
of 1" between the radio and optical images. While possible, we
feel such a large astrometric error to be unlikely, and we proceed
under this assumption.

3.5. The ring

An interesting aspect of the southern lobe of B2 0902 + 343 is
that one of the components forms a neat ‘ring’ of 0.4 diame-
ter. The possibility of gravitational lensing for this component
was considered in Carilli et al. (1994). A critical test of lens-
ing is to observe how the morphology of this feature changes
with wavelength. In Fig. 6 are shown high resolution images of
the ring at both 8.3 GHz and 1.65 GHz. We see that the feature
appears as a ring at both frequencies. There are some apparent
differences in specific morphology around the ring between the
two images. However, the signal-to-noise of the emission is in-
sufficient to rule out a roughly constant spectral index around
the ring of —1.4 (with substantial uncertainty, errors £+ 0.3 in
spectral index). No polarized emission is seen from the ring at
either 1.65 GHz or 8.3 GHz. The implied fraction polarization
limits in the brightest regions of the ring are 4% and 9%, re-
spectively. Further consideration of the question of lensing for
this ring component will be considered elsewhere (Hogg et al.
in preparation).
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Fig. 4. The observed position angle as a function of (wavelength)? for
the polarized emission from B2 0902 + 343. The observed wavelengths
have been shifted to z = 3.4. All data are at 0.4 resolution

4. Discussion
4.1. Radio spectra

An interesting result in the spectral index distribution in B2 0902
+ 343 is the extremely steep spectral index (o < —3.3) in the
northern plume. This steep spectral index suggests an exponen-
tial cut-off in the emission spectrum, as would occur for a sharp
cut-off in the electron energy spectrum. It is interesting to note
that for well studied radio galaxies at lower redshift spectral
steepening at high frequency tends to be more gradual than ex-
ponential. The steepest spectra observed tend to be no steeper
than index ~ —2.2. This includes detailed observations of the
lobes of high luminosity sources, such as Cygnus A (Carilli et
al. 1991), and sensitive observations of diffuse, low luminosity
sources in clusters, such as A2256 (Rottgering 1993). For the
low redshift sources high frequency steepening more gradual
than exponential may indicate the lack of pitch angle scattering
in the electron distribution, or spatial variation in the magnetic
field strength (Tribble 1993). However, for high redshift sources
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Fig. Sa. The greyscale is an optical R band image of B2 0902 + 343,
reproduced from Eisenhardt and Dickinson (1992). The contours are
the radio emission from B2 0902 + 343 at 1.65 GHz at 0.4" resolution.
The contour levels are the same as Fig. 1c. A cross marks the position
of the flat spectrum radio nucleus
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Fig. Sb. The greyscale is an optical narrow band image of B20902
+ 343 showing the Lya emission, reproduced from Eisenhardt and
Dickinson (1992). The contours are the radio emission from B2 0902
+ 343 at 1.65 GHz at 0.4" resolution. The contour levels are the same
as Fig. 1c

an exponential cut-off is unavoidable due to the rapidly increas-
ing role of inverse Compton losses off the microwave back-
ground (MWBG) — an effect which is independent of the pitch
angle distribution. The energy density of the MWBG evolves
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as: Upg = 4.210713(1 + z)*ergscm™3. Hence, at z = 3.4 the
energy density in the MWBG is equivalent to that in a magnetic
field of 63 G, and hence comparable to minimum energy fields
in the lobes of high luminosity radio galaxies. As pointed out by
Tribble (1993): ‘the sharp spectral break should become more
prominent for sources with lower field strength, or for sources at
high redshift where inverse Compton losses are more important
since Upg is much greater.’

The high resolution MERLIN images at 1.65 GHz allow for
a more accurate determination of the core spectral index, and
hence core fraction, for B2 0902 + 343. Using the core spectrum,
and the spectrum of the total emission from B20902 + 343,
implies a ratio of core flux density to total flux density of 2.4%
at a rest frame frequency of 5 GHz. This value is intermediate
between that of radio galaxies (typically < 1%), and radio loud
quasars (typically > a few %; Kapahi & Murphy 1990).

Constraining the flux density and spectrum of the nucleus
also has implications on the interpretation of the associated HI
21cm absorption line system seen towards B2 0902 + 343 (Uson
etal. 1991; Briggs et al. 1993). The spectral line observations do
not spatially resolve the background source, leaving open two
very different physical interpretations for the obscuring cloud.
The first involves a large, low optical depth cloud (7 = 0.01),
covering most, or all, of the radio source. In this case the neutral
gas mass will be large, > few x 10'© h=2 M, for a spin tem-
perature of 10* (Uson et al. 1991). The alternative is a single,
high optical depth cloud (7 > 1), covering a small fraction of
the source — presumably the nucleus. In this case the cloud mass
would be much smaller than above. We have found a flat spec-
trum nucleus in B2 0902 + 343, with a flux density of 10 mlJy
at 1.6 GHz. The maximum depth of the absorption line towards
B20902 + 343 is 11+2 mJy. Hence, as long as the spectrum of
the nucleus stays flat down to 323 MHz, it remains plausible that
the absorption is due to a small, optically think cloud towards
the nucleus. The final answer to this question will come with
spectral line VLBI observations, to image the absorbing cloud
against the background radio source.

The spectra for the knots in B2 0902 + 343 show significant
curvature, steepening considerably from low to high frequency.
The data are consistent with a model in which there is injec-
tion of a power law population of relativistic electrons with
emission index between —0.5 and —0.7, and subsequent syn-
chrotron and inverse Compton energy loses within the knots.
Such a model has been successfully applied in the case of the
hot spots in lower redshift radio galaxies (Carilli et al. 1991;
Meisenheimer et al. 1989; Muxlow et al. 1988). The implied
‘synchrotron break frequency’ in hot spot A in B2 0902 + 343
is 11 GHz, which is similar to those found for the hot spots in
Cygnus A and other lower redshift sources. The tentative con-
clusion is that there is no fundamental difference between rel-
ativistic particle acceleration and loss mechanisms in hot spots
in high redshift sources than is seen for hot spots in lower red-
shift radio galaxies. This conclusion is admittedly weak, since
we have only three observed frequencies for B20902 + 343
at high resolution. More observations at different, preferably
lower, frequencies with similar spatial resolution are required
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Fig.6a. The greyscale and contours are of total intensity from the
B2 component in the southern lobe (the ‘ring’) of B2 0902 + 343 at
1.65 GHz with a resolution of 0.15”. The contour levels are: —0.18,
0.18, 0.36, 0.54, 0.72, 0.9, 1.08, 1.26, 1.44 mJy/beam. The greyscale
ranges from —0.1 (white) to 1.3 (black) mJy/beam
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Fig. 6b. The greyscale and contours are of total intensity from the B2
component in the southern lobe (the ‘ring”) of B2 0902 + 343 at 8.3 GHz
with aresolution of 0.21”. The contour levels are: —0.05,0.05,0.1,0.15,
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to better constrain the radio spectra of the knots in B20902 +
343.
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4.2. B20902 + 343: a highly projected radio galaxy?

In total intensity the B2 0902 + 343 radio source shows a promi-
nent jet, a very bent, ‘S’ shaped morphology, and a bright core,
with a core-to-total flux density ratio intermediate between that
typical of radio galaxies and that typical of quasars. In polarized
intensity the only region with significant polarized flux at both
1.65 GHz and 8.3 GHz is the hot spot A region. All these fea-
tures suggest a radio source which is at a significant angle with
respect to the sky plane, with the northern regions approach-
ing and the southern regions of the source receding (see also
van Breugel & McCarthy 1989). In this model, hot spot A then
‘pokes-out’ of the denser line emitting regions in our direction,
and hence avoids the expected Faraday depolarization ( Pedelty
et al. 1989; Baum & Heckman 1989; van Breugel et al. 1984).

A highly projected radio source in B20902 + 343 is also
suggested by a number of other features. First is the steep spec-
trum plume revealed by the MERLIN observations. This plume
extends to the north of hot spot A, i.e. to greater distances from
the core than the hot spot itself. Such a morphology is inconsis-
tent with the well accepted model for powerful radio galaxies
in which the hot spot represents the ‘working surface’ of the jet,
and the lobes represent the ‘waste jet products’ ( Begelman et al.
1984). Projection could obviously alleviate this inconsistency.
Second, if the rotation measure ‘ridge’ along the northern edge
of the hot spot A region signifies enhanced Faraday rotation
due to a bow shock preceding the radio source into the ambi-
ent medium, then the observed morphology requires significant
projection in order to allow for the polarized emission from the
radio source itself to back-light this screen (Carilli et al. 1988).
And third, B2 0902 + 343 does not obey the radio-optical align-
ment effect, a common characteristic of radio galaxies at large
redshifts (McCarthy et al. 1987; Chambers et al. 1987). Such
an alignment could be hidden if the radio source, and its corre-
sponding aligned optical emission, were at a significant angle
with respect to the sky plane.

Given these observations, what angle, 6, is implied for the
B20902 + 343 radio source relative to the sky plane? In the
context of theories for unification-by-orientation of radio loud
quasars and radio galaxies (Antonucci 1993), the fact that the
source morphology in B2 0902 + 343 is intermediate between
that expected for a quasar and that expected for a radio galaxy
suggests a source close to the transition angle between these
objects, which, based on source statistics, is thought to be: 8 ~
44° (Barthel 1989).

Another limit to this angle can be found by assuming that
hot spot A is situated on the near side of the denser line emit-
ting regions. We have analyzed the azimuthally averaged radial
profile of the line emitting gas centered on the radio nucleus.
The profile shows a sharp drop in average surface brightness be-
tween 2" and 3", with a low surface brightness ‘halo’ extending
to > 5”. The half-light radius is 2.5”, and we use this as a char-
acteristic radius for the denser line emitting gas (Fig. 5b). For
the hot spot to extend beyond this radius implies a lower limit
to the angle between the radio source and the sky of § > 60°.
We estimate that a similar value of § > 60° would be adequate

to ‘mask’ the radio-optical alignment effect in B2 0902 + 343
by projection.

While none of the above arguments is compelling, the
fact remains that assuming a highly projected radio source in
B2 0902 + 343 solves many of the peculiarities for the source.
One difficulty with this conclusion is that the required angle
appears to be somewhat larger than the ‘standard’ quasar-radio
galaxy transition angle. Hence, we would expect to see consid-
erable quasar-like tendencies in the optical images and spectra
of B20902 + 343, e.g. broad wings to the emission line pro-
files and a blue galaxy nucleus. Contrary to this expectation,
the observed Lya width in B2 0902 + 343 is typical of narrow-
line radio galaxies (Lilly 1988), and no optical point source is
detected at the position of the radio core source. Perhaps this in-
dicates an exceptional amount of obscuration by dust in B2 0902
+ 3437 Eisenhardt & Dickinson (1992) point out that substantial
obscuration by akpc-scale dust distribution could also explain
the unusually high [O 111]-to-Lya ratio in B2 0902 + 343, and the
spatial variation in the R — K color. Itis interesting to note that a
massive, kpc-scale dust distribution has recently been proposed
for the z = 3.80 radio galaxy 4C 41.17 (Dunlop et al. 1994).

Still, while it is natural to assume that dust may obscure the
center of the galaxy, the question remains as to why there is such
a close spatial coincidence between the ‘trough’ in the optical
images (both line and continuum), and the northern radio jet
of B20902 + 3437 The naive conclusion from this observed
morphology is that the expanding radio source has evacuated
its local environs. Such hydrodynamic modification of hot, high
filling X-ray emitting cluster gas by expanding radio lobes has
been seen in two nearby cluster-center radio sources (Carilli et
al. 1994; Bohringer et al. 1993). However it is not clear that
such a model can be applied in the case of the dense, low filling
factor optical line emitting clouds, and certainly not in the case
of the stellar component (assuming that the blue light is stellar
in origin). Overall, the spatial coincidence between the ‘trough’
in the optical images and the northern radio jet of 0902 remains
a puzzle.
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