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Abstract. We present HST observations of previously undetected optical jets in the low-luminosity radio galaxies B2 0755+37
and B2 1553+24. We show that there is accurate spatial coincidence between optical and radio emission, implying that the
former is likely to be synchrotron radiation. The physical properties of the jets are similar to those known previously: their
radio-optical spectral indices are ~0.7 and in B2 0755437, the spectrum steepens between optical and X-ray wavelengths. Our
results support the hypothesis that optical emission is detectable from jets orientated within ~20° of the line of sight for the B2

sample.
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1. Introduction

Jets are commonly observed in radio galaxies, especially in
those with an FR I structure (Fanaroff & Riley 1974), where
they are detected in more than half of the objects. The jets
are made visible, at least at radio wavelengths, by synchrotron
emission from relativistic particles moving in magnetic fields.
Their physics (e.g. the balance between particle and magnetic
field energies and the particle acceleration processes) is still
poorly understood, however. While hundreds of kpc-scale radio
jets are known, only a few have been detected at optical wave-
lengths. HST has made a great impact on these studies, not
only by having almost doubled the number of known optical
jets (Sparks et al. 1994; Scarpa & Urry 2002), but also because
its high spatial resolution, comparable to that of the VLA at
radio wavelengths, makes a direct comparison possible. Before
the present study, 14 optical jets were known. They are present
in all kinds of radio source, but show common properties: they
originate from bright unresolved optical nuclei (the one excep-
tion is 3C 15; Martel et al. 1998); they are smaller and narrower
in appearance than their radio counterparts and no counter-jets
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Telescope, obtained at the Space Telescope Science Institute, which
is operated by AURA, Inc., under NASA contract NAS 5-26555 and
by STScl grant GO-3594.01-91A.

are observed. The optically detected jets are longer than ex-
pected from their synchrotron cooling times, and there is no in-
dication of strong steepening of the radio-optical spectral index
with increasing distance from the nucleus (Sparks et al. 1996;
Scarpa et al. 1999). The electrons must therefore be continually
reaccelerated unless the magnetic field is significantly weaker
than the equipartition value (Heinz & Begelman 1997). The ad-
vent of Chandra with its high angular resolution and sensitivity
at X-ray wavelengths is opening another chapter in the study of
jets in FR I radio galaxies. Several jets have now been detected
by Chandra (Hardcastle et al. 2001, 2002; Worrall et al. 2001;
Kraft et al. 2002; Harris et al. 2002a,b; Chiaberge et al. 2002;
Marshall et al. 2002). Of these, only M 87 and 3C66B were
known to have prominent optical counterparts (Sparks et al.
2000 and references therein). Are X-ray and optical emission
common features of extended jets in all types of radio source?
In order to address this question it is necessary to carry out a
survey of radio jets in order to find their optical and X-ray coun-
terparts and to derive their spectral energy distributions. Here
we present the results of a systematic search for optical jets
in HST images obtained from the snapshot survey of the B2
sample of low-luminosity radio galaxies (Capetti et al. 2000).
Of the 57 sources observed with HST, the majority have FR1
structures and 30 have one- or two- sided radio jets. We discuss
two previously unknown optical jets discovered in the HST
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images. Throughout the paper we take Hy = 100 kms™'Mpc~!.

The spectral index « is defined in the sense S (v) o v™*.

2. Observations and data analysis

Observations and images of the B2 radio galaxies obtained
in the course of our HST program were presented in detail
in Capetti et al. (2000). Of the ~100 B2 radio galaxies, im-
ages were obtained for 41 as part of our programme and pub-
lic archive data were available for a further 16. Observations
were obtained using the Wide Field and Planetary Camera 2
(WFPC2). The pixel size of the Planetary Camera, on which
all targets were centred, is 0.0455 arcsec and the 800 x 800 pix-
els cover a field of view of 36 x 36 arcsec’. Images with ex-
posure times of 300 s were obtained in each of two broad-band
filters: F555W and F814W for the new observations; FS55W
and F702W for the archival data. Although the transmission
curves do not exactly match the standard passbands, we will
usually refer to them as V and [ filters. The data were pro-
cessed through the standard Post Observation Data Processing
System pipeline (Biretta et al. 1996). We used the task “ellipse”
in STSDAS/IRAF to obtain isophotal fits to the light distribu-
tions in all of our images. Regions that were disturbed by the
presence of dust or foreground stars were masked before the fit-
ting. In several cases, dust prevented a meaningful analysis of
the isophotes, particularly in the central portion of the galaxy,
and no fit was produced. Whenever possible, we left all of the
parameters describing the isophotes free to vary. However, in
regions of low signal-to-noise, or if the isophotal behaviour was
particularly complex, we fixed the centre, ellipticity and posi-
tion angle of the isophotes. Results of the full isophotal analysis
of the B2 radio-galaxies will be presented elsewhere. Detection
of an optical jet is relatively straightforward in the residual im-
age, obtained by subtracting an elliptical model fit of the galaxy
from the original data. All residual images were smoothed to a
resolution of 0’2 to improve their signal-to-noise and searched
for statistically significant (positive) residuals aligned at the po-
sition angle of the radio emission. Optical jets were detected in
two objects: B2 0755+37 and B2 1553+24. Their properties are
summarized in Table 1.

3. Description of the two optical jets
3.1. B20755+37

This well studied nearby object (Bondi et al. 2000 and refer-
ences therein) is an FRI source with two large symmetrical
lobes and very asymmetric jets, the brighter of which is bet-
ter collimated. The bright base of the main jet has been stud-
ied with high spatial resolution on scales from few pc to sev-
eral kpc using the VLA, MERLIN and VLBI and appears to be
very well collimated. At the highest MERLIN resolution it is
barely resolved across its width. At a distance of ~0.5 arcsec
from the core the jet flares abruptly (Fig. 1a) and its bright-
ness distribution becomes much smoother. In the optical band,
the galaxy has a rather smooth appearance, without any sign of
dust obscuration. A bright optical nucleus is seen at its centre
(Capetti et al. 2002). In both the V and I residual images, a
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Fig. 1. Radio and optical images of the inner jet of B2 0755+37 with
aresolution of 021 FWHM. a) MERLIN image at 1.658 GHz (Bondi
et al. 2000). The contour levels are —1, 1, 2, 4, 8, 16, 32, 64, 128,
256 x 0.3 mJy /beam area. b) HST image. The relative contour levels
are 3, 6, 8, 12, 16, 24, 32, 64, 128, 256.

well defined linear structure, coincident with the radio jet, ex-
tends for ~3 arcsec from the nucleus. The overall appearance
of the optical jet (Fig. 1b), is similar that of the radio jet. The
bright structure near the nucleus, which is partly blended with
the central point source, corresponds closely to the base of the
radio jet. In addition there are two bright knots embedded in a
low brightness structure, which widens further away from the
core. The similarity between the optical and radio features, as
can be seen in Fig. 2, suggests that the observed optical emis-
sion is synchrotron radiation but, as in 3C 66B (Macchetto et al.
1991), the radio emission extends much further from the nu-
cleus. This is mainly due to the limited sensitivity of the optical
image: the brightness of the optical jet fades like the radio jet,
but reaches the background much earlier. The radio and optical
fluxes were determined over identical areas of the 1658-MHz
MERLIN and HST images, respectively, after convolution to
the same resolution. We then derived the radio-to-optical spec-
tral index for the two knots and for the entire jet (Table 2). Note
that the uncertainties in the radio to optical, or optical to X,
spectral indices are small because of the long frequency base-
lines: (one o) errors of the order of 3% in flux density result
in 30 errors in the slope of 0.01. Errors of this magnitude ap-
ply to B2 0755+37, while our worst case (a ~20% uncertainty
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Table 1. Properties of the radio galaxies.
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Name Structure  redshift  log(P/W Hz™')  1og(Peoe/W Hz™')  Size
B2 1.4 GHz 1.4 GHz kpc
0755+37 FRI 0.0413 24.49 23.59 76
1553+24 FRI 0.0426 23.57 23.02 162
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Fig. 3. The broad-band spectrum of a 4 arcsec X 1.5 arcsec region at
Ly 'l e 2' —— the base of the jet in B20755+37. The data-points are at 1658 MHz

distance from the core (arcsec)

Fig. 2. Radio and optical brightness profiles of the jet of B2 0755+37.
The profiles represent the average brightness in rectangular areas, with
width 10 pixels perpendicular and length 2 pixels parallel to the jet
direction. The lower profile represents the optical data (scaled upwards
by a factor 10%), where the numbers refer to knots 1 and 2. The upper
profile represents the radio jet.

in the optical flux of the jet of B2 1553+24) gives a 30 er-
ror Aa ~ 0.04 (see Table 2). Based on these data the differ-
ence in spectral index between knots 1 and 2 is highly signif-
icant. Worrall et al. (2001) show asymmetric X-ray emission
coincident with the base of the radio jet. Using the X-ray flux
of the jet quoted by Worrall et al. (2001), together with ra-
dio and optical fluxes derived for the same region (a box of
4 x 1.5 arcsec® with the long axis along the jet), we derived
the spectrum shown in Fig. 3. The spectral index between 1.7
and 4.9GHz is ag = 0.51 (Bondi et al. 2000). The spectrum
steepens with increasing frequency, with ago = 0.74 = 0.01
and apx = 1.05 £ 0.01.

3.2. B21553+24

This FRI radio source was originally classified as having
“naked jets” without lobe emission (Parma et al. 1987). Very
faint lobes have subsequently been found (Stocke & Burns
1987), but the prominence of the jet structure compared with
the diffuse extended components is unusually high. The source
has been observed at the VLA at 1.4 and 4.8 GHz in several
configurations (Morganti et al. 1987). At low resolution, the

(Bondi et al. 2000), 0.555 um (present paper) and 1 keV (Worrall et al.
2001). Indicative power-law spectra with @ = 0.51 and 1.05 have been
drawn through the radio and optical-X ray points, respectively.

two jets are quite similar, but higher-resolution images reveal
a pronounced asymmetry close to the nucleus. A portion of a
recent deep VLA image combining data from the A, B and C
configurations at 8.4 GHz (Canvin & Laing, in preparation) is
shown in Fig. 4a. The resolution is 0.25 arcsec. At the base of
the main jet, ~0.85 arcsec from the nucleus, there is a single
bright knot. After a secondary knot at ~1.8 arcsec, the jet ex-
pands more rapidly. No counter-jet is seen out to the point at
which the jet recollimates. In the HST images, the host galaxy
of B2 1553+24 has a very smooth morphology, with a bright
optical nucleus, just as in B20755+37. The residual images
show a one-sided jet (Fig. 4b) whose structure is mainly defined
by the presence of an elongated knot at 0.85 arcsec (0.51 kpc)
from the nucleus, coincident with the first bright radio knot.
The knot, whose parameters are given in Table 2, is resolved
both along and perpendicular to the jet axis. Its radio-to-optical
spectral index aro = 0.79. Again, the precise positional co-
incidence supports a synchrotron interpretation for the optical
emission.

4. Discussion and conclusions
4.1. Summary of observed and intrinsic properties

In Table 2 we report the optical flux, the distance of each
knot from the central point source and the jet and knot
sizes at these positions. The knot sizes are averages of fitted



130

Table 2. Jet data.
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Name Structure  Band S, Distance Size  Sia aro  Volume B
B2 uly arcsec arcsec  mly +30 kpc®  uG
0755+37  jet % 5.50 2.5%0.6 68.1 0.74 +0.01 0.1330 94
0755+37  blobl Vv 0.80 0.59 0.25 39 0.67+0.01 0.0103 86
0755+37  blob2 % 1.00 1.41 0.28 8.6 0.72+0.01 0.0150 98
1553+24  blob Vv 0.68 0.85 0.21 44 0.79+0.04 0.0067 147

Gaussian FWHM along and transverse to the axis. For the jet
in B2 0755+37, which is resolved orthogonal to its axis, the re-
ported size refers to the largest value measured on the contour
map at a level of three times the background rms. Leaving aside
Doppler corrections for the moment, and assuming equiparti-
tion, we can estimate the internal magnetic field. The jet and
the knots are assumed to be cylindrical and spherical respec-
tively. In Table 2 we give the volumes V of the individual knots
and, for B2 0755+37, of the entire optical jet. We assume that
the synchrotron emission can be described by power laws with
spectral indices as given in Table 2, extending from v = 107 Hz
to v = 10'3 Hz. With these assumptions the equipartition fields
Beq range from ~100 to ~150 uGauss, the higher values being
found in the more compact knots. The spectrum of B2 0755+37
probably breaks at lower frequency (v = 10'%) but a spectral
index between 1.7 and 4.9 GHz of ag = 0.51 makes the value
of magnetic field insensitive to the limits. Modeling of these
jets suggests that both are orientated fairly close to the line of
sight and have relativistic velocities. For B2 0755+37, Bondi
et al. (2000) suggest that 8 ~ 27° and By skpc = 0.9, while for
B2 1553424 Canvin and Laing (in preparation) infer § < 15°
and Bosipe = 0.8. This implies that the observed luminosities
are probably amplified by Doppler beaming, with Doppler fac-
tors 6 ~ 2. Correcting the observed luminosities for the beam-
ing amplification would decrease B.q by roughly a factor of 6.
These values are fully consistent with those computed for other
optical jets (Scarpa & Urry 2002).

4.2. Doppler beaming and the detectability of optical
jets

Of the 57 B2 radio sources observed with HST, two were
found to have an optical jet above the detection limit
(~2.5 pJy/arcsec? for the majority of the images). However, this
fraction goes up to 2/30 (7%) if we consider only sources with
radio jets, and to 2/15 (14%), if we further restrict ourselves to
sources with radio core power higher than the median value at
given extended luminosity (normalized core power Pcn > 1;
de Ruiter et al. 1990). B2 0755+37 and B2 1553+24 also have
the highest values of Pcn and jet/counter-jet ratio of the 17
sources in common with the sample analysed by Laing et al.
(1999). This is of course consistent with the hypothesis that
optical jet emission is only detected if the jets are close to
end-on: the normalized core power, jet surface brightness and
jet/counter-jet ratio are all expected to increase with decreasing
angle to the line of sight as a result of Doppler beaming (Laing
etal. 1999). If the observed sample is orientated randomly, then
the detection rate for sources with radio jets (2/30) implies that

optical jets are seen if 6§ < 20° (with a statistical uncertainty of
at least 10°), roughly consistent with the angles derived from
models of individual sources (Sect. 4.1). We would expect all
sources with detected optical emission to have Pcy > 1, as this
corresponds to 6 < 60° if there is no dispersion in the intrinsic
core/extended flux ratio. This is indeed the case. The spectra
of the detected optical jets are consistent with radio-to-optical
spectral indices arp =~ 0.7 with relatively little deviation from
power laws (implying that the Doppler shift of the spectrum
due to relativistic motion will be a second-order effect). If all of
the radio jets in the B2 sources have the same spectra, then we
can predict their optical fluxes given the (known) radio fluxes.
We expect no further optical detections to our flux limit. The
source that comes closest is B2 1521+28, for which the ex-
pected optical brightness is around 1 uJy/arcsec?, implying that
detection might have been possible for a slightly flatter spec-
tral index. These results therefore suggest that it is relatively
easy to predict the likelihood of detection of an optical jet once
we know the surface brightness of the radio jet. Sparks et al.
(1995) claim that sources with detected optical jets tend to be
significantly smaller than those without (the median sizes are
70-80 kpc and 200 kpc respectively), as expected if the optical
jet sources are close to the line of sight. Our two new detec-
tions do not provide support for this idea, since their sizes are
76 kpc (B20755+37) and 162 kpc (B2 1553+24), but the dis-
persion in intrinsic linear size is sufficiently large that the result
is inconclusive.

4.3. The X-ray emission mechanism in B2 0755+37

Our results (Fig. 3) show that the broad-band spectrum of the
jetin B20755+37 is very similar to that for comparable struc-
tures in other FR1I radio galaxies such as 3C 66B (Hardcastle
et al. 2001), M 87 (Marshall et al. 2002), 3C 31 (Hardcastle
et al. 2002) and Cen A (Kraft et al. 2002). In all cases, the spec-
tra steepen from o =~ 0.5-0.6 at radio frequencies to @ ~ 1.0—
1.3 in the X-ray band. The shape of the spectrum is consistent
with Worrall et al. (2001)’s conclusion that the X-ray emission
mechanism is synchrotron radiation. As they point out, syn-
chrotron self-Compton emission for an equipartition magnetic
field is expected to be three orders of magnitude weaker than is
observed. Inverse Compton scattering of the microwave back-
ground is also ruled out for the estimated angle to the line of
sight (6 = 27°), as extremely large beaming factors would be
required.
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Fig. 4. Images of the inner jet of B2 1553+24 at a resolution of 0725
FWHM. a) VLA image at 8.4 GHz (Canvin & Laing, in preparation).
The contour levels are -3, 3, 6, 12, 24, 48, 100, 200, 400, 800, 1600,

3200, 6400 x 5uJy/beam area. b) HST image. The relative contour
levels are 3, 6, 9, 12, 24, 48.

4.4. Conclusions

We have presented HST observations of two previously un-
detected optical jets in low-luminosity FRI radio sources,
B20755+37 and B2 1553+24. In both objects, the optical
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jet emission is one sided and dominated by bright knots. In
B20755+37 we also see more extended low-brightness emis-
sion. The values of the radio-optical spectral index and Beq
are similar to those found in other optical jets. In the jet of
B20755+37 there is a slight indication of a steepening of the
spectrum with increasing distance from the nucleus, but deeper
optical images are needed to investigate this effect in detail.
The spectrum of the jet also steepens between optical and
X-ray wavelengths, strengthening the evidence for synchrotron
X-ray emission. Both sources show bright optical cores and
there is no evidence for circumnuclear dust. Our results are
consistent with the idea that optical jets are currently detectable
in sources with 6 < 20°, where emission from the approaching
jetis enhanced by Doppler beaming.
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