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Abstract. We present VLBA polarimetric observations of thestructure often observed in classical radio galaxies (Wilkinson
steep-spectrum quasar 3C 147 (0538+498) made at four feal. 1984, van Breugel et al. 1984, for example).
guencies in the available 5-GHz band, from which we derived The bright quasar 3C 147 (0538+498) is a prominent CSS
milliarcsecond-resolution images of the total intensity, polarizaeurce at a redshift of = 0.545. As a typical CSS source,
tion, and rotation measure distributions. The jet extending to tBE 147 has been observed by several investigators; see, for ex-
southwest is followed out to a distance of about 200 mas fraample, the 5-GHz MERLIN maps by Akujor et al. (1990) and
the core. The jet shows several gentle wiggles, and turns shatplilke et al. (1998), the 8.4 and 15-GHz VLA maps of Akujor et
toward the north near the end of its detected length. Polarizatain(1995), and the VLBI map of Alef et al. (1990). The source
was detected in one bright feature in the inner jet; the rotatibas a complex structure with a well-resolved jet. The superlu-
measure of this feature{1300 rad n12) agrees with the known minal separation of two components in the inner jet has been
high rotation measure of the source. The observations provieserved (Alef et al. 1988). The inner part of the extended, well
direct measurements of the rotation measure in the feature dollimated jetis embedded in a region of more diffuse emission,
which polarization was detected, making it possible to derotatrd the jet bends sharply to the north rougtdy mas from the
the observed polarization vectors to infer the underlying magpre as it fades out (Mantovani et al. 1998).
netic field structure. This structure is roughly transverse to what Using the 45-m telescope at Nobeyama, Kato et al. (1987)
appears to be the dominant flow direction, suggesting that thisd Inoue et al. (1995) measured a very large integrated rotation
bright feature is associated with a relativistic shock. measure for 3C 147 (R 1500 rad nT2), suggesting that the
radio source may be surrounded by a dense medium. If thisis the
Key words: radio continuum: galaxies — galaxies: jets — polacase, the jet could be strongly interacting with the medium as it
ization — galaxies: magnetic fields — galaxies: quasars: indivigkopagates through it. Knowledge of the geometry and degree
ual: 3C 147 of order of the magnetic field on milliarcsecond (mas) scales
is critically important for estimating the physical conditions in
the jet, understanding the energy transportation process, and
) analyzing the interactions between the jet and its environment.
1. Introduction By observing simultaneously at four different wavelengths

The class of radio sources known as compact steep spectfiifie 5-GHz band with the VLBA, we were able to image the
(CSS) sources has been discussed by many authors (e.g. FEhgfiiibution of polarization on mas scales and search fat a
etal. 1990; O’'Dea 1998). They are loosely defined to have sifigpendence for the polarization position angles (characteristic
galactic dimensions and steep radio spectral indiaes 0.5 of Faraday rotation), in order to derive the distribution of RM
wheresS, o v~). It is now generally believed that most CSRCross the VLBI source. This is important first and foremost
sources are “young” radio sources whose lobes have not fpggause knowledge of the mas-scale RM is essential if we are
time to expand to kiloparsec scales (Phillips & Mutel 1982; Fari properly “derotate” the observed VLBI polarization vectors
et al. 1990, 1995, for example). However, it seems likely thi? infer the direction of the underlying magnetic field. If the
the structures and sizes of a sizeable minority of CSS sourdéggrated RM is associated with a foreground screen (in our
result from interactions with dense ambient gas in the central fgalaxy or near the source) that is uniform over the entire source
gions of the parent optical objects, which confines the jets to t@ission region, it is sufficient to simply apply the integrated

nuclear region and prevents them from forming the large-sc&! to derotate the observed polarization vectors. However, in
the absence of VLBI polarization measurements, itisimpossible

Send offprint requests t&®.D. Nan to know whether the RMis completely associated with a uniform
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foreground screen or whether it is partially or fully associatédichigan measurements were separated from the VLBI epoch
with thermal plasma that is local to the source. by six days; although substantial polarization variations can
In the latter case, the mas-scale RM distribution could lmecur in compact AGN on this time scale, other Michigan

very non-uniform, as was found for 3C119 (Nan et al. 1999)olarization measurements before and after our VLBA obser-
VLBI RM measurements can potentially allow us to identifyations suggest that the 5 GHzvalue was relatively stable in
RM gradients or regions of especially high RM on parsec scaléisis period, so that we believe that the time interval between
The distribution of RM in the source will reveal the structure ahe Michigan and VLBA observations has not introduced a
the medium causing the Faraday rotation. In the case of 3C 1lrge error into our absolute calibration. In order to remove
such information could help improve our understanding of ttaay offsets between frequencies, we first rotated the phases of

complex radio structure. the polarisationiv data for all the sources so that thevalues
for 0735+178 at each of the four frequencies were aligned
2. Observations and data reduction with the value in IF 1. This assumes that the Faraday rotation

of 0735+178 across the observed bandwidth is negligible; this
is a reasonable assumption, given the low integrated rotation

We observed 3C 147 for about 12 hours at 5 GHz with the VILBReasure of this source(( rad n?; Rudnick & Jones 1983).

in May 1995. The long synthesis time helped us to detect lo¥\e then estimated the polarization of 0735+178 on mas scales
surface-brightness flux density. In general, it is quite difficult om the sum of itx) andU flux densities.

reconstructimages in which there is are bright compact features As an overall check of the reliability of our calibration, we
embedded in much more extended emission. The abundanc@ggle images for 0735+178 separately for each of the four IFs.
short spacings in the VLBA—v coverage was very useful inThe resulting four and P images were similar to each other
this respect, and we believe we have been able to reprod@¥en in details, giving us confidence in our inter-IF and D-term
the general features of the source structure reasonably reliafibration.

Eight baseband converters (BBCs) were used, with four record- A data cube for 3C 147 at our four observing frequencies
ing right-circular polarization and four left-circular polarizationwas obtained using the AIPS task MCUBE. We then mapped the
Each BBC corresponded to 8 MHz of bandwith recorded wif®tation-measure distribution using the AIPS task RM, which
1-bit sampling. The sky frequencies for the four BBCs (per pgerforms a weighted fit of the position angle to thé de-
larization) were placed at four separate frequencies acrossRe&dence expected for Faraday rotation. Finally, the intrinsic
available 5-GHz band, which encompasses roughly 500 MHRagnetic-field vectors were obtained by using the RM results
IFs 1-4 recorded 4650, 4845, 4853, and 5052 MHz, respée-‘derotate” the observegd values for the VLBI polarization
tively. This enabled us to obtain truly simultaneous polarizatighstribution.

images at these four frequencies. The observations were aimed

at studying the rotation measure distribution on milliarcsecoidd Results

scales. Due to technical limitations of the VLBA and BBC diss . o

tribution system, it was not possible to set the BBCs to obsesr%'e:zl' Total intensity images
at four arbitrary frequencies, so that the four sky frequenci&he total intensityl() image obtained using all four IFs is shown
observed are not spread uniformly in the available band.  in Fig.; this image has an angular resolution of 2.8.5 mas.

The data were calibrated, imaged, and analyzed using ftee rms noise level on this image (determined by considering
AIPS package. During the reduction process, the data at eachas without any source emission) is about 0.22 mJy, just over
of the four separate frequencies were processed separately.&taetor of two higher than the noise level expected theoretically.
compact polarized source 0735+178 was used to determine$iirgce the theoretical thermal noise limit is rarely reached even
instrumental polarizations (“D-terms”) using a linear approxin the best images, this rms noise level is about what we would
mation in the AIPS task LPCAL. The solution shows that thexpect. In the presence of very well calibrated data, this would
instrumental polarizations were typically of the order of 1%. normally lead us to expect obviously spurious features to be-

After the D-term calibration, there remains an arbitrargin to appear at roughly th& level, or about 0.66 mJy/beam;
offset in the polarization position angleg which can be in contrast, the bottom contour on our image, at which small
determined using data for a source in which a high fractiemphysical features begin to appear in the core region, is about
of the integrated polarization is present on mas scales. Thd8 mJy/beam, roughly twice this expected value. This sug-
usual method is to compare the integrated valuexoft gests the presence of minor but significant residual calibration
the epoch of the VLBI observations witly for the sum errors, probably due to the difficulty in imaging complex struc-
of the polarized flux on milliarcsecond scales, and rotateres having both compact features and very extended emission.
the VLBI x values so that they agree with the integratedowever, we emphasize that this does not affect our interpre-
measurements. 0735+178 was used for this purpose tat#on of our images, since we are primarily interested in the
well. We used 5 GHz data for 0735+178 from the Univegeneral location of the polarized emission in the source and its
sity of Michigan Radio Astronomy Observatory databasgavelength dependence, not in details of the source structure.
(http://www.astro.lsa.umich.edu:80/obs/radiotel/radiotel.htmhAs discussed below, olimage is in good qualitative agreement
to estimate the integrated polarization position angle. Tkéth those made in other studies.

2.1. Observations and data reduction
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Fig. 2. Close-up VLBI total intensityl) image of the core region of
3C 147 at one of four the IFs (frequency 4845 MHz). The contours are

) (‘) _5(‘) _10‘0 _15‘0 —0.4,0.4,1,2,5, 10, 20, 35, 50, 70, and 90% of the peak brightness
MillIARC SEC of 0.602 Jy/beam.

Center at RA 05 42 36.12636 DEC 49 51 07.1660

Cont peak flux = 5.9325E-01 JY/BEAM

Fig. 1. VLBI total intensity () image of 3C 147 made using all of ourTabIe 1. Total flux densities for VLBI components in 3C 147

four observing frequencies. The contours a@25, 0.25, 0.5, 1, 2, 4,
8, 16, 32, 64, and 90% of the peak brightness of 0.593 Jy/beam. F v (MHz) Component S(Jy)
1 4650 A 0.34

1.50
We also madé images for each of the four individual IFs,, 4845 0.37

which are very similar to Fi§] 1, with the expected rise of about Q 1.53
a factor of two in the noise level. The total flux density in the 4853 A 0.36
B
A
B

image in Fig L is~ 4.4 Jy, which is slightly more than half the 1.53

single-dish flux (Dallacasa & Stanghellini 1990). Thus, a large 5052 0.34

fraction of the flux density has been resolved out by the VLBI 1.50

baselines, even though our images follow the jet to a distance of

about 200 mas. The observed structure can be divided into two

parts: the complex core region (head of the jet) and the more or The total densities of component A and B were obtained
less collimated jet, which has a rather small opening angle. Wg summing the flux density corresponding to the components
can also see possible gentle wiggling from the head to the endising the AIPS task IMSTAT. The results are listed in Table 1; we
the detectable jet, where the jet bends sharply (through rougbéyn see that the flux densities of Aand B do not show any obvious
90°) toward the northwest. The main spine of the jet emerg&squency dependence within our observing band. We identify
from the core and connects smoothly with the jet emission tme northeast component as the core, based onits relatively weak
scales of tens of mas. However, there is more complex emissimtarization (see Sect. 3.3). The peak corresponds to a bright
surrounding the inner jet, within abol® mas from the core. knot in the jet. The connection between this brightening of the
jet and the more diffuse emission in this region is not clear,
although it is tempting to suppose that they are related.

In a maximum-entropy image of the core region with resolu-
Fig.[2 shows a close-up of the core region for ourimage at ondioh 1 x 1 mas derived using the AIPS task VTESS (Elg. 3), we
the IFs (frequency 4845 MHz). This image is dominated by twean see more distinctly the two components referred to above:
compact components embedded in more diffuse emission: dhe northeast core (A) and the southwest jet knot (B). The po-
at the position of the peak (component B) and one to the nortlitions of the components are marked in Flg. 3. Using our own
east of the peak (component A). There is also more extendkda together with the earlier observations (Alef et al. 1990),
emission in this region, dominated by bulges toward the nortive confirm superluminal motion between A and B at an appar-
west and west. It is difficult to judge the reality of this emissioant speeds ~ 1.5¢ (Hy = 100 km s 'Mpc~!; ¢o = 0.5); the
based on our image alone; however, rather similar structuresspacing between A and B increased by about 1.2 mas from Au-
present in the images of Alef et al. (1988, 1990), which weprist 1984 to May 1995. The apparent velocity we have derived
obtained with completely different VLB arrays, suggesting th§f ~ 1.5¢) is very similar to that found by Alef et al. (1990) for
these extended emission features are probably real. this same feature’(~ 1.3¢).

3.2. Complex core region
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Fig. 3. Super-resolvedl map of the core region of 3C 147 at the samgle intensity() images for 3C 147 at the same frequency as[fig. 2

frequency shown in Fifll2 (4845 MHz). The contours aE0, 1, 3, (4845 MHz). The contogrs are0.4, 0.4,, 1, 2, 5, 10, 20, 35, 5(.)’ 70,
8, 20, and 50% of the peak brightness of 0.0316 Jy/pixel. and 90% of the peak brightness of 0.602 Jy/beam. The polarized flux

density grey scale ranges from 1.0 to 14.0 mJy/beam.

15F T \ \ \ \ =
Table 2. Polarization parameters of component B in 3C 147
10— —
IF v(MHz) p(@mJdy) x(deg) m (%)
5 4 1 4650 15 55 1.96
9 2 4845 16 30.6 2.01
o R | 3 4853 16 31.0 2.03
% 0 6\@«‘@) 4 5052 14 52.8 1.89
= st
=
5 —
in the same region at the same frequency. The polarizations of
10 -1 B at the four frequencies are listed in Table 2. In principle, our
four images have slightly different resolutions, since they cor-
15 ,,O _ responc_l to slightly diff(_erent frequencies; the Ie}rge.st frequency
) | | | | | | | | (resolution) difference is about 10%. The polarization maps for
15 10 5 O itArcsd) B 20 2 the four different frequencies are all very similar, indicating that
Center at RA 05 42 36.12636 DEC 49 51 07.1660 this effect was not appreciable for these images. The polariza-

tions in Table 2 were determined by summing the t@ahdU
fluxes for component B in each image, so that the slight differ-
Fig. 4. Superposition ofy sticks and linearly polarized flux densityances in the resolutions of the images were accounted for. We
(p) for 3C 147 at the same frequency0 as Fig. 2 (4845 MHz). Bheggtimated the total complex polarization on VLBI scales from
(r;o‘]nt/cz)lg;gre 15, 20, 30, 50, 70, and 90% of the peak brightness of ]t%g total flux densities on th@ andl/ maps to be abo@) mJy,

4 ' nearly all in component B. The integrated 5-GHz polarized flux
density from the University of Michigan Radio Astronomy Ob-
servatory measurements is also roughly 20 mJy, indicating that
essentially all the integrated polarized flux is present on our
Polarization was detected only in the region of the bright jsti_Bl image.
component B. The upper limit to the polarization of component The overall degree of polarization of B is about 2.0% (Ta-
Ais about 1.5 mJy, or about 0.5%. The polarized intensity dible 2). We can see from the linearly polarized flux density map
tribution of 3C 147 for IF 2 is shown in Fif] 4 with contours ofn Fig.[3 that thep peak is shifted about 1 mas to the south from
polarized intensity ang sticks superimposed. thel peak. The origin of this offset is not clear, since it has no

Fig[8 shows a superposition of the contour mapstliown obvious relation to the direction of either the jet or the more
in Fig.[2 and a grey-scale map of the polarized flux dengitydiffuse structure near the core. In principle, it is larger than we

Peak flux = 1.3563E-02 JY/BEAM

3.3. Linear polarization
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would expect if it were associated with residual calibration er- t‘_, (‘, 5‘, _1(‘)

i it i i i MilliARC SEC
rors (Roberts etal. 199_4), in addItIO.n, our polarization images of _...cr a ka 05 42 36.12636 DEC 40 21 07 1660
0735+178 gave no indication of calibration problems. We there- Srey scaieflux range=, 825.9 1708.9 RAD/M/M

. . . . . X Peak contour flux = 1.7059E+03 RAD/M/M
fore believe that this offset is likely real, but higher-resolution ) o )
observations are required to reveal its origin. Fig. 7. Rotation Measure distribution in the core region where the for-

mal uncertainty in the local rotation measure is less tha@0 rad ni 2.
The contours correspond to rotation measures of 800, 900, 1000, 1100,

3.4. Rotation measure structure and intrinsic magnetic fieldsl200, 1300, 1400, 1450, 1500, 1550, 1600, 1650, and 17007adla

- grey scale ranges from 825.9 to 1705.9 rad/fihe actual value of the
Fig.[d shows the( values for component B at each of the fougp is the negative of that in the figure.

frequencies plotted as a functionot. We used the values at
thep peaks of the foup maps to estimate the RM for component

B. The uncertainty of thg values in Figlh was determined by

comparing the, values for IF 2 and IF 3, which corresponded tyvere sufficient tq verify that the.rotation measure in the_region
nearly the same frequencies. The implied errorg are about of component B is close to the integrated value determined by

2
+0.5°. The errors shown in Figl 6 aBe. If the variations ofy Kato et al. (1990) £1500 rad nm=), but not to map out more

with wavelength are associated with Faraday rotation, we expggfﬁled ztructzrel In tkhef RlM dlstr'lcli)utlon fon parsec sqaleﬁ. i
the y values to form a straight line in this plot. We can see thatb ase ofnt Ie ackorc egr evidence for structuredm t_de dls-
the x variations for component B can be described well bth utions of polarization and rotation measure, we decided to

A2 dependence, indicating the presence of Faraday rotation; ‘W@Iy asingle rotation to account for the RM detected for com-

best linear fit to the data in Figl 6 yields a RM for component Eonent B. The inferred projected magnetic field configuration

of 1300 + 30 rad nr2. or 3C 147, corrected for the rotation measure, is shown i Fig. 9.

Fig [ shows the rotation measures calculated from the fogj:'e B vector_s are orie_nted roughl_y transverse t_o the direction
frequency data on a pixel-by-pixel basis with a blanking err ong the spine (_)f the ]e_t’ suggesting thaF the bright component
of £100 radnT?2 as a contour map with a superposed gré? may be associated with a shocked region.

scale; Figl.8 shows the same grey-scale RM distribution super-

posed on the total-intensity contours. No redshift correctioas
have been applied to the wavelengths, so the RMs in the res
frame of 3C 147 are larger by a factor(@f+ 2)2. The RM dis- VLA observations of dominant members of luminous X-ray
tributions in FigsLY and]8 range from1700 to—800 rad nt2, clusters with large cooling flows (e.g., Cyg A) show that very
with the value near the peak of the polarization map being abdnigh rotation measures can be produced by a medium located
—1300rad nT2, similar to the value for component B as a wholél) within the source itself; (2) in a thin sheath surrounding the
indicated by the plot in Fi¢l6. The RM distribution does natource; or (3) in the hot, X-ray emitting gas of the intergalac-
show any obvious smooth gradients of the sort found in comp@ medium. Considering 3C 147’s Galactic latitude).°),
nent C of 3C119 (Nan etal. 1999), and though there are formalnere typical Galactic rotation measures are tens of ratim
regions of higher rotation measure offset from preak, these the Galactic contribution to the RM of 3C 147 is likely to be neg-
have no obvious relation to the source structure. Therefore, liggble (Kato et al. 1987). Since our observations do not detect
conclude that the resolution and sensitivity of our measuremesignificant depolarization (Table 2), the large rotation measure

Piscussion
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100‘0 12°|° 140 150 Inthe CSS source 3C119, Nan et al. (1999) showed that the
thermal plasma associated with the observed Faraday rotation
was localized in the vicinity of the bright component C, which
was located atasharp bend inthe VLBI jet. ARM gradient along
the direction of the jet flow into component C was detected. Nan
et al. (1999) concluded that the Faraday rotation was associated
with a dense cloud of thermal plasma with which the jet had
collided, sharply deflecting the jet. In the case of 3C 147, the
-1 situation is different: the jet continues far beyond component
B, with very little change in direction. The jet appears to be
- quite well collimated beyond component B, and shows only
gentle wiggles until the sharp bend observed aboitnas from
- the core. This argues against a scenario such as that in 3C119,
where there was a localized concentration of thermal plasma
15H O —| that strongly deflected the VLBI jet. At the same time, the fact
— : L ——————5— that the surface brightness of the VLBI jet decreases beyond
Conter at RA 05 42 3612636 DEC HINARC SEC component B may suggest some mteractlon_between the_Jet and
Grey scale flux range=_825.9 1705.9 ~ RAD/M/M surrounding medium in the region of B. Given the available
Cont peak flux = 6.0227E-01 JY/BEAM . e " .
evidence, it is perhaps most likely that the Faraday rotating
Fig. 8. The same total intensity contours shown in Elg. 2, superposgfhsma in 3C 147 is associated with a cocoon surrounding the
with the rotation-measure distribution in the core region at pixels th@_ The cocoon plasma may be densest in the inner jet, leading
the formal uncertainty in the local RM is less than00 rad n 2. The to the brightness of the region near component B and the lower
actual value of RM is the negative of that in the figure. surface brightness of the jet further from the core.

1517 \ \ —

10— —

MilliARC SEC

5. Conclusion

10— — . - . .
With our milliarcsecond-resolution observations, we have been

able to confirm the presence of high RMs consistent with the
integrated measurements in the inner jet component B, which
was the only component in which polarization was detected.
The observations at the four frequencies were simultaneous, and
_| have enabled us to derive information about the distribution of
the rotation-measure of 3C 147 on parsec scales.

- The VLBI total intensity structure of 3C 147 at 5 GHz shows
the core and a jet extending to the southwest in position angle
- =~ —130°. The peak of the polarization distribution is displaced
about 1 mas to the south of th@eak; the origin of this is not

MilliARC SEC

-10—

=[O

10 0 -10 -20 -30

MilliARC SEC 1 1 i i i-
Center at RA 05 42 36.12636 DEC 10 b1 05 10e0 clear, gnd hlghgr resolution observations are needed to investi
gate this question.
Peak flux = 6.0227E-01 JY/BEAM The rotation measure in the vicinity of component B for-

Fig. 9. The same total intensity contours shown in Elg. 2, with magneti8lly ranges from-1700 to—800 rad n?, taking on its largest
field vectors superposed. The intrinsic orientation ofshectors was magnitude about mas to the north of thé peak. However,
determined by “derotating” the observgdvalues using the derived this formal RM distribution has no obvious relation to ther
rotation measure for component B. p structure, and we believe that the extremes of the observed
range of rotation measures, which occur far from botH tued
p peaks, are random fluctuations due to the larger uncertain-
ties in the polarization position angles in these regions, which
in 3C 147 may be due to some combination of mechanisms (@ve relatively poorly determined polarizations. We conclude
and (3) operating on mas scales. that our observations have allowed us to measure the average
The rotation measure distribution in Figk. 7 &hd 8 suggestsal rotation measure for component B(0 + 30 rad n12),
the possible presence of small-scale RM gradients, but the fagt not to reliably detect structure in the RM distribution.
olution and sensitivity of our observations were insufficient to Nonetheless, the fact that we did not detect any large ro-
reliably detect such gradients. If subsequent observations ctation measure gradients suggests that the situation in 3C 147
vincingly demonstrate the presence of RM gradients in comptiffers from that in 3C119, in which there was a very large RM
nent B, this will probably rule out an origin of the RM withingradient along the jet direction, across a bright component at a
the surrounding cluster gas (Dreher et al. 1987). very sharp bend in the jet. It seems likely that the Faraday rotat-
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ing material in 3C 147 is less concentrated than in 3C119, afldf W., Preuss E., Kellermann K.I., Whyborn N., Wilkinson P.N.,

may be associated with a cocoon or sheath of thermal plasmal988, In: Reid M.J., Moran J. M. (eds.) IAU Symp.129, The Impact
surrounding the jet. Further higher resolution observations are of VLBIin Astrophysics and Geophysics. Kluwer, Dordrecht, p. 95
required to test this possibility. Alef W., Preuss E., Kellermann K.I., 1990, In: Fanti C., et al. (eds.)

The magnetic field in component B inferred after “derota- Compact Steep Spectrum & GHz-Peaked Spectrum Radio Sources.

tion” using the observed mas-scale rotation measure is traBg-CNR’ Bologna, p. 149

verse to the jet direction, suggesting that this bright feature ma: llacasa D., Stanghellini C., 1990, In: Fanti C., etal. (eds.) Compact
. J . » SUgg . 9 9 y Steep Spectrum & GHz-Peaked Spectrum Radio Sources. CNR,
be associated with a shocked region.

Bologna, p. 224
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