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ABSTRACT 

New 4885 MHz VLA maps of the powerful radio galaxy 3C 219 show that the transverse width of its 
brighter radio jet does not grow significantly between 13 and 35 kpc from its nucleus. An elongated 
radio knot that is probably part of a counterjet has been discovered. The apparent magnetic field 
structure of the brighter jet has been mapped at higher resolution than before. The field is well orga- 
nized, and its mean apparent direction is near the major axis of elongation of the jet over most of the 
jet’s length. Some deviations from this mean direction are systematic, and the largest deviations occur at 
regular intervals along the jet. The spreading (i.e., lateral expansion) rate of the jet cannot have been 
constant with distance from the core. If the spreading rate of the synchrotron emission reflects that of 
an underlying flow, the flow cannot be freely expanding. It is unlikely that the jet is thermally confined 
by hot gas that is bound to 3C 219 alone, but it may be thermally confined by gas that is bound to the 
surrounding cluster of galaxies. The radio polarization data neither support nor deny the alternative 
possibility of magnetically assisted collimation. We suggest further observations to test both alterna- 
tives. Some of the asymmetries in brightness and geometry between the main jet and the counterjet in 
3C 219 can be accounted for if the jets are symmetric, but contain relativistically moving shocks. Such 
descriptions of the source are not obligatory, however. In particular, episodic models for the energy 
transport in 3C 219 can account for some of the source’s features, whether or not the jet velocities are 
relativistic. 

I. INTRODUCTION 

3C 219 is a luminous (P = 2.8/z “2X 1026 W Hz'1 at 1.4 
GHz, using //= 100/z km s_1 Mpc-1) radio galaxy with 
z = 0.1745 (Schmidt 1965). It appears to be the dominant 
member of a cluster of galaxies. Matthews et al ( 1964) char- 
acterize the galaxy as a “cDl: in a D5 envelope, at (the) 
center of a cluster of richness 2, of which it is by far the 
brightest member.” They also note, from the evidence of a 
200 in. plate by Sandage, that “a second fainter galaxy in 
position angle 120° is joined to the brighter one by a bridge.” 
The radio source has a class II (edge brightened) structure 
in the Fanaroff and Riley ( 1974—FR) classification. It con- 
tains a prominent jet about 36/z _1 kpc long that was first 
detected by Turland ( 1975 ). Burch ( 1979 ), De Young et al. 
(1979), and Högbom (1979) showed that the jet is one- 
sided and that its apparent magnetic field is aligned with its 
long axis. Perley et al. ( 1980—PBWF) mapped 3C 219 us- 
ing 12 antennas of the partially completed NR AO Very 
Large Array (VLA), showing further that the deconvolved 
FWHM of the jet does not widen significantly with in- 
creasing angular distance 0 from the core. 

Many other narrow one-sided jets have since been detect- 
ed in powerful FR class II sources (e.g., Bridle and Perley 
1984). It has also been found that, on the kiloparsec scales 
accessible to VLA observations in nearby radio galaxies, the 
mean spreading (lateral expansion) rates dQ/dQ of re- 
solved jets tend to decrease with increasing core and total 
radio powers (Bridle 1984,1986). The physical basis of this 
a) The National Radio Astronomy Observatory is operated by Associated 
Universities, Inc., under contract with the National Science Foundation. 

trend is under debate. Bridle (1986) has summarized evi- 
dence that suggests that the internal Mach numbers ^ of 
extragalactic jets increase with increasing source power. 
Furthermore, in the laboratory, the spreading rates of two- 
dimensional shear layers with 1<^<2 (Bradshaw 1981) 
and of turbulent round jets in the same range of Mach 
numbers (Lau 1981) decrease with increasing Mach num- 
ber ^. Bicknell (1986) has argued that the observed rela- 
tions between spreading rates and radio brightness of extra- 
galactic jets are consistent with the jets in FR class I sources 
being buoyant turbulent flows with Mach numbers near this 
critical regime. These phenomenological relationships may 
therefore provide a framework for understanding the inverse 
correlation between source power and jet-spreading rates, 
though the underlying physics needs elaboration. Henriksen 
(1984b) suggests the alternative that the relation between 
jet-spreading rate and source power reflects a (turbulently) 
viscous jet collimation mechanism. 

To understand the mechanisms that control jet spreading, 
we need to know the scales on which d$>/dQ is determined in 
extragalactic jets of all powers. In weaker sources (Bridle 
1982,1984,1986) the jet-spreading rate appears not to be set 
once and for all on the (presumably subparsec) scale of the 
“central engine” (e.g., of a black hole accretion disk or its 
magnetosphere). Instead, jet spreading in such sources ap- 
pears to be influenced by a mechanism that becomes effec- 
tive on ~ 10 kpc scales. As 3C 219 provides an opportunity 
to test whether this is the case in a more powerful source, we 
reobserved it with the completed VLA at 4885 MHz to ob- 
tain higher angular resolution and sensitivity than were 
available to PBWF. 
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II. OBSERVATIONS 

We obtained 5 hr of integration on 3C 219 on 8 January 
1981 in the VLA “A” configuration (Thompson etal. 1980) 
at 4885 MHz with 50 MHz bandwidth. As the A configura- 
tion provides insufficient short baselines to sample the Four- 
ier transform of the extended structure of 3C 219 thorough- 
ly, we added one hour of “C” configuration data on 10 Feb- 
ruary 1983 to provide the needed short spacings. The flux- 
density scales of both sets of observations were normalized 
to that of Baars et al. ( 1977) by observing 3C 286, whose 
4885 MHz flux density is 7.41 Jy on this scale. The nearby 
source 0917 + 449 was used for preliminary phase calibra- 
tion and to calibrate the instrumental cross-polarization 
terms. The maps were CLEANed and self-calibrated using the 
NRAO Astronomical Image Processing System (AIPS), 
developed by E. W. Greisen, W. D. Cotton, and colleagues. 

III. STRUCTURE OF THE CORE AND JETS 
a) Total Intensity 

Figure 1 shows the distribution of total intensity over 3C 
219 at 4885 MHz with 1"4 (2.1 h -1 kpc) resolution. The 
brightest feature in the map is the nuclear core source, whose 
flux density at 4885 MHz is 51 + 1 mJy. The jet is the bright 
narrow feature extending away from the core in position 
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angle 140°. Its integrated flux density at 4885 MHz is 
65 + 5 mJy. We reserve to a second paper the discussion of 
the two lobe hot spots and of the more extended emission 
between and around them, and will concentrate here on the 
central region of the source. 

Figure 2 shows the distribution of total intensity over the 
central region of the source at 0"4 (0.11 h ~1 kpc) resolution. 
At this resolution, the jet comprises two bright segments, 
linked by a fainter bridge of emission. It contains eight or 
more internal peaks (knots), many of which appear (at this 
resolution) to be elongated along the jet’s major axis. 

The jet emission cannot be traced continuously from the 
core to the hot spot of the southwest lobe. Figure 2 shows no 
evidence of jet-like (i.e., narrow) emission in the first 4" 
(8/i _ 1 kpc) from the core brighter than 100¿¿Jy per clean 
beam area, or 5% of the peak brightness in the jet (the rms 
noise on this map is 29 //Jy per clean beam area). Figure 1 
similarly shows no evidence for narrow emission brighter 
than 250/¿Jy per clean beam area in the 50" (96h -1 kpc) 
between the jet knot furthest from the core and the hot spot 
in the southwestern lobe. The jet knot furthest from the core 
ends in a distinct hook or bend (Fig. 2). 

The jet is not straight. The position angle of its ridge line 
changes from — 136° in the first 10" to — 147° in the last 5"; 
much of this 11° deflection apparently occurs within the 
fainter bridge of emission that links the jet’s two brightest 

3C219 4885 MHz I 

Fig. 1. Total intensity distribution across 3C 
219 at 4885 MHz, CLEANed and restored with 
a Gaussian beam of FWHM 1"4. Contours are 
drawn at - 1, 1, 2,4, 6, 10, 16, 24, 34,46, 60, 
76, 90, and 106 times 0.25 mJy per clean 
beam area. The extended emission —20" to 
the north of the core and the jet is part of an 
extended confusing source that will be dis- 
cussed in a second paper. 
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Fig. 2. Total intensity distribution over the cen- 
tral region of 3C 219 at 4885 MHz, CLEANed 
and restored with a Gaussian beam of FWHM 
0"4. Contours are drawn at — 1, 1, 2, 3,4, 6, 8, 
10, 12, 16, 20, 24, and 214.5 times 0.1 mJy per 
clean beam area. The circular contour around 
the peak of the core source shows the FWHM of 
the restoring beam. 

segments. The ridge line defined by the inner pair of knots 
also passes about 1 " south of the core, suggesting a further 
misalignment between the jet and the core. 

Figures 1 and 2 both show a discrete elongated knot — 5" 
(9.6/i ~1 kpc) from the core on the jet axis but to the north- 
east of the core. This knot has an integrated flux density of 
2.3 mJy at 4885 MHz and was blended with more diffuse 
structure on the less sensitive maps of 3C 219 hitherto avail- 
able. Sky surveys at 4755 MHz (Ledden et al. 1980) show 
that the mean density of sources stronger than 2.3 mJy at this 
frequency at high galactic latitudes is only 0.012 per square 
arcmin. The knot is therefore most unlikely to be a random 
confusing source. As the knot lies on the continuation of the 
jet axis through the core toward the northeast, and is itself 
elongated along position angle — 136°, it is likely that it is 
the brightest feature of a counter jet in 3C 219. We therefore 
describe it as such below. The lobeward edge of this knot has 
a sharper brightness gradient than does the coreward edge 
(Fig. 2). 

b) Polarized Intensity 

The core is <0.2% linearly polarized at 4885 MHz; the 
only polarized signal measured at this position is consistent 
with instrumental residuals. 

Figure 3 shows the observed distribution of the 4885 MHz 
E vector intensities and orientations over the main jet at 0"4 

resolution, superposed on the second total intensity contour 
from Fig. 2. The polarized intensity distribution has been 
corrected for the Ricean bias (the rms noise on the maps of 
Stokes Q and U is 29 ¡ily per clean beam area, identical to 
that in Fig. 2). The shortest vector shown corresponds to a 
polarized intensity of 90 yuJy per clean beam area. 

Figure 4 shows a gray-scale display of the distribution 
over the main jet of the percentage of linear polarization 
( lOOVß2 + U1/!), again superposed on the second intensi- 
ty contour from Fig. 2. The percentage of polarization varies 
from <10% near the southwest tip of the jet to 58% 
( + 6% ) along its western edge. The percentage of polariza- 
tion is generally higher on the western edge of the jet than on 
the eastern edge. The percentage of polarization is also gen- 
erally higher in the fainter emission than in the brighter— 
i.e., the polarized intensity is more constant along the jet 
than is the total intensity, a phenomenon previously docu- 
mented in the jet of NGC 315 by Willis et al. (1981). Note 
that the polarized intensity at the extreme southwestern tip 
of the jet falls below the 2>a cutoff level adopted for Figs. 3 
and 4. There is evidence from Fig. 3 that the E vector orien- 
tations at this end of the jet change significantly on the scale 
of our beam. This “depolarization” at the end of the jet may 
therefore be at least partially an artifact of finite resolution. 

The peak linearly polarized intensity of the counterjet 
knot at 0"4 resolution is 0.14 mJy in position angle 72°; the 
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3C219 4885 MHz E 

Fig. 3. Distribution of 4885 MHz E vector intensities and position an- 
gles over the jet in 3C 219 at 0"4 resolution, superposed on the 0.2 mJy 
per clean beam area contour from Fig. 2. No vectors below 90//Jy per 
clean beam area ( 3<r) are plotted. The vectors are plotted at intervals 
of 0"26, so adjacent vectors are partially correlated by the synthesized 
beam. 

percentage of polarization there is ^ 14%. This peak occurs 
near the outer edge of the knot. Over most of the knot, the 
linearly polarized intensity is too small to be measured reli- 
ably at this resolution. 

c) The Magnetic Field Direction in the Jet 

We have compared VLA maps (not shown here) of 3C 
219 at Y resolution at 1465 and 4885 MHz, and find that the 
Faraday rotation measure of the jet ranges from about — 5 
to — 15 rad m-2 along its length, provided there is no 180° 
ambiguity in the apparent E vector position angles. The ab- 
sence of a 180° ambiguity is supported by the 2695 and 8085 
MHz data of Burch (1979) and De Young a/. (1979).The 
integrated rotation measure derived for 3C 219 by Simard- 
Normandin et al. (1981) is — 19 ± 2 rad m-2, consistent 
with this supposition. 

The E vector orientations shown in Fig. 3 at 0"4 resolution 
should therefore be within <3° of their “intrinsic”, i.e., infi- 
nite-frequency, values everywhere along the jet. Figure 5 
shows the derived directions of the “apparent” (i.e., synch- 
rotron emissivity weighted and vector averaged) magnetic 
field Ba, plotted as vectors with lengths showing the percen- 
tage of linear polarization at 4885 MHz and orientations 
showing the inferred magnetic field direction. Note that 
both the lengths and the relative orientations of these vectors 
measure the degree of orderliness of the field in directions 
perpendicular to the line of sight. 

Even though the beam area in these data is over six times 
smaller than that of the 4885 MHz observations by PBWF, 
the apparent magnetic field Ba still appears to be well or- 
dered and approximately parallel to the jet’s long axis. The 
mean value of the magnetic field position angles depicted in 
Fig. 5 is — 142°, with an rms dispersion of 12°. This mean 
value is close to the mean position angle of the jet ( Sec. Ilia ). 
Part of the observed variance in the orientation of Ba arises 
from changes in direction of the magnetic field as it follows 
the local ridge line of the jet. Figure 5 clearly shows some 
locally systematic deviations of up to 25° from the mean field 
orientation, however, especially toward the lobeward end of 

Fig. 4. Gray-scale display of the distribution of 
the percentage of linear polarization at 4885 
MHz over the jet in 3C 219, for positions where 
the polarized intensity exceeds 90 //Jy per 
clean beam area. 

09h17m50.4s 50.0s 49.6s 

Right Ascension (1950.0) 
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3C219 %P(4885),B 

Right Ascension (1950.0) 

Fig. 5. Inferred distribution of apparent magnetic field orientation 
over the jet in 3C 219. The vector lengths are proportional to the 
percentage of linear polarization at 4885 MHz; their orientations are 
at right angles to those of E vectors in Fig. 3. 

the jet. The regions where the apparent field direction devi- 
ates most significantly from the jet axis occur at intervals of 

along the jet. 
The orientation of Ba at the counterjet knot also deviates 

significantly from the mean direction. At the peak of the 
polarized intensity in this knot, the apparent field direction 
is in position angle — 18°, or 56° from the mean field direc- 
tion along the main jet. 

IV. THE COLLIMATION DATA 

To determine how the jet FWHM <ï> changes with angular 
distance 0 from the core, we made a further map from which 
the data on baselines < 40 k¿ long were excluded. This ex- 
clusion has two effects. First, the resolution of the synthe- 
sized beam is slightly improved, to 0"35 (0.67/z “1 kpc). Sec- 
ond, excluding the shorter baselines filters out the low-level 

“rumble” due to weak extended emission in the region 
around the jet (see Fig. 2). This flattens the baselines against 
which we measure the widths of the transverse intensity pro- 
files across the jet. We fitted these profiles with Gaussian 
functions, as the profiles were all described well by this form. 

Deconvolving the instrumental beam from the fitted 
Gaussian FWHM and peak intensity data in the usual way 
(e.g., Perley etal 1984; Killeen etal. 1986), we found the jet 
parameters listed in Table I. The deconvolved FWHM <î> of 
the jet does not increase systematically in the regime 
6"6<0<18" ( 13/z ~1 to 35Â -1 kpc) from the core (see Fig. 
6). 

While this confirms the qualitative result deduced by 
PBWF, our new measures of 4> are smaller (at some dis- 
tances from the core, significantly smaller) than those of 
PBWF. We attribute this to the poorer signal-to-noise and 
lower resolution across the jet in the PBWF data, especially 
closest to the core [compare our Fig. 2 with Fig. 2(b) of 
PBWF]. We believe that this discrepancy is mainly a signal- 
to-noise effect, as our own data at 1"4 resolution give esti- 
mates of, or upper limits to, that agree well with our re- 
sults at 0"35 resolution. Figure 2(b) of PBWF also suggests 
that blending of the jet with more diffuse emission may have 
led PBWF to overestimate the jet width in some of its fainter 
regions. 

The data for the main jet in Fig. 6 (dark circles) imply 
that the jet widens rapidly within 6"6 (13Ä -1 kpc) of the 
core, but spreads more slowly, if at all, further out. The 
FWHM of the counteijet knot (plotted in Fig. 6 as a light 
circle, folded over the same side as the main jet data) also 
suggests a rapid spreading in the first < 10Â “1 kpc. Our data 
clearly do not support the notion that the radio jet spreads at 
a constant rate from a negligible width close to the core. 

We therefore conclude that, if the synchrotron spreading 
rate reflects that of the underlying flow in 3C 219, the colli- 
mation properties of this flow were not set once and for all by 
initial conditions at the central engine. Instead, some mecha- 
nism that took effect on scales <\0h kpc from the core 
slowed the mean spreading rate of the jet relative to that 
achieved closer to the core. We cannot determine exactly 
where this recollimation took effect, but we argue below that 
the brightening of the radio jet may be closely related to the 
recollimation process. If this is correct, recollimation prob- 
ably occurred on a scale of order 5h ~1 kpc to 10Ä “1 kpc from 
the core. 

Table I. Collimation and physical parameters of jets in 3C 219. 

Angular distance 
from core 
0 (arcsec) 

Deconvolved 
FWHM 

<t> (arcsec) 

Deconvolved 
peak intensity 

/ (mJy) 

Equipartition 
field strength 

(Gauss) 

Minimum 
pressure 

nT (cm~3 K) 

Main Jet 
6.60 
7.50 
9.76 

12.88 
14.7 
15.4 
16.32 
17.16 
18.14 

0.54 ± 0.05 
0.72 ± 0.07 
0.56 ± 0.07 
0.41 ± 0.06 
0.58 ± 0.06 
0.51+0.10 
0.46 ± 0.04 
0.70 ± 0.08 
0.51+0.05 

1.42 + 0.03 
0.59 + 0.02 
1.17 + 0.05 
0.51 + 0.02 
1.32 ±0.06 
1.17 + 0.04 
2.51+0.08 
1.06 + 0.03 
2.46 + 0.07 

6.7A 2/7> 
4.9h 2/7> 
6.2A 2/7 > 
5.3A2/7> 
6.5A 2/7> 
5.9A 2/7> 
8.2A 2/7 > 
5.9h 211 >  
8.0A 2/7 XlO-5 

7xio-5 
7X10-5 
7X10-5 
7X10-5 
7X10-5 

’7X10-5 
7X10-5 
7X io-5 

8.8A 4/7 XlO5 

4.7A 4/7 X105 

7.5A 4/7 X105 

5.4A 4/7 X105 

8.2A 4/7 X105 

6.8A 4/7 X105 

1.3A 4/7X106 

6.6A 4/7 X105 

1.2/z4/7 X106 

Counterjet 
-5.08 0.40 + 0.03 1.22 + 0.04 6.8A 2,7X10- 9.Oh 4,7 X105 
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Fig. 6. Plot of the deconvolved FWHM <I> of the jet’s transverse 
brightness profile against angular distance 0 from the core, to 
show the spreading of the synchrotron emission. \<j error bars 
are shown at each point. The dark circles are data from profiles 
taken across the main jet. The light circle is from a profile taken 
across the peak of the counteijet knot. 

V. CAN THE JETS BE THERMALLY CONFINED? 

The collimation behavior described in Sec. IV resembles 
that of the jets in several weaker radio galaxies (e.g., NGC 
315—Willis et al 1981, Bridle 1982; 3C 31—Bridle et al. 
1980; B2 1321 + 31—Fanti 1982; NGC 6251—Perley 
et al. 1984; IC 4296—Killeen et al. 1986) in that there is 
evidence for initially rapid jet spreading followed by slower 
spreading once the jet has traveled from 1A -1 to 10 ~1 kpc 
from the core. The minimum pressures pmin of the relativistic 
particles and magnetic fields in the kiloparsec-scale jets of 
these weaker radio galaxies can be confined by the external 
gas pressure pext = nkT in the hot gaseous halos of these 
galaxies without implying thermal bremsstrahlung luminos- 
ities that conflict with the available Einstein Observatory x- 
ray data. We now consider whether the jet in 3C 219 might 
also be recollimated by the thermal pressure of hot gas sur- 
rounding the radio source. 

We have estimated the minimum pressure pm{n of the rela- 
tivistic electrons and magnetic fields in the jet and counterjet 
of 3C 219 using the following assumptions. We assume that 
the spectrum of the jets is a v-0 8 law from 10 MHz to 100 
GHz (the observed spectra along the jet between 1465 and 
4885 MHz at 1"4 resolution range from v-0 62 to v~096, 
most of this variance being due to noise in fainter regions of 
the jet). We also assume that the jets are filled regions whose 
depth in the plane of the sky is equal to their transverse 
deconvolved FWHM, and that equal energies reside in rela- 
tivistic particles of each charge. With these assumptions, the 
range ofpmin along the jet and the counterjet at the locations 
at which transverse FWHMs were measured corresponds to 
4.5/z4/7 X 105 cm-3 K<«7,<1.3A 4/7X106 cm-3 K (Table 
I). 

These minimum pressures do not decrease systematically 
with distance from the core. This fact, their 3:1 range of 
values, and the limited range of distances from the core at 
which the jet has been detected complicate any assessment of 
whether the jet and counterjet in 3C 219 could be recollimat- 
ed (after an initial rapid spreading) by the thermal pressure 
of an external medium. This assessment is easier for the jets 
in the weaker radio galaxies referred to above—in these 
sources the jets can be traced over a wider range of pmm, so 

the form of /?ext required to confine them is much clearer. 
Nevertheless, we may draw some broad conclusions for 3C 
219. 

First, we note that if the main jet is recollimated by the 
external pressure ~5/i -1 to lOA -1 kpc from the core, then 
its total pressure p¡ should be ^/?ext at these distances from 
the core, but the recollimation process would be expected to 
produce an internal shock cell pattern downstream from the 
recollimation region (e.g., Sanders 1983). If this has oc- 
curred in 3C 219, the brighter radio knots in the jet might be 
the result of relativistic particle reacceleration and compres- 
sion of the jet fluid by such shocks; i.e., the recollimation 
process may be intimately related to the sudden brightening 
of the jet that permits us to observe it. 

Segments of a jet that have been shocked in this way could 
be overpressured relative to the surrounding medium by fac- 
tors up to ^j2, but, lacking an independent estimate of 
for this jet, we cannot estimate how large the resulting 
overpressures might be in 3C 219. We will, however, assume 
that only the fainter parts of the synchrotron jet need be in 
pressure balance with the external medium for the flow as a 
whole to have been recollimated. Making the conventional 
assumption that the total jet pressure p¡ is about equal to 
Pmin» we therefore interpret Table I to mean that pext 
~6.5/i4/7X 105 cm-3 K at 35/z -1 kpc from the core (near 
the lobeward end of the jet ). As the variation in the external 
pressure along the jet is also unlikely to exceed the range of 
pressures within the jet, we also require that /?ext 
<1.3/i 4/7X 106cm-3 K (the highest value “observed” in the 
jet) where the jet first brightens ( 10/z ~1 kpc from the core). 

To examine the range of parameters within which the jet 
might be thermally confined, we must model the putative 
confining atmosphere. We adopt, for illustrative purposes, 
the hydrostatic isothermal model that is commonly used to 
interpret x-ray observations of gaseous halos of galaxies and 
galaxy clusters (e.g., Cavaliere and Fusco-Femiano 1976; 
Jones and Forman 1984). That is, we take the atmosphere to 
be gravitationally bound to stellar matter ( the 3C 219 galaxy 
or cluster) whose density p{r) as a function of distance r 
from the center of 3C 219 is given roughly by the King ap- 
proximation p(/-) = p(0) X (1 + (z*2/^))-372. The hydro- 
static isothermal number density distribution of the gas 
then obeys n(r) = «(0) X ( 1 + (r2/^) ) “3/?/2, where 
ß = p m^/kT. Here p is the mean molecular weight of the 
gas, <7r is the radial velocity dispersion of the stellar matter, 
and 71s the gas temperature (all taken to be constant in this 
approximation). 

Estimates oíß from observations of the brightness distri- 
bution of 0.5-3 keV x-ray emission around single elliptical 
galaxies range from 0.45 to 0.6 (Forman et al. 1985 ) and in 
clusters of galaxies range from 0.4 to 1, with a mean near 
ß = 2/2> (Jones and Forman 1984; Henriksen and Mu- 
shotzky 1985). Estimates oíßm clusters from observed ra- 
dial-velocity dispersions and x-ray temperatures lead to 
higher values, with a mean near=1.2 (Mushotzky 1985). 
This discrepancy and the lack of correlation between the 
core radii rc derived from x-ray and from optical cluster data 
give reason for concern about the consistency of the approxi- 
mations made in the standard hydrostatic isothermal models 
(e.g., Henriksen and Mushotzky 1985). Nevertheless, such 
models are probably adequate for our purpose, which is 
merely to determine the order of magnitude of the tempera- 
ture, density, and linear-scale parameters required to con- 
fine this jet thermally. We have made calculations with 
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ß = 2/3 and/? = 1 to assess how our conclusions depend on 
ß. 

We apply the available constraints as follows. Our con- 
straint on/?ext ( r ) at 10A “1 < r < 3 5Ä ~1 kpc determines a mini- 
mum value of the core radius rc, assuming that the nucleus 
of 3C 219 is at r = 0. If rc is too small, pext falls too rapidly 
with r to fit the jet pressures inferred above. For any assumed 
value of the gas temperature 71, we then compute a lower 
limit (corresponding to the lower limits forand for rc ) to 
the central electron density we (0) required to confine the jet. 
From this and rc we compute a lower limit to the total x-ray 
bremsstrahlung luminosity Lx that would be expected from 
3C 219 between 0.5 and 3 keV if the jet is confined by gas 
with the assumed temperature T. The value of Zx is con- 
strained by the Einstein Observatory IPC data for 3C 219; 
Fabbiano et al. ( 1984) observed Lx =6h~2X 1043 erg s-1 

between 0.5 and 3 keV in the direction of 3C 219. The value 
of Lx obtained by integrating over the model atmosphere 
must not exceed this. Indeed, the correlation observed by 
these authors between total x-ray powers and radio core 
powers of radio galaxies suggests that some of the x-ray 
emission from radio galaxies originates in their nuclei. The 
constraint on the value of Lx from 10 kpc scale hot gas asso- 
ciated with 3C 219 might therefore be tightened if the nu- 
clear x-ray contribution could be separately measured and 
subtracted from the total. 

For a given assumed gas temperature T, there is also a 
maximum value of rc which can fit the pressure at the end of 
the jet without exceeding the observed value of Lx (the pre- 
dicted x-ray luminosity varies as r3 ). This maximum value 
of rc decreases with T, and below some minimum tempera- 
ture it conflicts with the minimum value of rc set by the 
variation of . At temperatures below this minimum, the 
available constraints cannot be reconciled with thermal con- 
finement for any combination of rc, T, and «(0). 

For/? = 1, the minimum value of rc that is consistent with 
thermal confinement of the jet is 43Ä ~1 kpc, and the mini- 
mum value of 7" is 3.6X 107 K. For ß = 2/3, thermal con- 
finement is possible only if rc >33¿ ~1 kpc and 7>4.8 X 107 

K. For either value of/?, the minimum values of rc and T that 
are required to confine the jet thermally exceed those ob- 
served in the x-ray halos of any single elliptical galaxy (For- 
man et al. 1985), though the temperature in the M87 halo on 
the relevant scale is ~ 3 X 107 K (Fabricant et al. 1980; Lea 
et al. 1982), approaching the minimum temperature re- 
quired for thermal confinement if/?;^ 1. 

As our estimates ofp} and pext are lower limits, and ther- 
mal confinement of even the faintest detected parts of the jet 
implies more than the total observed luminosity between 0.5 
and 3 keV if the gas temperature is <3.6X 107 K, we con- 
clude that the 3C 219 jet is most unlikely to be recollimated 
by gas that is bound to the parent galaxy alone. Note that this 
conclusion is virtually independent of the value of h, as the 
observed value of Lx scales as /z “2, while the value required 
for thermal confinement scales as /z ~13/7. 

We cannot, however, exclude the possibility that the jet is 
recollimated by gas that is bound to the 3C 219 cluster as a 
whole. The survey of x-ray properties of clusters by Jones 
and Forman (1984) contains many examples of clusters 
with gas temperatures >4.6x 107 K, and it contains some 
with temperatures > 108 K. The x-ray luminosity that is ob- 
served at 3C 219 is also not unusually high for a cluster 
atmosphere. Even with the more restrictive choice of/? = 2/ 

3, thermal confinement of the 3C 219 jet by an intracluster 
atmosphere is possible within the range of cluster x-ray pa- 
rameters found by Jones and Forman. For example, with 
ß = 2/3 and a temperature of ?X 107 K (corresponding to a 
cluster with a radial-velocity dispersion aT =780 km s-1) 
the constraints can be satisfied with core radii in the range 
33/z ~l<rc <59/z -1 kpc, and central densities in the range 
2/z4/7X 10~2>/z(0)>1.3/z4/7X10-2 cm-3. These param- 
eters correspond to radiative cooling times tc from 3.6/z ~4/7 

to 5.6/z -4/7 X 109 years in the cluster center. Alternatively, at 
T = 108 K, on the upper edge of observed cluster gas tem- 
peratures (corresponding to a radial-velocity dispersion of 
940 km s"1 ) thermal confinement would be possible within 
the constraints for 33/z-1</*c<85/z_1 kpc, 
1.4/z4/7X 10“2>/z(0)>7.7/z4/7X 10-3 cm-3, and cooling 
times 6.1/z “4/7X 109<ic<l.l/z -4/7X 1010 yr. 

These values of « (0), T, and rc resemble those of “evolved 
XD” clusters m the language of Jones and Forman ( 1984); 
these are clusters with central, dominant galaxies, high x-ray 
luminosities, and high central galaxy densities. 

To summarize, it is unlikely that the jets in 3C 219 can be 
confined by hot gas that is bound to 3C 219 alone, but they 
might be confined by hot gas that is bound to the surround- 
ing cluster, if such gas has parameters similar to those found 
in evolved XD clusters such as Abell 85, Abell 1795, and 
Perseus. The radio jet might indeed “light up” at —10 kpc 
from the nucleus of 3C 219 owing to changes in its internal 
structure (e.g., shocks) that are induced by encountering 
the slowly declining pressure in the cluster atmosphere after 
previously propagating (freely?) down a steeper pressure 
gradient in the galaxy atmosphere. The following data will 
help to test whether the jets are indeed recollimated by the 
pressure of gas that is bound to the cluster as a whole: 

(a) improved images of the x-ray emission for about 10"- 
30" around the 3C 219 galaxy at keV energies, 

(b) estimates of the temperature of extended x-ray emis- 
sion around 3C 219, 

(c) measurements of the radial velocities of the fainter 
galaxies around 3C 219, to check that the cluster is 
indeed associated with the radio galaxy and to deter- 
mine its velocity dispersion, 

(d) indications of a cooling flow in the cluster, such as 
low-ionization x-ray line emission or optical emission- 
line filaments, close to 3C 219 (as the cooling time 
implied by thermal confinement may be short, espe- 
cially at the lower temperatures ). Absence of such fea- 
tures would not rule out thermal confinement, how- 
ever, if the cluster contains significant heat sources for 
the gas (e.g., Miller 1986). 

VI. CAN THE JETS BE MAGNETICALLY CONFINED? 

If future x-ray observations rule out thermal confinement 
for this jet, our data will require either that another confine- 
ment mechanism be found or that we consider models in 
which the spreading rate of the synchrotron-emitting parti- 
cles or the magnetic fields, or both, can be less than that of 
the underlying flow. 

Magnetically assisted confinement is often discussed as a 
possible nonthermal collimation mechanism for extragalac- 
tic radio jets. In this mechanism, the J X B forces between 
azimuthal field loops and a current carried by the jet (e.g., 
Benford 1979,1983; Bicknell and Henriksen 1980; Chan and 
Henriksen 1980; Bridle et al. 1981; Rees 1982; Begelman et 
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al. 1984) are invoked to mediate between a high pressure 
near the axis of a jet and a lower external, e.g., thermal, 
pressure far from the axis. A predominantly azimuthal B 
field must wrap the jet for this mechanism to be effective. 

Figure 5 clearly shows that the apparent magnetic field Ba 
in the synchrotron jet of 3C 219 is parallel to the jet over 
most of its length. We emphasize that there are at least two 
ways in which this apparent field configuration might be 
compatible with that required for magnetically assisted col- 
limation: 

(1) The jet may be too poorly resolved (Bridle 1982). 
Because there are only about two synthesized beam widths 
across the FWHM of the jet at most distances from the core, 
the observed apparent field distribution significantly blends 
information from the edges of the jet and from its center. For 
many different helical field configurations, the synchrotron 
radiation from particles with an isotropic pitch angle distri- 
bution appears most highly polarized near the edges of the 
jet, where Ba is parallel to the jet axis for a wide range of 
orientations of the jet relative to the observer (e.g., Laing 
1981b, Figs. 2 and 3). Unless the jet axis is near the plane of 
the sky, only a strip near the center of the jet exhibits Ba 
perpendicular to the jet axis. There is a wide range of jet 
orientations (for any given field configuration) within 
which this Ba -perpendicular band would be weakly polar- 
ized relative to one or both edges of the jet. The “perpendicu- 
lar-field” signature of a helical configuration field might 
therefore be “blended out” (as a region of reduced polariza- 
tion) at low transverse resolution. The jet in 3C 219 might 
therefore have a magnetic field with substantial azimuthal 
component if its axis is not near the plane of the sky. 

(2) The confining azimuthal field may lie outside the 
bright synchrotron-emitting jet, in the weak extended emis- 
sion that surrounds it (Begelman et al. 1984). If the orga- 
nized component of the field in the jet has a configuration 
resembling the Chan-Henriksen (1980) “flux rope” (in 
which the ratio increases radially outward from the 
jet axis), the balance between apparently parallel and per- 
pendicular components of Ba in the synchrotron emission 
from a jet is extremely sensitive to the radial distribution of 
the relativistic electrons. Concentration of these particles to- 
ward the axis of the jet could suppress the signature of any 
outer azimuthal field regions in the overall polarization dis- 
tribution. 

Alternative ( 1 ) may best be tested by higher-resolution 
polarimetry of the jet itself, e.g., by using the VLA at fre- 
quencies above 4885 MHz. Transverse profiles of the per- 
centage of linear polarization, of Ba, and of the total intensi- 
ty across the jet at higher resolution could be compared with 
the predictions of different jet models (e.g., as in Perley et al. 
1984) to set limits to the azimuthal field contribution in the 
bright synchrotron-emitting region. 

In this context, it is interesting that the model of force-free 
equilibrium of a thermally confined but magnetic pressure- 
dominated jet by Königl and Choudhuri ( 1985—KC) pre- 
dicts several features that agree qualitatively, but not quanti- 
tatively, with our observations of 3C 219. Their model 
predicts, among other things, (a) that regions where Ba is 
oblique to the jet axis will occur at periodic intervals along 
such a jet once it has traveled sufficiently far from its source, 
(b) that the total intensity ridge line will oscillate in direc- 
tion with the same wavelength as the apparent field oscilla- 
tions, and (c) that the percentage of linear polarization and 
the total intensity will vary in antiphase with each other, and 

with half this wavelength. The jet in 3C 219 indeed exhibits 
oblique field regions, ridge-line deflections, and inversely 
correlated variations in the percentage of polarization and 
the total intensity (Figs. 5,2, and 4, respectively). There are 
also about two intensity knots per cycle of the field orienta- 
tion along the jet, as expected on the KC model. At the reso- 
lution of our data, however, these phenomena appear to have 
wavelengths longer than those predicted by the KC model. 
The separation of the oblique field regions along the jet ac- 
cording to the model should be 5R cos ¿, where R is the jet 
radius and i is the angle between the jet axis and the plane of 
the sky. If we identify the jet radius R with d>/2, then the 
observed separation of the oblique-field regions in 3C 219 is 
~ 10R, about twice the maximum expected on the model. It 
is conceivable, however, that fluctuations of smaller ampli- 
tude and wavelength would escape detection with our limit- 
ed resolution transverse to the jet, so this wavelength dis- 
crepancy should be re-examined at higher resolution. 

We stress the need to test the predictions of such magne- 
tized-jet models quantitatively, as each of the predicted fea- 
tures could separately be caused by other phenomena. For 
example, the inverse correlation between percentage of po- 
larization and intensity is expected in any model that appeals 
to particle acceleration by turbulence. 

Alternative (2) may be tested by sensitive high-resolution 
polarimetry of the region around the jet at low frequencies. 
Burch (1979) mapped the distribution of Ba in the lobe 
around the jet in 3C 219. His Fig. 10 shows a region where Ba 

is perpendicular to the jet, outside it and to the southeast. It 
would, however, be quite incorrect to regard this observa- 
tion, as it stands, as a hint of the azimuthal field required for 
magnetically assisted confinement. There are two main rea- 
sons for this. 

First, the field observed by Burch in this region is part of a 
larger-scale distribution of Ba and of the percentage of linear 
polarization over the southwest lobe of 3C 219 that resem- 
bles the tangled field model “C” of Laing ( 1981b, his Fig. 
6a) for a source about 30° from the line of sight. Laing’s field 
model contains a distribution of tangled field loops that 
would not confine the jet. The presence of perpendicular Ba 
in the more extended emission near the jet does not by itself 
provide evidence for magnetically assisted collimation of the 
jet, any more than the apparently parallel field along the jet 
provides evidence against such collimation. 

Second, there is only a restricted range of circumstances 
within which synchrotron radiation from a helically wound 
field produces Ba perpendicular to the jet axis at its edges 
(Laing 1981b). These circumstances require (a) that the 
helix be tightly wound into the azimuthal plane ( >l?z ) 
and (b) that the jet axis be near the plane of the sky. It is 
statistically more plausible that the field documented by 
Burch is part of a tangled configuration of the sort described 
by Laing than that it is part of a large-scale helix wrapping 
the jet. 

The Laing field might, however, be distinguished from a 
jet-confining configuration by studying the Faraday rotation 
gradient in the lobe near the jet. The Laing field would not 
produce an organized rotation measure gradient across the 
jet. In contrast, the reversal of the sign of SB\\ dl across a 
wrapped-loop configuration will produce a rotation measure 
gradient across the jet at sufficiently low frequencies, unless 
the jet lies close to the line of sight, so that the field loops are 
near the plane of the sky. It may therefore be possible to 
distinguish observationally between the Laing fields and the 
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wrapped-loop configurations—if there is enough thermal 
material around the jet to render the azimuthal-field region 
Faraday thick at frequencies between 0.3 and 3 GHz (where 
ionospheric effects and synthesis-array dimensions and sen- 
sitivities permit radio polarimetry at arcsecond resolution). 
High resolution would be essential for this test, as the Fara- 
day rotation expected across an azimuthal field goes to zero 
both near the center of the jet (where —>0) and at its edges 
(where Sdl-^0). 

VII. THE JET/COUNTERJET ASYMMETRIES 

Can the jet/counterjet asymmetries in 3C 219 be ascribed 
to Doppler favoritism of the approaching side of a symmet- 
ric flow with velocity v^c (e.g., Blandford and Königl 
1979a)? We will consider several types of relativistic jet 
models. 

a) Smooth, Symmetric Relativistic Flows 

The simplest relativistic jet model is that in which the only 
asymmetries seen by an observer are produced by the 
Doppler effect in a steady, smooth symmetric outflow with a 
unique velocity c. In this model, the counterjet would 
be a faint replica of a smooth main jet. The brightness ratio 
between the two jets would be given by the constant factor 

/ 1 +jgj sin¿y2 + a) 

U-^sinJ ’ ’ 

where a is the radio spectral index and i is the angle between 
Vj and the plane of the sky. 

This model is too simple to account for the observed fea- 
tures of 3C 219—the counterjet is not simply a faint replica 
of the main jet, and both jets contain knots. The model is also 
physically naive. Jets are unlikely to be steady, smooth, or of 
uniform velocity. In particular, many different processes can 
produce shocks in real jets (e.g., Smarr et al. 1984). These 
processes include interactions between the outflowing mate- 
rial and the surrounding medium, and time variations in the 
properties of the outflow. 

c) Symmetric Relativistic Flows with Moving Shocks 

An apparent spatial asymmetry can be added to the above 
picture by light-travel time effects if the jets contain shock 
patterns that move at /?^1. Such moving shock patterns 
might be produced by time variations in the jet properties, or 
in the environment, or by interactions between the outward- 
moving jet and eddies in its own backflow (Smarr et al. 
1984). The observed knot separations in the jet and counter- 
jet could then be governed by the positions of the shocks at 
two different times in the development of the two jets, even if 
the shock structures are intrinsically symmetric around the 
core. If all shocks move outward, a given shock on the reced- 
ing (counterjet) side is seen at an earlier proper time, and 
thus closer to the core, than its counterpart on the approach- 
ing (main jet) side. The ratio of the observed knot separa- 
tions from the core in an intrinsically symmetric jet/coun- 
terjet system will then be 

/I +/?s sin A 

\1 - ßs sin t) 
(2) 

where ys = /?scis the shock (pattern) velocity {vs<v^). 
Relativistic flows containing intrinsically symmetric 

moving shocks might therefore be expected to contain inner 
(preshock) regions whose observed brightness ratios are 
governed by expression ( 1 ), then to develop asymmetrically 
placed knots whose observed separation ratios would be giv- 
en by expression (2). As discussed above, the perturbation 
of the flow velocities near the shocks is likely to make the 
brightness ratio between the corresponding knots less than 
that in the preshock flow, except in a few “accidental” geo- 
metries in which passage through the shock pattern in- 
creases the Doppler factor of the approaching flow. The 
brightest parts of counterjets in this picture are therefore 
likely to be knots that appear to be closer to the core than 
their counterparts in the main jets. This picture matches, at 
least qualitatively, what we have seen in 3C 219, so we now 
explore it in more detail. 

d) A Relativistic Jet Interpretation of 3C 219 

b) Symmetric Relativistic Flows with Stationary Shocks 

Whether or not relativistic seed particles are actually reac- 
celerated at shocks, compression of the flow near a shock 
will enhance the synchrotron emissivity by increasing the 
particle density and magnetic field strength, and can thus 
make bright radio features. Shocks induced by interaction of 
a steady jet with fixed discontinuities in the surrounding me- 
dium (e.g., by the transition from a galactic atmosphere to a 
cluster atmosphere as discussed above) will be stationary. In 
completely symmetric outflows, such shocks will produce 
enhanced emission features (“knots” at low resolution) that 
are symmetrically placed about the nucleus. The brightness 
ratios between “corresponding” knots will be governed, 
through expression ( 1 ), by the perturbed jet velocity field v, 
near the shocks. As there are more perturbations of the ve- 
locity field (both in ^ and in ¿) that will decrease the 
Doppler boost of the flow than will increase it, the brightness 
ratios between knots are likely to be less than those between 
the preshock regions of the same flows. The brightest parts 
of the counterjets in relativistic flows containing stationary 
shocks are therefore most likely to be faint knots at the same 
apparent distances from the core as brighter knots in the main 
jets. This is also not what we have observed in 3C 219. 

In the symmetric moving-shock picture, the counteijet 
knot in 3C 219 could be the receding counterpart of the 
brightest knots in the main jet, their different apparent sepa- 
rations Oj and 0Cj from the core resulting from the finite 
light-travel time across the source. The observed ratio 
0j/0cj =3.6 (IS" to 5") would require ßs sin¿ = 0.57, 
where ys =ßsc is the shock velocity. This would require 
¿>35°, a statistically acceptable constraint. Comparison 
with the (axisymmetric) hydrodynamic beam cap simula- 
tions of Wilson and Scheuer (1983) and of Smith et al. 
(1985) shows that this inclination constraint is also consis- 
tent with the observation (Fig. 1 and PBWF) that 3C 219 
has a V-shaped hot spot on the main-jet (approaching) side 
and a ring-like hot spot on the counterjet (receding) side of 
the source. 

The observed brightness ratio ^ between the brightest jet 
knots and the counterjet knot is 11:1, whereas that between 
the inner parts of the jet and the counterjet is > 25:1 in some 
places. A benchmark for interpreting these ratios is given by 
expression ( 1 ) with ßs sin ¿ = 0.57, given that ß^ >ß&. For 
a = 0.8, ^ should be >36:1 in the inner parts of the jet— 
this is clearly consistent with our observations, but increased 
sensitivity and dynamic range are needed to test it directly. 

Could the reduction of y from > 25:1 to 11:1 at the coun- 
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Fig. 7. Plot of the logarithm of the deconvolved 
peak intensity of the jet (normalized to millijanskys 
per square arcsecond) against the logarithm of the 
deconvolved transverse FWHM <!> (in arcse- 
conds), at the locations where profiles were taken 
for Fig. 6 and for Table I. The connecting lines show 
the sequence of the points along the jet, demonstrat- 
ing that for all but the datum from the weakest 
point in the jet, the slope of the / — 4> relationship is 
roughly constant. The datum for the counterjet 
knot is shown as the light circle; it also lies far from 
the mean / — <I> relationship exhibited by the main 
jet. 

terjet knot instead be attributed to expansion from the ob- 
served width <î> = 0"4 in the counterjet knot to the observed 
<I> = 0"5 in the main-jet knot? This would require that the jet 
intensity vary from FWHM as <ï> ~5 3, close to the adiabatic 
brightness decline of <ï> ~ 5 67 for a constant-velocity circular 
jet with a = 0.8 when the dominant magnetic field is parallel 
to the jet axis [e.g., Perley etal. 1984, Eq. ( 10) ]. Expansion 
might be considered an alternative to velocity disordering as 
a means of reducing if such an adiabat was followed. 
Figure 7 shows, however, that the main jet has a much less 
steep / — d> law. Ignoring the / — d> datum from the faint 
region of the jet ~ 13" from the core (which appears uncor- 
related with those in the brighter regions) the jet emission 
generally follows /oc 4>_ 2 3 ± 0 6, much slower than the adia- 
bat required to explain the observed knot brightness ratio as 
an expansion effect. Disordering the velocity field therefore 
seems a more plausible explanation of the 11:1 ratio between 
the knot brightnesses, when the knots are interpreted using a 
moving-shock model. (The presence of the shocks may also, 
of course, explain the subadiabatic / — <ï> variation). 

A bend in the jets could also contribute to the decrease in 
at the counterjet knot. A bend in the counterjet similar to 

the observed 1 Io “kink” in the main jet could make ¿7 larger 
near the core by increasing sin i there. 

Finally, we note that moving shocks may also arise if the 
jet entrains, or collides with, ambient clouds (e.g., Blandford 
and Königl 1979a,b; Henriksen 1984a). If this occurs, the 

shocks in the jet and counterjet could be intrinsically asym- 
metric around the core. If, moreover, a real collision occurs 
between the jet and a cloud (i.e., if the mean-free path in the 
cloud for a jet particle is less than the cloud scale), then 
initially a strong shock should appear. This could be a most 
effective means of decelerating a counterjet and of removing 
an unfavorable beaming from it. In time, however, this situa- 
tion would translate itself into an accelerating terminal 
shock. If moving shocks are introduced into relativistic jets 
by such jet-cloud interactions, the asymmetries in the ob- 
served knot locations would be governed by randomness in 
the cloud geometry rather than by expression (2) above. As 
there is indeed evidence for such cloud-jet interactions in 
some radio galaxies (e.g., van Breugel et al. 1985), we em- 
phasize that the above interpretations of knot asymmetries 
in terms of symmetric relativistic jets are not mandatory. 

We conclude that a relativistic jet containing intrinsically 
symmetric fast-moving shocks could readily display appar- 
ent asymmetries similar to those we have observed in 3C 219. 
This interpretation cannot, however, be regarded as obliga- 
tory, as key details (jet orientation, shock speeds, and the jet- 
velocity field near the shocks) cannot be constrained either 
ab initio or by our data. Detection of the rest of the counter- 
jet, and further exploration of its scale and brightness asym- 
metries relative to the main jet, would add important con- 
straints to this discussion. In this context, it is interesting 
that (at least mildly) relativistic jet velocities are plausible in 
3C 219 if the jet is assumed to supply energy steadily to the 
lobes (a) at a rate that balances the synchrotron luminosity 
of the lobes and (b) with enough thrust to overcome the 
minimum pressures in the lobe hot spots. Making this calcu- 
lation as in Perley et al. [1984, Eq. (17)], we estimate ^ 
~0.038c£ 2e~where £ is the ratio of ^ in the frame of the 
hot spot to Uj in the frame of the galaxy, and e is the efficiency 
with which energy conveyed into the lobe by the jet is con- 
verted into synchrotron radiation. For |’~1, v^çzc is re- 
quired to maintain this energy and thrust balance unless 
€ >0.04. 

The Doppler boost implied by these relativistic jet models 
for the source asymmetries need not alleviate the jet-confine- 
ment problem. The crucial point is that the projection out of 
the plane of the sky that boosts the observed jet intensity in 
these models also increases—by a factor of sec l—the scale 
size rc that must be inferred for the confining gas (cf. Bridle 
1986). As the predicted x-ray luminosity Lx ocr3, this in- 
crease in rc offsets the reduction in , unless the jet is near 
the orientation that maximizes its Doppler boost. Stated an- 
other way, in order to reduce the x-ray luminosity that is 
required for thermal confinement by invoking the Doppler 
boost, one must appeal to more extreme orientations of the 
jet than are needed to explain its asymmetries. To reduce Lx 

by a factor of 3 requires l > 65°, and to reduce it by a factor of 
10 requires l > 80°, whereas ¿ > 35° is sufficient to explain the 
jet/counterjet asymmetries. 

VIII. EPISODIC JET MODELS 

To account fully for the appearance of the jet in 3C 219, we 
must also explain the failure of the main jet to reach the hot 
spot in the southern lobe. In this context, we think it signifi- 
cant that the brightness enhancements and the locally anom- 
alous Ba configuration at the ends of both jets in 3C 219 
resemble common properties of hot spots in radio lobes (e.g., 
Dreher 1980; Laing 1981a). Such hot spots are convention- 
ally interpreted as strong slowly moving shocks near the ter- 
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minations of steady jets. However, to account for the lack of 
jet emission beyond the brightest jet knots in 3C 219 in a 
steady-jet picture would require either that the dissipation of 
the flow energy to synchrotron radiation drastically de- 
creases beyond 35 kpc from the core, or that the jet flow 
becomes drastically decollimated at this distance and thus 
becomes “lost” against the lobe emission. The first assump- 
tion is distressingly ad hoc, while the second makes it diffi- 
cult to account for the small sizes of the bright hot spots in 
both lobes of 3C 219. 

It is therefore attractive to consider the possibility that the 
features at the ends of the jets in 3C 219 arise, by analogy 
with lobe hot spots, through compression of the lobeward 
ends of “young” jets that are re-establishing their channel 
through a resistive medium after a period of inactivity. Such 
jets should develop strong outward-moving shock structures 
near their tips; in this picture, the moving shocks invoked in 
Secs. Vile and Y\\d above would be both the first and last 
such shocks in the 3C 219 jets. This mechanism would re- 
quire that shocks be present at the ends of both jets, leading 
naturally to the appearance observed in 3C 219 if the shock 
advance velocity is relativistic. 

We emphasize, however, that the unsteady flow, or epi- 
sodic behavior, required to explain the jet properties fully in 
this way could also be invoked directly to provide an alter- 
nate, but again ad hoc, rationalization of the other asymme- 
tries in the source without appealing to Vj zzc. In this sense, 
the postulate of an unsteady (episodic) flow is the most pow- 
erful part of such an interpretation. 

If the counterjet knot is considered to be reflected through 
the core, it lies at the outer edge of the initial gap between the 
core and the main jet. In a relativistic jet interpretation of 3C 
219, this would be written off as a mere geometrical coinci- 
dence. This placement of the counteijet emission, is, how- 
ever, consistent with the simplest form of “flip-flop” episodic 
behavior (Rudnick and Edgar 1984), whereby energy trans- 
port occurs alternately (and at constant but not necessarily 
relativistic velocities) to the southwest and northeast of the 
core. In such a simple flip-flop interpretation, the absence of 
emission beyond the end of the main jet would imply that the 
energy flow on the southwest side of the source has been 
interrupted for > 3.3/z -1X105 yr. This is compatible with 
the symmetry of the 4885 MHz emission from the hot spots, 
as the synchrotron lifetimes of the electrons radiating at 
4885 MHz in the equipartition fields of the hot spots would 
be much longer than this—5h -3/7 X106 yr. Thus, a flip-flop 
model could explain the known asymmetries of 3C 219 with- 
out conflict with its symmetries. 

There may be little physical distinction between such epi- 
sodic or flip-flop jets and the “independent plasmoids” of 
Christiansen etal. ( 1977). Adjustment of the ejection-veloc- 
ity and ejection-interval parameters of such models may also 
provide ad hoc rationalizations for variation of FWHM <î> 
with angle 0 from the core. An unsatisfying (though not 
disqualifying) aspect of such interpretations is that, al- 
though they can match many aspects of the data, they cannot 
predict them—none of their important parameters can be 
constrained ab initio. They also do not explain why other 
radio galaxy jets (Sec. V) have similar 4>(0) variations. 

IX. CONCLUSIONS 

Our new data confirm that the main jet in 3C 219 spreads 
much more slowly beyond 10/z ~1 kpc from the core than it 

does on average closer to the core. They also show that recol- 
limation on the ~ lO/i -1 kpc scale by thermal pressure of a 
galactic atmosphere is not favored by the available x-ray 
data, but recollimation by a hotter cluster atmosphere can- 
not be ruled out and indeed appears plausible. Critical obser- 
vations to test the jet collimation mechanism were discussed 
in Secs. V and VI. 

It is possible to ascribe the major asymmetries of the jet 
and counterjet in 3C 219 to bulk relativistic motions in an 
intrinsically symmetric jet/counterjet system if the jet con- 
tains moving shocks. The observed variations in brightness 
ratio between the jet and the counterjet are more likely to 
arise from disordering of the velocity field at such moving 
shocks than from adiabatic expansion, because the intensity- 
width variation along the main jet appears to be significantly 
subadiabatic. To explain the abbreviated structure of this jet 
fully in a steady-jet model, its brightness variations must be 
ascribed to an arbitrary potpourri of shock formation, vari- 
able dissipation of the bulk energy in the flow to synchrotron 
radiation, and perhaps jet bending, as functions of distance 
from the core. 

Alternatively, the lobeward brightening of the ends of 
both jets, the locally anomalous magnetic field configura- 
tions at these brightenings, and the anticorrelation between 
the separations of the jet knots from the core on the two 
sides, are simply compatible with an unsteady flow descrip- 
tion wherein the nucleus of 3C 219 sporadically ejects mate- 
rial whose leading edge is compressed by ram pressure of the 
surrounding medium, leading to the observed brightenings 
and changes in Ba at these features. We emphasize that if the 
possibility of an unsteady flow is admitted, the arguments for 
relativistic outflow in this source cease to be compelling, and 
a simple, though also ad hoc, flip-flop interpretation also 
becomes admissible. 

The jet/counterjet asymmetries might also be the result of 
strong shock formation in both jets by jet-cloud collisions at 
random distances from the core; in this case the appearance 
of the jets would be a manifestation of circumgalactic 
“weather” (Rees 1982) rather than of bulk relativistic mo- 
tions. 

Clearly, our new observations of 3C 219 leave many more 
questions unsettled than they answer. To fit the detailed 
structure of this source into any description of symmetric, 
steady energy transport in extragalactic sources requires the 
introduction of ad hoc complications. It may, however, be 
premature to conclude that we are involved with the “meteo- 
rology” featured by Rees, as 3C 219 appears to exhibit some 
properties of less conventional (episodic, or flip-flop) mod- 
els. 
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