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ABSTRACT 

VLBI observations of the QSO 4C49.22 show a jet in P.A. 208° + 3°, in the same direction as the 
innermost structure seen with the VLA. It is concluded that the kpc scale structure seen with the 
VLA is most likely due to a large-scale hydromagnetic instability in the jet. The lack of sub-kpc 
curvature suggests that the jet in this source has a smaller proper velocity yß (although it may still be 
relativistic), and a greater inclination to the line of sight, than in other extragalactic sources 
dominated by a compact core. A one-sided jet, which alternately flips 180°, is suggested by the 
observations. 
Subject headings: interferometry — quasars 

I. INTRODUCTION 

A small fraction of extragalactic radio sources exhibit 
a multiply curved structure. Examples include the low- 
luminosity, type I (Fanaroff and Riley 1974) radio 
galaxies 3C31 and 3C449 (Fomalont a/. 1980; Perley, 
Willis, and Scott 1979), the head-tail galaxy 3C129 
(Rudnick and Bums 1981), and the high-luminosity 
quasar 3C418 (Muxlow and Linfield 1983). The multiple 
bends seen in these sources suggest precessing jets 
(Gower and Hutchings 1983; Icke 1981; Muxlow and 
Linfield 1983), but alternatives have been proposed: 
gravitational encounters between the source of the jet 
and a companion object (Blandford and Icke 1978; 
Lupton and Gott 1982), and a helical hydromagnetic 
instability (Hardee 1981). 

4C49.22, a QSO with z = 0.334, displays a multiply 
curved jet on a 2"-10" scale, as seen in Figure 1 (Perley 
1981). For 770 = 75 km s-1 Mpc-1, g0 = 0.5, 1" is 
subtended by 3.9 kpc. VLBI observations of the central 
object are reported in this paper. 

II. OBSERVATIONS AND DATA REDUCTION 

4C49.22 was observed on 1982 April 4-5 at 4.99 GHz 
with six telescopes; their locations, diameters, typical 
system temperatures, and antenna gains are given in 
Table 1. The Mark II recording system was used (Clark 
1973), and the data were correlated at Caltech. 

After being correlated, the data were run through a 
fringe-fitting program, and were then edited and 
calibrated to obtain correlated flux densities and closure 
phases. A model with three Gaussian components was 
obtained from the calibrated data by an iterative, least- 
squares procedure. This model reproduced the primary 
features of the data quite well. The model parameters 

are fisted in Table 2. Because of a lack of short spacings 
in the u-v plane, the flux and size of the third component 
are not well constrained by the data. Only the ap- 
proximate location (SW of the core) and orientation 
( - N-S as opposed to E-W) are well established. In 
particular, the noncolfinear nature of the model in Table 
2 is not significant. 

This model was used as input to a hybrid mapping 
procedure (Readhead and Wilkinson 1978). The result- 
ing hybrid map is shown in Figure 2, and the fit of this 
map to the data is shown in Figure 3. The baselines and 
triangles in Figure 3 are those with a good signal-to-noise 
ratio, and on which the visibility function shows signifi- 
cant variation in ampfitude/closure phase with GST. 
Because of imperfect amplitude calibration, particularly 
at Hat Creek, the dynamic range of the map shown in 
Figure 2 is limited to -20:1. The dynamic range is too 
low to show the extended, low surface brightness emis- 
sion to the SW of the core (component 3 in Table 2). 
The parameters of this component are best determined 
by model fitting. 

From the model (Table 2) and hybrid map (Fig. 2) 
the following picture of the milfi-arcsecond (mas) scale 
source structure emerges. There is an unresolved ( < 0.3 
mas diameter) component (the core), with an extension 
in P.A. 208° ±3°. This extension has a fairly large 
( > 5) aspect ratio, as determined by model fitting. This 
aspect ratio is not apparent from the hybrid map (Fig. 
2) because of convolution with the restoring beam. The 
extension points directly at the innermost structure seen 
with the VLA, shown in Figure 1 (Perley 1981). Because 
of its large aspect ratio and its connection to the ob- 
served arcsecond jet, this mas extension will henceforth 
be called a jet. 

A one-dimensional profile of the hybrid map (Fig. 2) 
along P.A. 208° is shown in Figure 4. The jet follows 
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Fig. 1.—VLA maps of 4C49.22 made by Perley (1981) and reproduced here with his permission, (a) 5.0 GHz, 0.7" resolution, contour 
interval 0.33%, peak intensity 0.56 Jy per beam, (b) 1.5 GHz, 2" resolution. Contour levels are -0.2%, 0.2%, 0.4%, 0.8%, 1.6%, 2.4%, 3.2%, 
4.0%, 4.8%, 5.6%, 6.4%, 7.2%, 8.0%, 8.8%, 10%, 15%, 20%, 25%, 30%, and 50% of the peak intensity of 0.60 mJy per beam. 

TABLE 1 
Telescope Locations and Parameters 

Telescope Location 
Diameter 

(m) 
K 

(Jy) 
Typical T 

(K) 

Effelsberg, W. Germany 
(BONN) 

Westford, MA     
(HSTK) 

Green Bank, WV   
(NRAO) 

Fort Davis, TX   
(FDVS) 

Big Pine, CA   
(OVRO) 

Hat Creek, CA  
(HCRK) 

100 

37 

43 

26 

40 

26 

1.40 

0.16 

0.25 

0.094 

0.20 

0.065 

60 

75 

45 

55 

110 

80 

TABLE 2 
4C49.22 Source Model 

Displacement 
from Component 1 

Component Flux ¿/(mas) P.A. 

Major Axis 
FWHM 

(mas) 

Minor Axis 
FWHM 

(mas) P.A. 

0.33 
0.46 
0.37 

0. 
1.41 
5.7 

0.° 
209° 
226° 

0. 
1.11 
8.6 

0. 
0.26 
4.4 

0° 
203° 
178° 

Beam 1.3 0.9 150.° 
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Fig. 2.—5.0 GHz hybrid map of 4C49.22 from six station 
VLBI observations. The beam is 1.31x0.90 mas, and the peak 
intensity is 0.23 Jy per beam. The contours are at 5%, 8%, 12%, 
18%, 30%, 50%, and 80% of the peak. No negative contours appear 
at the -5% level. The crosshatched ellipse shows the half-power 
beam. 

this P.A. for at least 3 mas; beyond this the P.A. is more 
weakly constrained by the data. From Figures 2 and 4 it 
can be seen that there is a prominent knot in the jet 
1.39 + 0.1 mas from the core. The core is unresolved on 
its NE side; there is no evidence for structure in this 
direction (i.e., a counteijet) on this scale. To the SW, the 
jet intensity increases rapidly until the knot, and then 
falls off more gradually; it disappears into the noise - 3 
mas from the core. There is no evidence for systematic 
curvature on a mas scale. Small-amphtude wiggles on a 
scale <0.8 mas or systematic curvature on a scale < 0.4 
mas are not ruled out, however. 

in. DISCUSSION 

a) Implications of A rcsecond Curvature 

The curvature in this source appears to occur almost 
entirely in the 2"-10" range. If the curvature is due to 
precession, the period is 

where 

Pjet sin 6 
4app 104 km s_1 [l - (pjet/c) cos #] ’ 

and 6 is the angle between the line of sight and the axis 
of the precession cone. Periods in this range can arise 
from the spin-orbit precession of a pair of massive 

(108-109 Mq) black holes (Begelman, Blandford, and 
Rees 1980). The quantities pjet, 6, and if/ (the half-open- 
ing angle of the precession cone) are only weakly con- 
strained by the available data, except that ^ « 10 ° sin 0. 

There remains the problem of explaining the kpc- 
scale knots, both their existence and their location (at 
the bends in the jet). If the jet curvature is due to 
precession, possible causes include: time variations in 
the energy flow at the jet nozzle; shocks in the jet, 
presumably from interaction with gas clouds; interac- 
tions with the walls of a cavity evacuated by the jet; and 
time delay effects in a ballistic, precessing jet. The first 
two mechanisms could easily cause knots of the ob- 
served contrast, but there would be no tendency for 
these knots to occur at the observed bends in the jet. 
The third mechanism also suffers from this problem. A 
precessing jet possesses cylindrical symmetry; any ani- 
sotropy will be due to the environment, and should be 
uncorrelated with our line of sight. The fourth mecha- 
nism, in which knots form from purely kinematic effects 
in a ballistic precessing jet, has been investigated by 
Linfield (1981). When the flow velocity is relativistic, 
time delay effects across the precession cone distort its 
shape and alter the curvature. For a wide range of 
precession parameters, sharp bends occur at the edges of 
the precession cone, where jet material lies nearly along 
the line of sight. The jet intensity is strongly enhanced at 
these bends, as a result of increased optical depth. The 
edges of the precession cone are enhanced for a nonrela- 
tivistic jet also, but the effect is small unless the jet 
material forms a tight spiral. This model provides a 
natural explanation for the location of the knots in 
4C49.22, but cannot produce the high contrast knots 
close to the core that this source possesses (Linfield 
1981). 

If the curvature is not due to precession, jet material 
is bent after it leaves the nozzle. If the observed curva- 
ture arises from pressure bending or hydromagnetic 
instabilities, bright knots are expected to form at the 
bends in the jet, as a result of interaction with the walls 
of the transport tube. Unlike in the precession case, the 
bends correspond to the regions of greatest actual curva- 
ture. Neither these processes nor precession can explain 
the mas knot; it must arise from other causes (e.g., time 
variations in nuclear activity). Pressure gradients can 
bend jets, but the shape of 4C49.22 would demand a 
very exotic spatial pressure distribution. Hydromagnetic 
instabilities are a more likely cause. The magnetic field 
plays a major role in such instabilities, whether the jet is 
thermally or magnetically confined. The field in 4C49.22 
is parallel to the jet in its interior (Perley, private 
communication); the field outside the jet is unknown. 

Ray (1981) has studied the Kelvin-Helmholtz stability 
of jets confined by thermal pressure. For Mach number 
^ > 3 (probably the case for 4C49.22), pinching modes 
(m = 0) grow slowly. Helical modes (m = 1) grow more 
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4C 49.22 Amplitudes 

4C 49.22 Closure Phases 

Fig. 3a 

Fig. 3b 

Fig. 3.—4C49.22 VLBI data vs. GST on selected baselines and triangles (see text). Solid Unes correspond to the map in Fig. 2 (prior to 
convolution with the restoring beam), (a) Correlated flux densities, (b) Closure phases. 
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Fig. 4 —Profile of 4C49.22 along P.A. 208 

rapidly, but are suppressed by an axial magnetic field. 
An axial field whose internal energy is comparable to 
the jet kinetic energy is sufficient to stabilize the m=l 
modes. 

The case of a jet confined by its own magnetic field 
has been investigated by Cohn (1983); his results will be 
used here because his assumptions most closely reflect 
the conditions thought to hold in 4C49.22. He assumed 
an azimuthal field generated by a surface current; the 
return current was taken to be at a large distance 
( ^'jet) fr°m the jet axis. For simplicity, he assumed 
zero internal field and solved only the pinching modes 
(m = 0). For 3rjet < X < 30/jet the growth rates are com- 
parable to the sound speed crossing time. For the static 
case, the growth rates for the ra = 0 and m=l modes 
are comparable, and both are slowed or inhibited by an 
axial magnetic field (Chandrasekhar, Kaufman, and 
Watson 1958). If the growth rates for the pinch and kink 
(m = 1) modes are comparable in the nonstatic case as 
well, the time for a small perturbation to grow to large 
amplitude is 

^growth = 10 X 20 X y Ä 3/| — j Tfjow sin i, 

where Im(oo) is the imaginary part of the complex 
perturbation frequency co, / is the factor by which the 
axial magnetic field reduces the growth rate, rflow is the 
length of time for material to flow down the jet (Tflow = 
/jet/J? cs), and i is the inclination of the jet to the fine of 
sight; /jet * 30rjet. For/=3, ^ = 5, ^=1200 km s-1, 
and sin / = 1, rgrowth « 7 X107 yr. If the shape of the jet is 
due to a hydromagnetic instability, the perturbation has 
reached a large amplitude. The curvature is now suffi- 

ciently large that if the perturbation is still growing, the 
jet may be on the verge of being completely disrupted. 

The disruption of the jet would release a large quan- 
tity of plasma into the interstellar medium in a turbu- 
lent manner. Outward diffusion at the Alfvén speed 
(B/[47rp]l/2) would create a low surface brightness 
cocoon around the former location of the jet. Such a 
cocoon is seen in the low-resolution VLA map (Fig. lb). 
It is present on both sides of the core, but is much 
brighter and wider to the north of the core. It extends 
roughly equal distances from the core in both directions. 

The presence of the bright cocoon to the north sug- 
gests the prior existence of a jet in that direction. This 
jet is not currently visible, even on a mas scale, suggest- 
ing that its source of supply has been off for r > rflow. 
Like other radio sources (Lonsdale 1981), 4C49.22 shows 
evidence for a one-sided jet which alternates directions. 
An approximate lower limit to the flipping time is the 
growth time calculated above. If the cocoon has reached 
its current lateral extent of 50 kpc radius in 7 X107 yr by 
outward diffusion at the Alfvén speed, the magnetic field 
is 3nl/l /xG, where n_A = n/10-4 cm-3. The synchro- 
tron lifetime is shorter than this diffusion time unless 
h_4 < 0.01, but even mild particle acceleration, driven 
by the kinetic energy of the outflow, would suffice to 
keep the cocoon fit. 

The cocoon is present to the south of the core, but is 
weaker and more irregular than to the north. This may 
be a relic from a southern jet which disrupted > 2rgrowth 

in the past, if the alternating jet hypothesis holds for this 
source. 

b) Implications of the Lack of 
Sub-Arcsecond Curvature 

4C49.22 fits neatly into the “core” source category of 
Readhead, Cohen, and Pearson (1978) (asymmetric 
overall structure, centimeter flux dominated by a very 
compact component, projected size <100 kpc), except 
for the lack of sub-arcsecond curvature. Sources such as 
3C273 and 3C345 show a continuous P.A. change of 
20 ° -50 ° from the sub-mas level to the arcsecond level. 
This large observed curvature is generally ascribed to a 
projection effect, with the jet forming a small angle to 
the fine of sight. The lack of observed curvature in 
4C49.22 could imply (1) the bending occurs almost 
entirely in a plane containing the fine of sight, (2) the 
intrinsic curvature is negligible, or (3) the inclination is a 
substantial fraction of a radian, so that the curvature is 
not strongly amplified. 

If the above arguments for a jet instability explana- 
tion of the arcsecond bends are correct, the jet velocity 
is subrelativistic (or perhaps mildly relativistic) on a kpc 
scale. This, in turn, argues against a large ( ~ 10) y-fac- 
tor on a mas scale, since this would require an enormous 
(ttyp^c3 «1047-1048 ergs s-1) energy dissipation in 
the inner few kpc. A low-y jet would be likely to be 
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observed at a moderate to large inclination (20°-60°) 
because of its broad Doppler-beaming cone. 

IV. CONCLUSIONS 

4C49.22 has the peculiar combination of a dominant 
core, one-sided structure, little or no sub-kpc scale 
curvature, and multiple bends on a kpc scale. The 
following deductions are made about the source: 

1. Precession is unable to produce the observed kpc- 
scale jet appearance. 

2. A more likely cause is a Kelvin-Helmholtz or kink 
mode instability. Such instabilities may completely 
disrupt the jet on a time scale of ~3-10Xl07 yr, 
accounting for both the strong asymmetry and the low- 
brightness cocoon surrounding the jet. 

3. The observations are consistent with an intrinsi- 
cally one-sided jet, which flips on a time scale ~ 108 yr. 

4. The inclination of the jet to the line of sight may 
well be substantially greater than the small (i < 10 °) 
values generally estimated for “core” sources. As such, 
4C49.22 may be intermediate in jet velocity and inclina- 
tion between typical “core” sources such as 3C345, and 
extended sources such as Cyg A. 
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tion VLA maps of this source. An anonymous referee 
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versities, Inc., under contract with the National Science 
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