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ABSTRACT

We present 15 GHz Very Large Array observations of the luminous double radio galaxies 3C 166 and
3C 411. Our data confirm the spectral steepening in the lobes of both sources indicated by previous
lower-frequency observations. The spectral steepening is interpreted as being due to synchrotron-radi-
ation losses (synchrotron aging) and is used to infer a radiative age for electrons in both lobes of 3C 411
and the southern lobe of 3C 166. We present the results as a relative speed of separation between the hot
spot and a parcel of lobe material. The speed estimates, in the range of one to a few times 10* km/s, are
comparable to values determined for other radio sources. Our observations also suggest that for both
sources geometric depolarization is responsible for the reduction in fractional linear polarization at

frequencies of 5 GHz and above.

L. INTRODUCTION

The NRAO* Very Large Array (VLA) is an excellent
instrument for studying the low-surface-brightness lobe or
bridge emission observed in radio galaxies. In scaled array
mode, multifrequency, high-dynamic-range maps with simi-
lar (u, v) plane coverage and resolution can be made. In this
paper we present 15 GHz VLA observations of the radio
galaxies 3C 166 and 3C 411. These observations, together
with previous scaled-array VLA observations at 1.4 and 5
GHz, are used to study the frequency dependence of total
intensity and polarization characteristics across these
sources. Previous observations at 1.4 and 5 GHz have been
reported by Spangler and Bridle (1982) for 3C 166 and
Spangler and Pogge (1984) for 3C 411.

The previous lower-frequency observations indicated
some common features of 3C 166 and 3C 411. First, both
sources show pronounced spectral steepening in one or both
lobes, with the spectral index steepening with distance from
the hot spot. The spectral data were analyzed by Myers and
Spangler (1985), and used to obtain estimates for the rela-
tive speed of separation of the hot spots and lobe material.
Second, in parts of both sources, depolarization is observed,
i.e., alower value for the fractional linear polarization at 1.4
GHz than at 5 GHz. Depolarization indicates the presence
of Faraday rotation, either in the radio-emitting material or
in an external plasma. Furthermore, the observed 5 GHz
fractional linear polarization is observed to be considerably
below the theoretical maximum value. On the basis of 1.4
and 5 GHz observations, one cannot exclude the possibility
that Faraday depolarization could be important at 5 GHz.

The 15 GHz observations reported in this paper were un-
dertaken to answer some of the questions raised by the ear-
lier observations. Since synchrotron-radiation losses are
more pronounced at 15 than at 5 GHz, 2 cm observations
provide the opportunity to confirm the identification of ra-
diative losses, and refine quantitative results, such as radia-
tive lifetimes. Faraday-rotation effects are also substantially
smaller at 15 GHz, allowing one to distinguish between Far-
aday and geometric mechanisms for reducing the degree of
linear polarization.

*The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under contract from the National Science Foundation.
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I1. OBSERVATIONS AND DATA REDUCTION

Observations at 15 GHz were made with the Very Large
Array on 28-29 April 1984. Both sources were observed
over an approximately 12 hr interval, with on-source observ-
ing times of about 6 hr and 4 hr for 3C 411 and 3C 166,
respectively. Observations were made in two 50 MHz IF
bandpasses, one centered at 14964.9 MHz, and the other at
14914.9 MHz. Amplitude and initial phase calibration was
accomplished by frequent observations of the sources
0735 4+ 178 and 2029 + 121, which served as calibrators for
3C 166 and 3C 411, respectively. The derived 15 GHz flux
densities of these sources were 0.658 + 0.003 Jy for
2029 + 121 and 1.97 + 0.01 Jy for 0735 + 178. The quoted
uncertainties are formal ones, resulting from scatter in the
measurements on different baselines. These sources were
also used for determination of the instrumental polarization.
The absolute polarization position angle was determined by
observations of 3C 286 and 3C 138.

Following standard external calibration, the data were
submitted to self-calibration. This task was facilitated in the
cases of 3C 166 and 3C 411 by the prominence of the source
central components. Antenna gains were determined on
baselines that were sufficiently long to resolve out the ex-
tended emission, leaving only the point-like central compo-
nents.

Data from the two IF channels were independently cali-
brated, mapped, and cleaned. Maps of the Stokes parameters
1, @, and U from the two channels were then summed after
inspection to ensure that no anomalies, such as position off-
sets, preferentially affected data from one /F. The mapping
and subsequent image analysis were carried out using the
NRAO Astronomical Image Processing System (AIPS).

One of the goals of the present observations was to study
the frequency dependence of total intensity across the ex-
tended lobes in these sources (see Sec. IV below). A study of
this nature requires that the multifrequency maps have the
same effective resolution. To this end, the 15 GHz maps
were processed in a manner identical to the 1.4 and 5§ GHz
maps. The restoring beams have diameters (FWHM) of 1.6
arcsec for 3C 166 and 1.5 arcsec for 3C 411. The 3C 411
images presented below have been rotated — 23 deg with
respect to their orientation on the sky.

A discussion of the acquisition, calibration, and mapping
of the 1.4 and 5 GHz data is given in Spangler and Bridle
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(1982) for 3C 166 and in Spangler and Pogge (1984) for 3C
411.

III. OBSERVATIONAL RESULTS

a) Spectral Characteristics

Maps of 3C 166 and 3C 411 at 1.4 and 15 GHz are shown
in Figs. 1 and 2, respectively. These figures illustrate the
regions of primary interest, namely the extended lobe or ra-
dio bridge emission thought to be produced by energetic
electrons that were initially accelerated in the hot spots. In-
spection of the total intensity maps indicates that the lobes in
both sources are rather weak at 15 GHz compared to 1.4
GHz. We now discuss each source in detail.

1)3C 166

We have restricted our analysis to the southern lobe of 3C
166. It is more luminous than the northern lobe and has a
bright rim and hot spot at its outer edge. Figure 3 shows the
map observables on a slice along the source axis. Figure 3(a)
shows the 1.4 GHz total intensity, while Figs. 3(b) and 3(c)
show the 1.4-5 and 5-15 GHz spectral index data, respec-
tively. The curves represent models for synchrotron-radi-
ation losses, which are described in Sec. IV below. It is evi-
dent from Fig. 3 that both the 1.4-5 and 5-15 GHz spectral
indices remain roughly constant upon leaving the hot spot
and then steepen with distance from the hot spot. The con-
version from angular to linear size has been made using an
image scale of 2.5 kpc/arcsec. The redshift of 3C 166 is
0.246.

3Cle6
(a) 1413 MHz

1280

2)3C411

The data for the Sf and Np lobes of 3C 411 are shown in
Figs. 4 and 5. Again the slices have been taken along the
source axis. Assuming a Hubble constant of 100 km/s/Mpc,
a redshift of z = 0.469 for this object gives an image scale of
3.4 kpc/arcsec.

Figure 4(a) shows the 1.4 GHz total intensity along the
source axis for the Sflobe. The 1.4-5 and 5-15 GHz spectral-
index data for the Sf lobe are shown in Figs. 4(b) and 4(c),
respectively. The 1.4-5 GHz spectral index is seen to steepen
rapidly upon leaving the hot spot and then remain relatively
constant across the rest of the lobe. The 5-15 GHz spectral
index, on the other hand, steepens monotonically with dis-
tance from the hot spot. In the case of this lobe, the 5-15
GHz spectral index is observed to be less than — 2.

The spectral steepening on the leading edge of the hot spot
is believed to be artifactual, arising from very slight offsets in
the maps at different frequencies. The measured spectral in-
dex is highly susceptible to such effects in regions of large
intensity gradients. To test this explanation, spectral-index
curves such as those shown in Fig. 4 were calculated with a
range of small but plausible offsets between the maps at the
two frequencies. It was found that offsets of even a tenth of
an arcsecond were sufficient to change the spectral index in
the regions of large intensity gradients. Depending on the
choice of offset, the spectral-index curve through the hot
spot could be flattened, or even made to harden on the lead-
ing edge. We emphasize that such adjustments have no dis-
cernible effect on spectral index measurements in the lobes,
which are the regions of importance to our analysis. We have

(b) 14965 MHz
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Fi1G. 1. Total intensity maps of 3C 166. (a) At
1.413 GHz; there are 15 evenly spaced contours
beginning at 1% of the peak intensity, which is
0.369 Jy/beam. (b) At 14.965 GHz; contours
are the same as in (a) but begin at 0.15% of the
peak intensity, which is 0.386 Jy/beam. The re-
storing beam is 1.6 arcsec (FWHM) for both
maps.
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3C 41l
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(a) 1446 MHz

FI1G. 2. Total intensity maps of 3C 411 at 1.446
GHz (a) and 14.965 GHz (b). Contours are at

—0.25 (dashed contour), 0.25, 0.75, 1.25,
1.75, 2.25, 2.75, 3.25, 3.75, 4.25, 5, 7.5, 12.5,

ARCSECONDS

17.5, and 22.5% of the peak intensity, which is
0.657 Jy/beam at 1.446 GHz and 0.091 Jy/
beam at 14.965 GHz. The restoring beam is 1.5
arcsec (FWHM) for both maps.

ARCSECONDS

therefore chosen to retain the independently determined po-
sitioning of the maps, cognizant of the strong possibility that
spectral-index errors of order 0.1 may be present in regions
of steep intensity gradients.

Figure 5(a) shows the 1.4 GHz total intensity along the
source axis for the Np lobe. The 1.4-5 and 5-15 GHz spec-
tral-index slices for the Np lobe are shown in Figs. 5(b) and
5(c), respectively. Because of the possible presence of a jet in
this lobe, the interpretation of the spectral-index gradient is
less straightforward. The possible jet, located between the
hot spot and central component, is seen to have a relatively
flat spectrum, as expected (Bridle 1982).

b) Central Components
1)3C 166

The central component of 3C 166 has a flat spectrum,
typical of compact extragalactic radio sources. The flux den-
sity at 15 GHz is 383 + 4 mJy/beam. At 1.4 and 5 GHz the
flux density is 361 4 3 and 435 + 2 mJy/beam, respectively.
The frequency of flux-density maximum is therefore in the
vicinity of 5 GHz. The fractional linear polarization of the
central component is 2.0 + 0.1% at 15 GHz. This represents
an increase in fractional linear polarization over a value of
1.1 4+ 0.1% at both 1.4 and 5 GHz.

We note that the sky coordinates of the central component
are R.A.(1950) = 67422467, Dec.(1950) = 21°25'2"4.

2)3C411

The flux density of the central component at 15 GHz is
91 + 1 mJy/beam. This represents an increase over the val-

ues of 45 4+ 2 mJy/beam at 5 GHz and 28 4 2 mJy/beam at
1.4 GHz, thus confirming that the spectrum of the central
component is inverted (Spangler and Pogge 1984). The frac-
tional linear polarization at 15 GHz is less than 1%, as is the
case at 1.4 and 5 GHz. Polarized emission near the center of
the source appears to be significantly displaced from the cen-
tral component (as may be seen in Fig. 6), a characteristic
that is again consistent with the presence of a jet. The coordi-
nates of the central component are R.A.(1950)
= 20"19™44520, Dec.(1950) = 9°51'3374.

c¢) Polarization Characteristics

1)3C 166

Significant polarized emission was detected only from the
forward “ridge” in the southern lobe and the central compo-
nent. Elsewhere the surface brightness of the emission was
too low to permit worthwhile polarimetric measurements.
The polarized emission that is seen in the southern lobe con-
firms the report in Spangler and Bridle (1982) that the in-
ferred magnetic field is circumferential at the lobe periphery.

At 1.4 and 5 GHz, the interior of the southern lobe is
weakly polarized, with higher fractional polarization at 5
than at 1.4 GHz (Spangler and Bridle 1982). One of the
purposes of the present observations was to determine if geo-
metric or Faraday depolarization was responsible for the
reduction from the theoretical maximum of the 5 GHz frac-
tional polarization. Near the leading edge of the lobe the 15
GHz fractional polarization is of order 5-10%, comparable
to the values observed at 5 GHz and much larger than those
at 1.4 GHz. This suggests geometric depolarization at fre-
quencies of 5 GHz and above for this portion of the source.
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Fi1G.. 3. Map observables on a slice along the source axis for the
southern lobe of 3C 166. The panels display 1.4 GHz total intensi-
ty (a), 1.4-5 GHz spectral index (b), and 5-15 GHz spectral
index (c). The curves represent model fits discussed in the text.

For the remainder of the lobe we can only say that the 15
GHz fractional polarization is less than about 50%.

The polarization position angle of the central component
at 15 GHz is 61° 4+ 2°. When combined with values of
65° + 2° at S GHz and 100° 4+ 5° at 1.4 GHz, we obtain a
rotation measure of 15 4 2 radian/m2 As mentioned in
Spangler and Bridle (1982), other portions of the source
show very little difference in 1.4 and 5 GHz polarization
position angles, indicating increased Faraday rotation in
front of the central component. This could result either from
small-scale changes in galactic Faraday rotation (Simonetti,
Cordes, and Spangler 1984) or from a medium in the 3C 166
galaxy.

2)3C411

Polarized emission was detected at 15 GHz in the brighter
portions of the source. The 15 GHz polarization position
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FIG. 4. Same as Fig. 3 except for the Sf lobe of 3C 411.

angles are plotted in Fig. 6, superposed on a contour map of
the source. The length of each plotted vector is proportional
to the fractional linear polarization at that point. Figure 6
shows that in this source the inferred magnetic field is also
circumferential at the periphery of the lobe.

3C411 s similar to 3C 166 in that the center of the Sflobe
is weakly polarized at 1.4 and 5 GHz, with strong depolar-
ization, i.e., a reduction of 1.4 GHz fractional polarization
relative to that at 5 GHz, indicating some form of Faraday
depolarization. Again, attempts to distinguish mechanisms
for reduction of linear polarization are compromised by the
weakness of the polarized emission in the lobe interior at 15
GHz.

Where the signal-to-noise ratio is sufficiently high to per-
mit a comparison, the 5 and 15 GHz emissions seem to be
similarly polarized. In the Sf lobe along the source axis, the
fractional polarization at 15 GHz is ~ 10%, but appears to
rise closer to the central component. The fractional polariza-
tion in the Np hot spot is ~25%. Within our ability to mea-
sure, these are the same as at 5 GHz. This suggests that
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ARCSECONDS Faraday effects are not important in the reduction of linear
1000 6 3 0 -3 polarization at frequencies of 5 GHz and above.
3C411 Np (a) IV. DISCUSSION

We have made a study of the 1.4-5 and 5-15 GHz spec-
— tral-index gradients across both lobes in the radio galaxy 3C
BEAM 411, and the southern lobe in 3C 166. Our measurements
: have been compared with a model in which the radio emis-
sion is due to an isotropic ensemble of energetic electrons
that are subject to synchrotron-radiation losses (synchro-
tron aging). If the age (time since acceleration) of the elec-
trons at various locations in a lobe can be determined, we
0 ) . _ ‘ may infer a velocity between a parcel of lobe material and a
hot spot.
The speed of advance of a hot spot relative to a parcel of
(b) lobe material is (Myers and Spangler 1985)

V., =30[(1 +2)vgu, | > B*% [dX §*/dL,,. | ~' km/s,

(1
oS I ] where vy, is the frequency of observation in GHz, B_ 5 is
the magnetic field strength in units of 10~ Gauss, z is the
redshift of the source, and [dX §'*/dL,,. ] ™" is a parameter
proportional to the change in spectral index with distance
5t ] (in kiloparsecs) from the hot spot. The parameter X 2 is
defined in Myers and Spangler (1985) and is a dimensionless
measure of the relative age of the radiating electrons. For
-05 - - - X §/*~0.5, a substantial spectral-index change will be ob-
served.

The above expressions are derived assuming the electrons
retain the same pitch angles throughout their radiative life-
times, and comprise the Kardashev (1962) and Pacholczyk
(1970) (KP) model. If one assumes that the electron pitch
angle is isotropized over periods that are short compared to
the radiative lifetime of a particle, then the above equation
should be multiplied by the time average of the pitch angle,
i.e., (sin? @ ), where the brackets stand for time average and 8
is pitch angle. We have termed this model the Jaffe and Per-

-20 . , . . ola (1974) (JP) model. For a more thorough discussion of
20 10 0 -10 the differences between the two models, the reader is re-
KILOPARSECS ferred to Myers and Spangler (1985). As mentioned in that

paper, differences between the models are not major.
FIG. 5. Same as Fig. 3 except for the Np lobe of 3C 411. Using the synchrotron-aging model of Myers and
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F1G. 6. Plot of electric field vectors at
14.965 GHz, superimposed on the total in-
tensity map of Fig. 2(b). Contours are at
0.5, 1, 2, 5, 20, and 50% of the peak inten-
sity.
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TABLE 1. Summary of separation speeds.

JP model
Source Lobe V, (km/s) V, range (km/s)
3C 166 S 7700 5400-12 300
3C411 Sf 13 600 10 900-19 400
3C411 Np 16 300 10 600-32 400
KP model
3C 166 S 11700 8 200-18 400
3C411 Sf 20 100 15 700-29 000
3C411 Np 24 700 16 00049 500

Spangler (1985), we have obtained the best-fitting values for
the lobe-hotspot separation speed. In all cases the model fits
to the spectral-index data have been restricted to the lobe
regions between the hot spots and central components. In
this way we avoid regions of the sources where expansion
losses may be important, e.g., in the hot spots. A discussion
of corrections to the speed estimates not taken into account
in the analysis presented here is given in Myers and Spangler
(1985). We now discuss each source separately.

a)3C 166

The best self-consistent model fits for the southern lobe,
for a constant speed of separation, are shown by the curves in
Fig. 3. The solid curve in Fig. 3(c) represents the predicted
spectral index for the JP model, whereas the dashed curve
represents that of the KP model. The speeds of separation of
the hot spot and the lobe material are then 7700 and 11 700
km/s for the JP and KP models, respectively. We have used
a value of 2.0X 10~° Gauss for the equipartition magnetic
field in this lobe. These speed estimates are consistent with
those reported in Myers and Spangler (1985) for the same
lobe and are listed in Table I. Columns (1) and (2) indicate
the source and lobe. The separation speeds consistent with
the spectral-index data are listed in column (3), while col-
umn (4) lists their associated ranges. These ranges were em-
pirically judged to delineate the limits of plausible fits to the
data.

The data do not conform to a constant speed of separation
through the entire lobe, as can be seen in Figs. 3(b) and
3(c). In the back of the lobe the spectral index is seen to
steepen rapidly, possibly indicating that at some time in the
past the speed of separation of the hot spot and the lobe
material was substantially smaller. This does not introduce
any difficulties if one postulates a high-density medium sur-
rounding the central galaxy. The speed estimates for this
region of the lobe are 2700 km/s (JP) and 3700 km/s (KP).

b)3C411

The curves in Fig. 4 represent the best self-consistent
model fits for the Sf lobe. In Fig. 4(c) the solid and dashed
curves represent the predicted 5-15 GHz spectral index (for
a constant speed of separation) for the JP and KP models,
respectively. The speed estimates for the Sf lobe are 13 600
km/s for the JP model and 20 100 km/s for the KP model.

These separation speeds are predicted on an adopted equi-
partition magnetic field of 2.5 10> Gauss, which is ap-

1284

proximately half the value used by Myers and Spangler
(1985) for their speed estimates. This difference results from
our assumption in the present paper that the electron spec-
trum has a spectral index of 5/2, whereas the observationally
inferred value of 3 was used by Myers and Spangler (1985).
For electron spectral indices greater than 2, most of the ener-
gy resides in the lowest-energy electrons, so slight differ-
ences in the assumed spectral index can be important. The
observed 1.4-5 GHz spectral index of ~ 1 is apparently the
result of synchrotron losses, which do not affect the lowest-
energy electrons. We therefore feel the present magnetic
field value is a better estimate, but it is also clear that our
analysis is uncomfortably sensitive to the assumption of
equipartition.

From Eq. (1) we see that the speed of separation is pro-
portional to the 3/2 power of the magnetic field so that our
speed estimates for the Sf lobe are about a factor of 3 lower
than previously reported. We also note that the previous
speed estimates were calculated using only the 1.4-5GHz
spectral-index gradient, whereas the present observations
use both the 1.4-5 and 5-15 GHz data to better constrain the
range of parameters used in the speed-estimate calculations.

The spectral-index model fits for a constant speed of sepa-
ration are shown in Figs. 5(b) and 5(c) for the Np lobe. We
have attempted to fit the parts of the slice not contaminated
by the jet-like knot. The solid and dashed curves in Fig. 5(c)
again represent the predicted 5-15 GHz spectral index for
the JP and KP models, respectively. Using a value of
2.3 107 Gauss for the equipartition magnetic field in the
Np lobe, we calculate a speed of separation of 16 300 km/s
for the JP model. The speed of separation calculated using
the KP model is 24 700 km/s.

The speed estimates for both the JP and KP models are
listed in Table I. We note that these revised separation
speeds are now quite consistent with the range found for
other sources by Myers and Spangler (1985).

V. CONCLUSIONS

We have presented 15 GHz VLA observations of the dou-
ble radio galaxies 3C 166 and 3C 411. These observations,
together with previous 1.4 and 5 GHz VLA observations,
have been used to study the frequency dependence of total
intensity and polarization characteristics in these radio gal-
axies. Our conclusions are as follows:

(a) The new 15 GHz observations confirm the spectral
steepening reported on the basis of earlier 1.4 and 5 GHz
measurements, and have refined measurements of radiative
lifetimes, presented as a relative speed of separation of the
hot spots and lobe material. These separation speeds, 8000~
12 000 km/s for the southern lobe of 3C 166 and 14 000—
25000 km/s for both lobes of 3C 411, are comparable to
values obtained for other sources by Myers and Spangler
(1985), Burch (1977, 1979), and Winter et al. (1980).
These values are also in good agreement with hydrodynami-
cal models of such sources (Norman et al. 1982), which
interpret the measured speed as a combination of hot spot

motion and backflow of beam material.

(b) In both 3C 166 and 3C 411 the 15 GHz fractional
linear polarization is comparable to that at 5 GHz and much
larger than at 1.4 GHz. These results indicate geometric de-
polarization for frequencies of 5 GHz and above for both
sources.

This work was supported by NSF Grant No. AST 82-
17714.
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