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ABSTRACT

Multicolor optical images have been used to measure the broad-band spectral shapes of radio jets known to
show optical counterparts, and to search for such counterparts in additional objects. One new detection, the
brightest knot in the NGC 6251 jet, is reported. In all cases, except part of the 3C 273 jet, the jet continua are
well-represented by synchrotron spectra from truncated power-law electron distributions, with emitted-frame
critical frequencies between 3 x 10'4 and 2 x 10! Hz. This may be due to fine structure in the jets or to the
particle (re)acceleration process. Two hot spots (Pic A and 3C 303) differ from the jets, in showing unbroken
power-law spectra from the radio to the B band.

Image restoration has been used to examine the sub-arcsecond structure of the M87 jet and derive spectral
shapes for various knots free of blending problems. The structure matches that seen in the radio to the 073
level, implying that the jet structure prevents particles from streaming freely over this distance (~ 30 pc).
Significant changes in turnover frequency occur from knot to knot, with an overall trend of higher frequency

closer to the nucleus. Knot A is an exception, with a spectrum like the features near the core.
An Appendix gives results of surface photometry for the program galaxies.
Subject headings: galaxies: individual (M87) — galaxies: jets — galaxies: photometry — quasars —
radiation mechanisms — radio sources: galaxies

I. INTRODUCTION

The radio jets of many active galactic nuclei continue to
pose outstanding astrophysical problems. Their radio emission
is almost certainly dominated by synchrotron radiation, as
seen from energy considerations and polarization properties
(see the review by Bridle and Perley 1984). The jets, on kilo-
parsec scales, are characterized by opening angles of a few
degrees, clumpy structure, and power-law spectral shapes in
the centimeter-wavelength regime, implying a power-law
energy distribution for the radiating electrons. Optical, infra-
red, and ultraviolet observations are in principle of consider-
able value in determining the properties of the electron
distributions at much higher energies (up to GeV), but are
generally quite difficult due to the low surface brightness of
most jets at these wavelengths. The M87 jet is by far the bright-
est and has been measured by many workers (see § IIT). The
optical and IR radiation from this jet roughly continues the
radio power law, with a falloff toward high frequencies suggest-
ing an upper limit or break in the electron energy spectrum.
Similar conclusions are more fragmentary for other objects.
The jet of 3C 273 has multiple components, spatially and spec-
trally distinct, in the optical (Réser and Meisenheimer 1986;
Hayes and Sadun 1987). Optical emission from the jets in 3C
31, 3C 66B, and PKS 0521 — 36 has been reported, matching
the radio structures and at levels consistent with a synchrotron
origin (see § IV). Individual continuum knots have been identi-
fied in the south jet of 3C 277.3 = Coma A (van Breugel et al.
1985).

Attention has also been given to optical emission from “ hot

! Based on observations obtained at Kitt Peak National Observatory and
Cerro Tololo Inter-American Observatory, National Optical Astronomy
Observatories, operated by AURA, Inc., under contract with the National
Science Foundation; at the European Southern Observatory, La Silla, Chile;
and at the Observatorio del Roque de los Muchachos, La Palma, Canary
Islands.
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spots” in the lobes of radio galaxies. They are also expected to
show synchrotron continua; their observation in the optical
has the advantage of not being lost against the starlight near
galactic nuclei such as hampers study of smaller scale jets, since
hot spots occur many kiloparsecs from the nuclei. Several hot
spots have been convincingly identified by position, color, or
polarization. Saslaw, Tyson, and Crane (1978) reported faint
optical objects in four radio hot spots, and later reported an
additional nine (Crane, Tyson, and Saslaw 1983). Most of these
objects are quite faint (V = 23), so further work is difficult. The
same is true of the object in the southwest lobe of 3C 33 report-
ed by Simkin (1978), though dedicated observational efforts
have led to continuum shape, possible broad emission lines,
and polarization measurements for this object (Meisenheimer
and Roser 1986; Simkin 1986). A much brighter, highly pol-
arized object has recently been found in the western hot spot of
Pictor A (Roser and Meisenheimer 1987), in which the contin-
uum is optically well observed, featureless, and flat, forming an
exact continuation of the radio spectrum.

To extend our picture of the high-energy particle content of
jets and hot spots, and to allow a more meaningful comparison
of these classes, deep images have been obtained in several
optical passbands for objects known to show optical radiation,
or for which radio data suggested that the optical continuum
might be detectable with currently available equipment. The
data have been analyzed with particular attention to removal
of the underlying starlight and nuclear light of each galaxy, the
absolute calibration of the data, and in some cases image
reconstruction to slightly increase the effective resolution and
allow measurement of closely spaced features. The contribu-
tion of line emission, where observed, was evaluated and
removed. The continuum shapes measured have been com-
pared to simple synchrotron models and used to derive
maximum electron energies produced in the jets under simple
assumptions about local conditions; regularities among
various objects suggest that characteristic scales are important
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in particle acceleration in kiloparsec-scale jets. In M87, system-
atic variations in the optical continuum slope are seen along
the jet, implying some coupling between local conditions and
position in the source.

An Appendix includes information on the surface brightness
and color profiles of program galaxies, and on their
environments.

II. OBSERVATIONS AND DATA ANALYSIS

a) Galaxy Selection

The primary sample for this program was intended to
include those galaxies which either had known optical jets
corresponding to the radio structures, or have radio morphol-
ogy and surface brightness suggesting that optical continua
might be observable. In the first category are M87, 3C 31 and
3C 66B (Butcher, van Breugel, and Miley 1980), 3C
277.3 = Coma A (van Breugel et al. 1985), 3C 273, and PKS
0521—36 (e.g., Keel 1986). Objects of the second kind were
found by examining radio maps of galaxies listed by Bridle and
Perley (1984) as having probable radio jets. Several of these
had in fact been observed by Butcher, van Breugel, and Miley
(1980) with negative results, but instrumental improvements
warranted a new examination. The criteria for inclusion of a
radio galaxy (or low-redshift QSO) were roughly

1. apparent jet length in the range 4"-10",

2. redshift below about 0.1, and

3. jet flux greater than about 0.2 Jy at 5 GHz.

Time constraints prevented observation of all objects in
these categories. A few others (Cen A, Pic A) were observed
primarily for different purposes and the data analyzed for this
study. Overall properties of the galaxies (and two quasars)
actually observed appear in Table 1. Further details on indi-
vidual systems appear in § IV.

Galactic reddening for each system was estimated following
Burstein and Heiles (1984); for several objects it is negligible.
Magnitudes quoted in the tables are as observed; flux densities
(mJy) shown in the figures and used in model fitting have been
corrected for galactic reddening.

b) Images
Images in a variety of passbands were obtained for the
objects in Table 1, using CCD cameras at several observa-
tories. Since the structure in any synchrotron spectrum occurs
only over a very broad frequency range, the full wavelength
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baseline from B to I was normally observed (few CCDs being
sufficiently sensitive at shorter wavelengths); in a few cases,
Gunn z, at about 0.95 um, is available as well. The relatively
high quantum efficiency of CCDs, their stability, and linearity
are all important for this application, since jets generally
appear as “perturbations” on galaxy isophotes at levels below
1%. Table 2 lists the individual observations analyzed here.
Each telescope is identified by its aperture in meters; the
properties of CCDs used at various observatories are com-
pared in Table 3.

The KPNO 2.1 m data, taken with a TI CCD having 15 um
(072) pixels, are particularly suited for objects in which careful
allowance for seeing or blending, or deconvolution of seeing
effects, are important. The seeing at Kitt Peak was generally
170-173 FWHM. Filters at KPNO and CTIO were Mould
BVRI sets; a few images through 70 A FWHM filters centered
on emission-line wavelengths were used to measure the contri-
bution of [O mr] A5007 or Ha + [N 1] 146548, 6583 when
emission lines were suspected.

The CTIO I images suffer from relatively severe fringing due
to strong, time-variable night-sky OH emission. Its effects on
the image of PKS 0521 — 36 were reduced by taking a sequence
of exposures with the telescope moved slightly in between, and
adding reduced images in a coordinate system fixed on the sky.
Bias-subtraction and flat fielding were normal; care was taken
to keep statistical errors in the flat field frames well below 1%
per pixel.

¢) Galaxy Subtraction and Jet Measurement

For most of these objects, measurement of optical fluxes for
the jets requires very accurate modeling and subtraction of the
galaxy light distribution. Theoretical light profiles (Butcher,
van Breugel, and Miley 1980) and reflection of the observed
galaxy (Keel 1986) have been used for this; each suffers from
disadvantages. As Cayette and Sol (1987) point out, the latter
procedure can degrade the jet signal-to-noise ratio by a factor
of 2!/2 per pixel, and some kind of galaxy modeling is prefer-
able. Such an approach has been used here, based on the
GRASP (or GASP) surface-photometry software, written by
M. Cawson, as extended by R. Jedrzewski and further by M.
Franx and the author. The profile-determining routine of this
system fits ellipses to the isophotes at various major axis radii,
and the whole family of ellipses so generated is taken as a
model of the galaxy profile, a fuller description is given by

TABLE 1

PROPERTIES OF PROGRAM GALAXIES

Galaxy Designation Redshift B(t) Notes
M87 .. 1228 + 12 0.004 9.6 NGC 4486
PKS ... 0521 — 36 0.055 154 BL Lac nucleus
3C31 oo 0104 + 32 0.0163 13.1
3C66B .....c.enennennt 0220 + 42 0.0215 13.8
3C219 ciiiiiiiiininn 0917 + 45 0.1744 18.0
3C273 i, 1226 + 02 0.158 12.8 Quasar
3C2773 ol 1251 + 27 0.0857 16.7 Coma A
3C296 ..ooiiiinnnnn 1414 + 11 0.0237 13.1 NGC 5532
3C303 ...l 1441 + 52 0.1410 17.5 Optical hot spot
3C449 ...l 2229 + 39 0.0171 140 Twin-jet source
NGC 6251 ............ 1638 + 82 0.0234 14.8
B2 1321 + 31 0.0161 14.6
Pictor A ............... 0518 — 45 0.0350 16.5
PKS ... 0812 + 02 0.402 18.5 Quasar, 4C 02.23
CenA ... 1322 — 42 0.001 8.0 NGC 5128
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TABLE 2
JOURNAL OF OBSERVATIONS

Object Telescope Passband Exposure (min) U.T. Date Remarks
M87 ... 2.1 B 20 1985 May 23 Clouds
| 4 10 1985 May 23 Clouds?
R 10 1985 May 23
I 10 1985 May 23
22 14 15 1986 Apr 7 Large airmass
z 5 1986 Apr 7 Large airmass
3C31 e, 2.1* 14 16 1986 Sep 26 Clouds
R 16 1986 Sep 26 Clouds
3C66B ................ 2.1* 14 16 1986 Sep 26 Clouds
R 16 1986 Sep 26 Clouds
25 B 45 1987 Feb 23
3C219 i, 2.1 B 40 1985 May 25
R 25 1985 May 25
3C273 L 2.1 B 12 1985 May 23
14 20 1985 May 25
R 25 1985 May 25
1 17 1985 May 27
3C2773 ..l 21 B 40 1985 May 24
(Coma A) 14 20 1985 May 24
R 20 1985 May 24
1 25 1985 May 24
A7146 35 1985 May 24 Ha + [N 1]
3C29 .....oennnnnl. 2.1 B 60 1985 May 25
R 25 1985 May 25
3C303 ....oeeeninall. 21 B 40 1985 May 24
vV 20 1985 May 24
R 20 1985 May 24
1 25 1985 May 24
3C449 ol 2.1 B 60 1985 May 25
NGC 5127 ............ 2.1 B 30 1985 May 23
(B2 1321 + 21) 14 30 1985 May 23
NGC 5128 ............ 15 B 10 1986 Apr 16
(Cen A) |4 6 1986 Apr 16
R 5 1986 Apr 16
1 5 1986 Apr 16
246563 15 1986 Apr 16
22 vV 10 1986 Apr 17
z 20 1986 Apr 17
NGC 6251 ............ 2.1 B 60 1985 May 23
B 60 1985 May 24
|4 40 1985 May 23
R 40 1985 May 28
PKS 052136 ........ 40 B 10 1983 Sep 29
|4 8 1983 Sep 29
36 R "3 1986 Apr 4
1.5 R 20 1986 Apr 14
1 20 1986 Apr 14 2 x 10 min
I 20 1986 Apr 16 4 x 5 min
PKS 0821 + 02 ....... 1.5 B 10 1986 Apr 14
A7007 30 1986 Apr 14 [O m1]
Pictor A ............... 1.5 |4 15 1986 Apr 15
R 15 1986 Apr 15
TABLE 3

IMAGING CONFIGURATIONS

Telescope Scale Readout Noise
Aperture (m) Observatory CCD. Format ("per pixel) (electrons) Filters
CTIO RCA#55 354 x 512 0.54 40 BVRI, Ha
KPNO TI#2" 800 x 800 0.19 16 BVRI, Ha
KPNO RCA#1 320 x 512 0.38 75 VR
ESO RCA 320 x 512 0.35 40 VRIZ
INT, La Palma  RCA 320 x 512 0.83 63 B
ESO RCA 320 x 512 0.675 45 R
CTIO RCA 320 x 512 0.60 90 BV
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Davis et al. (1985). Portions of each image affected by blem-
ishes, stars, other galaxies, globular clusters (in M87), or
expected jet emission were excluded from the regions to be
fitted in some cases iteratively. Once a satisfactory profile
(consisting of a set of intensity values; semimajor axes, ellip-
ticities, position angles, and center coordinates) had been fitted
to each image, a model galaxy image was generated by inter-
polation between these (using the RISIMGAL routine by
Jedrzewski). A slight modification of the program was needed
to correct the interpolation of position angle in nearly round
galaxies where the formal P.A. swings by 180° between suc-
cessive isophotes, but in which the real P.A. has changed by
only a few degrees. The model was then subtracted from the
data, leaving a residual image including stars, faint galaxies,
and in many cases emission from the jets. If objects appeared in
the difference frames that might affect isophote measurement
and had not been apparent in the original data (due to strong
galaxy background), a new mask was generated and the image
remeasured.

Most galaxies were measured with a starting isophote radius
of one pixel, increasing by a factor of 1.1 per step. Measure-
ment proceeded until less than half an isophote was included in
the data, or the intensity per pixel dropped below two image
counts (ADUs) above the sky background. Program limi-
tations allowed only a 512 x 512 area to be treated at once;
larger data frames were either binned 2 x 2 or the central por-
tions alone measured (or both). For the largest galaxies, the
background found from the edge regions will not be actual
blank sky, but contain a contribution from the outer parts of
the galaxies. This does not affect measurement of the jet emis-
sion, but certain surface-photometry results (Appendix A) have
been corrected using other data in order to reduce the bias so
introduced.

Several of the program galaxies have isophotes that are sig-
nificantly “boxy” in the region of interest. It has in fact been
suggested (Bender and Mollenhoff 1987) that boxy isophotes
and strong radio emission are statistically connected. The
residuals from a simple elliptical fit are as much as a few
percent of the original intensity in the worst cases, seriously
reducing the detectability of faint features (particularly in NGC
6251, in which a corner of the “box” is aligned with the jet).
This was treated by measuring the best-fitting constants in the
expression for residuals from an elliptical model

I(®) = I, + A cos 4O — ©,), )

evaluated on a circle about the center of each galaxy. The
amplitude changes slowly enough with radius that the refine-
ment of tracing these points along the elliptical isophotes was
unnecessary. This fit was performed with masking of stars and
jets, represented as azimuthal sectors.

This two-step modeling was very successful in removing the
galaxy light from the data. In galaxies without very strong
boxiness, the residual noise after model subtraction was as
expected for Poisson noise from the original intensity level for
each point in the image. Some detectable systematic residuals
from boxy isophotes appear in the “boxiest ” systems, such as
3C 296, indicating that the simple fourth-order treatment here
is not entirely correct, though adequate for these purposes.
Figure 1 (Plate 13) is a high-contrast display of M87, showing
the high accuracy to which galaxy light is removed (to better
than 0.1% in the inner parts). Figure 2 (Plate 14) shows images
of 3C 66B and NGC 6251 in which jet emission appears.

Figure 3 (Plate 15) shows the knots in Coma A and 3C 303
(which did not require galaxy subtraction).

The GRASP routines deal only with integer data. In a few
instances, involving the outer parts of galaxies observed with a
low-noise chip, this leads to a residual image showing slight
ripples (since the areas concerned cover many pixels, sub-ADU
changes may be discerned). This was countered, where needed,
by scaling the data by a factor 10 before measurement.

Wherever possible, a star image near each galaxy was mea-
sured to provide an estimate of the point-spread function
(PSF). This was usually measured after subtracting the galaxy
background. Thus, the seeing profile is accurately known for
each image; this is particularly important for cases in which
marginally resolved substructure is present, as well as for
evaluation of the surface photometry in distant systems.

Having obtained images of radio jets free of contamination
by the galaxies’ starlight (except for increased Poisson noise),
and with the PSF well determined, several strategies are avail-
able for measuring the optical intensity of a jet. Straightfor-
ward photometry—summing detected counts in a circle, box,
or more specific shape—suffices for the brightest objects in the
sample, the errors being dominated by uncertainties in the
photometric zero points. For fainter objects more elaborate
processing may be required.

As a first step in detecting emission with intensities below the
pixel-to-pixel background noise, the well-sampled TI2 images
were convolved with a Gaussian somewhat smaller than the
seeing disk (for example, 077 FWHM in 1”0 seeing). This gain
(a factor 3—4 in limiting surface brightness) is enough to show,
for example, the brightest knot in the jet of NGC 6251. In these
cases, the optical detections stand on their own, and measure-
ment is again rather straightforward, with some guidance from
the radio data.

Some galaxies show no optical emission from the jets even
after smoothing. Limits in these cases were derived from
smoothed residual images, in the regions of strongest radio
emission.

d) Calibration

On photometric nights, the magnitude (flux) scale was set by
observations of standard stars from the list of Christian et al.
(1985). Mean extinction coefficients were used due to the
usually small airmass range for standards. For objects
observed through clouds, and for some others as a check, the
zero points were set by comparison with aperture photometry
or published surface photometry. Aperture photometry was
taken from the compilation by Longo and de Vaucouleurs
(1983), as well as new UBVRI observations obtained in 1987
February with the 1 m Kapteyn telescope on La Palma (Table
4). Note that published magnitudes scatter by about 0.05 even
in bright galaxies at a given aperture size, perhaps due to
uncertainties in exact aperture diameter or centering, so that a
large number of measures may be needed for accurate com-
parison with CCD data. Surface photometry was taken from
the work of Davis et al. (1985) for M87 and Young et al. (1979)
for NGC 6251, with a mean correction from r to R magnitudes.
For data taken under photometric conditions the zero-point
difference between the present data and published surface pho-
tometry is within the errors set by uncertainty in the exact
image scale for the new images (about 4% in surface bright-
ness, not applicable to total intensities of objects).

For conversion of the BVRI data into energy units (flux
densities), the zero points given by Johnson (1966) were used.
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TABLE 4
PHOTOELECTRIC APERTURE PHOTOMETRY

Aperture
Galaxy ) |4 B-V U-B V—R V—-I
3C66B ........... 21 14.01 1.03 0.63 0.69 0.83
+0.02 0.02 0.03 0.01 0.03
Coma A .......... 14 16.64 1.14 0.70 0.54 1.22
+0.05 0.02 0.05 0.05 0.04

Vol. 329

The mean wavelengths quoted for jet emission incorporate the
actual filter and CCD responses, the measured spectral shape
of the jet when seen, and the galaxy redshift (all are quoted in
the galaxies’ rest frames). In some cases, the absolute cali-
bration uncertainty limits the detail with which models may be
fitted to the broad-band data.

e) Image Restoration

The MB87 jet images indicate that there is important struc-
ture at and just below the seeing scale, as is seen in the radio
(Biretta, Owen, and Hardee 1983). The complex radio structure
suggested that some level of modeling would be required to
evaluate the spectral shapes of even the most prominent knots
in the jet. The radio structure and the present results also imply
that modeling as a sum of point sources or Gaussians con-
volved with seeing is probably inadequate for these purposes.
Hence, a direct determination of the sub-arcsecond optical
structure was sought.

Data of high signal-to-noise ratio, if well-enough sampled
across the seeing profile and within the detector’s linear range,
can in principle be processed in several ways to yield a modest
(factor 2) increase in linear resolution, at the expense of local
noise. Several algorithms are available for this. Maximum-
entropy reconstruction (recently reviewed by Narayan and
Nityananda 1986) is appealing from an information-theoretic
standpoint but has serious drawbacks in measuring colors of
small regions; resolution in the restored image is a function of
input intensity level, and the flux of image subsections is not
conserved. Similar objections apply to the pixel-compensation
techniques applied to images of M87 by Lorre and Nieto
(1984). I have instead used a modified form of the CLEAN
algorithm often used to remove sidelobes in radio aperture-
synthesis maps (see Clark 1980). The method proceeds by sub-
tracting scaled versions of the PSF from successive peaks in the
residual image, for as long as significant flux remains to be
accounted for. This yields a model of the image as a set of point
sources (one per pixel in the limit of an extended source),
usually convolved with a “restoring beam ” of known proper-
ties before analysis.

Minor modifications to the standard CLEAN are needed for
efficient work on optical images. The noise in aperture-
synthesis maps is fundamentally in the Fourier domain, while
in optical images it exists in the image plane. Thus there is
structure due to pixel-to-pixel Poisson noise on scales finer
than could be produced by any positive image after convolu-
tion with the PSF. Normal application of CLEAN, upon
encountering the highest noise peak, will generate pairs of
increasingly positive and negative components to match this
spurious fine-scale structure, to the exclusion of anything else
in the image. An acceptable remedy, suggested by conversa-
tions with W. Jaffe, is smoothing the current residual image
before finding the peak value for PSF subtraction. In practice,

a smoothing size close to the seeing-profile FWHM was found
suitable. This reduced “noise-locking” sufficiently to allow
cleaning to less than 1% of the jet’s peak intensity, and until
the total flux found by CLEAN converged.

Evaluation of a proper PSF was complicated by the lack of
bright stars (above magnitude 21 at V) near M87. The bright-
est object within 1.2, at V = 21, is resolved at the 0”5 level and
is perhaps a member of the background cluster of galaxies
found by Huchra and Brodie (1984) at z = 0.086, or an even
more distant object. Genuine globular clusters in the field,
while certainly unresolved enough for a measurement of the
PSF, are all too faint for even a parameterized determination.
The PSF was finally taken from stars in the nearby 3C 273 field
observed immediately after M87. Tests were made using
CLEAN and the PSF scaled by 10% up and down in size, to
see whether seeing changes would have important effects on
the results. None of the conclusions here depends critically on
the parameters of particular CLEAN runs or on the PSF size
to within 10%; the latter is due to the effective resolution limit
of 0”4 set by the 0”2 pixels.

The efficacy of this technique may be judged from Figure 4
(Plate 16), which compares observed and cleaned B-band
images of the M87 jet, together with a star image. The optical
structure matches that seen at 2 cm (Biretta, Owen, and
Hardee 1983) very well indeed; the structure must match at
better than the 074 level to achieve this detailed agreement.
Similar processing was done for the V, R, and I images; the
same structures could be identified in each case, and fluxes
were measured for exactly matching regions in each cleaned
image. The final signal-to-noise ratios in each passband are
similar, since the exposure times were chosen to give similar
numbers of total counts in the jet. Further analysis of these
data appears in § I11.

f) Spectroscopy

It is important to verify that the objects studied are in fact
continuum sources, without unrecognized strong line emission
that could compromise broad-band measurements. This has
been done in detail for the M87 jet (see § I11a), and sufficiently
for 3C 273 to confirm that no strong lines are present. I have
examined the jet of PKS 0521 — 36 spectroscopically, confirm-
ing its continuum nature and the steep slope found from
images.

The ESO faint object spectrograph and camera (EFOSC;
D’Odorico and Dekker 1986) was used at the 3.6 m telescope.
A total of 30 minutes exposure was obtained, covering the
range 3800-7000 A with useful sensitivity. The slit was aligned
along the jet in P.A. 302°, 35° from the zenith direction. Over
the air mass range covered by the observations, the mean com-
ponent of atmospheric dispersion between 3800 and 7000 A
perpendicular to the slit was only 0765 (following Filippenko
1982). For a 175 slit centered on the jet, this will have notice-
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able effects only at the extreme blue end of the spectrum. Flux
calibration used the standard stars Feige 56 and LTT 7987 at
similar zenith distances.

Scattered light from the nucleus and underlying starlight
were removed by reflecting the spectrum about the central
continuum source. The residual light at the jet position is quite
weak in comparison with the nucleus, but at the correct level
obtained from image analysis (Fig. 5). The spectrum of the
whole jet, smoothed, is shown in Figure 6. The slope of the
continuum is consistent with determinations from images, and
no believable spectral features are present. The red knot at the
tip (Danziger et al. 1979; Keel 1986) was detected as a contin-
uum source longward of about 6000 A, but no stronger state-
ment is possible from these data. Because of uncertainties in
the (large) scattered-light correction, no separation between
the inner strong knot and the rest of the jet is presented.

Higher resolution observations of the 3C 66B jet in the Ha
region were conducted at the KPNO 4 m, with a TI CCD on
the Ritchey-Chrétien spectrograph. An exposure of 3000 s
duration at a resolution of 2.5 1{) was obtained. From these
data it is clear that emission in lines from 6300 to 6800 A is not
a significant contribution to the jet flux in this passband, so
this jet is also a (pure) continuum source.

III. SPECTRAL CHANGES ALONG THE M87 JET

a) Previous Work

The jet of M87 has long been known to shine primarily by
synchrotron radiation. Its overall optical spectrum is contin-

EXTRAGALACTIC RADIO JETS
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uous (Baade and Minkowski 1954; Sulentic, Arp, and Lorre
1979; Keel 1984), and the knots show high polarization (Baade
1956; Schmidt, Peterson, and Beaver 1978). The optical and
UV spectral shape is certainly close to a power law, but is
clearly steeper than that observed at centimeter wavelengths
(Pronik, Pronik, and Chuvaev 1968; Perola and Tarenghi
1980). A spectral break has been inferred at various wave-
lengths between 0.3 and 1.0 yum (Kinman, Grasdalen, and
Rieke 1974; Stocke, Rieke, and Lebofsky 1981; Keel 1984),
which must be similar for all parts of the jet whatever its exact
value. The differences among spectral slopes determined in
various ways have been uncomfortably large, most likely due
to the strong background light against which the jet is seen.

The jet structure at the 1” scale is dominated by a series of
small knots, with at most weak evidence for continuous emis-
sion between them (de Vaucouleurs, Angione, and Fraser 1968;
de Vaucouleurs and Nieto 1979; Arp and Lorre 1976; Nieto
and Leievre 1982; Lorre and Nieto 1984). The morphology in
the optical matches that seen with similar resolution in the
radio, suggesting a dominant role for magnetic field configu-
ration in producing the observed structure (Nieto and Lelievre
1982; Shklovskii 1984; Keel 1984; Lorre and Nieto 1984; see
§ Ilc).

There have been several reports of variability in flux or
polarization of individual knots, or of the jet as a whole
(Pronik and Shcherbalov 1972; Sulentic, Arp, and Lorre 1979;
Warren-Smith, King, and Scarrott 1984). The complex struc-
ture of the jet and the resulting interplay with resolution effects
make such measurements difficult, if potentially important.
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FiG. 5—EFOSC spectra of the nucleus and jet of PKS 0521 — 36, shown on a common scale. Scattered nuclear light and galaxy background have been removed

at the jet position by assuming symmetry along the slit.
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FI1G. 6—EFOSC spectrum of the jet of PKS 0521 — 36, smoothed with a 125 A rectangular filter and shown as flux per unit frequency. The steep continuum
matches that seen from multicolor imaging; no significant spectral features are present.

Several important uncertainties remain from these studies—
in particular, just what is the shape of the optical continuum,
and does this change along the jet? While M87 will certainly be
an early Space Telescope target, techniques are now available
allowing a more precise set of measures than hitherto reported.
Particular care was given to the M87 jet in this study, in an
effort to resolve some of the discrepancies among earlier
studies.

b) Deconvolved Images and Knot Measurements

The galaxy-removal procedure used here allows a direct
evaluation of how accurately starlight has been removed from
the jet, which has been a major potential source of error in
many studies. As may be seen from Figure 1, any residual
galaxy light near the jet must be very small; it cannot system-
atically exceed 0.1% of the original intensity near the nucleus.

NUC E 3

-==1

D-
23 |
111

N a

-
]
|

The complexity of the radio structure seen at high resolution
(Biretta, Owen, and Hardee 1983) suggested that modeling
with a small set of symmetric components would be mislead-
ing, so the CLEAN approach described in § Ile was adopted.
This is in essence a modeling procedure driven to whatever
complexity is supported by the data. The close resemblance
between the results (Fig. 4) and Figure 1 of Biretta, Owen, and
Hardee indicates that the reconstruction is accurate.

Features in the jet were identified from the optical images
(the same ones could be seen in each passband), and fluxes
measured in each image by integration over the regions of
pixels matching in position and area for each image. The mea-
sured features are identified in Figure 7, and the measurements
listed in Table 5. The error estimates reflect Poisson errors
from the jet knots and original background levels, and binning
errors (i.e., half-pixel positional uncertainties from image to
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FiG. 7—Contour display of cleaned M87 jet data, showing nomenclature and subdivisions of knots
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TABLE 5
OPTICAL FLUXES OF FEATURES IN THE M87 JET

FLux (mly)
FEATURE
Jy) B |4 R 1 6 cm (Jy)

A 0.96 + 4 1.08 + 125+3 148 + 4 1.72
B i, 044 +2 0.59 + 074 + 6 0.80 + 2 1.44
B i 008 + 1 0.07 + 0.06 + 1 0.06 + 1 (0.49)
C ol 030+1 040 +2 045+2 059 +2 1.20
D, o 0022+ 1 0.036 + 3 0.039 + 4
Dy vt 0.053 +2 0.057 + 3 0.060 + 3 0.097 + 2

Dy oo 0.025 + 1 0.028 + 1 0.029 +1 0040 + 1
D . 0.100 + 3 0.121 +2 0.127 £ 5 (0.182) + 3 0.22
E, coieii. 0.056 + 2 0.040 + 1 0045+ 1 0.060 + 1
E, cooiiiiii, 0019 +1 0032 +1 0035+ 3 0032 +1

) 0.065 + 2 0073 +2 0.081 +4 0092 + 1 0.13
Fy i 0.097 + 4 0.104 + 10 0132+2 0.164 + 2

| 0027 +1 0032 +2 0.050 + 1 0.046 + 1
F oo 0.124 + 4 0.136 + 4 0.182+2 0210 +2 0.27
“Tail” ............ 0.069 + 3 0.074 + 2 0.112+3 0104 + 1 0.84:
Total ............. 1.96 2.40 2.81 342 5.82

Errors are in units of the final significant figure listed.

image). Similar measurements are also listed at 6 cm, from a
0”4 resolution map provided by F. Owen.

As found by other workers (§ IIla), the spectra are all very
nearly power laws. The present data are plotted in Figure 8,
with indication of the levels expected by extrapolation of the
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F1G. 8.—Spectra of individual knots in the M87 jet. The curves represent
the best-fitting truncated synchrotron spectra, as in Table 7.

radio continua. All knots have steeper optical than radio
spectra; several show curvature in the optical.

A new result of this analysis is that the spectra of various
knots are not exactly identical—there are significant changes
along the jet. This is shown in Fig. 9, in which the mean optical
spectral index (ignoring curvature for now) is plotted as a func-
tion of distance from the nucleus. The optical index steepens by
about Ax = 0.3 going from the nucleus to the tip of the
(optical) jet, with breaks in this trend being knots A and E,
which return to the slope seen near the nucleus. Only the high-
energy part of the spectrum changes; the low-frequency index,
determined between 6 cm and 0.8 ym, is in the range
—0.65 + 0.02 for all the knots. Comparison with synchrotron
models (§ V) indicates that this is a change in cutoff frequency
of the most energetic electrons, so either their energy or the
local field strength is changing. It is, in any case, evidence of a
connection between local (particle-acceleration) and global
(position within the source) properties of the jet material. There
are differences in the particle populations of otherwise similar
regions at different locations in the jet.

The optical spectral-index changes along the jet bracket the
range reported in the literature for the entire jet; different
weightings along the jet may account for part of the scatter in
published values.

¢) Optical Structure

As has been noted by several workers (§ IIla), the close
match of the jet structure (knot positions, sizes, shapes) as seen
at various wavelengths sets strong limits on how far the radi-
ating electrons actually stream freely, either due to radiative
losses or to tangled field structure which constrains the par-
ticles to more nearly closed paths. The most stringent limits
have been set for the knot A region, for which the image resto-
ration at U and B by Lorre and Nieto (1984) implies a match of
2 cm and 0.4 um structure at the 0”2 level. The present work
extends this conclusion, at lower resolution, to the whole jet,
especially the inner knots (D-I). Their structure, throughout
the optical range, matches that at 2 cm at an effective
resolution of 074, so 0”3 is a conservative upper limit to any
possible differential lifetime effect. For a distance of 20 Mpc,
073 corresponds to 30 pc. The synchrotron lifetime for par-
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ticles radiating with a peak frequency v in an effective field B,
is (following Tucker 1975)

T = 1012y~ 12B =32 g ?)

for v in Hz and B, in gauss. The lifetime of particles mainly
responsible for radiation at 6 cm and at the B band differ by a
factor ~400. The observations require either that the radio-
emitting particles’ streaming distance (lifetime x sin pitch
angle x ¢) be less than 30 pc, that the field in the detected
regions is so tangled that the particles cannot move in straight
lines for such distances, or that the field strength is so inhomo-
geneous on small scales that particles can actually escape the
radiating volume before losing most of their energy. The last
alternative is unlikely, due to the strong coupling (small
gyroradius) of these electrons to the field structure.

The 2 cm data suggest that the equipartition field may be
rather high, with only a few percent of the enclosed jet volume
actually radiating. Even so, the weak dependence of equi-
partition field intensity B(eq) on radiating volume gives, for
example, B(eq) =5 x 10™* gauss for knot D, with a filling
factor 0.01. This implies a lifetime for the highest energy par-
ticles seen optically (v,.,, ~ 10'° Hz) of slightly under 100 yr,
for a streaming length of 30 pc. Thus the highest energy par-
ticles might (just) be free to move linearly along smooth field
lines, but not those seen in the radio. The presence of very
small-scale structure dominating the radio emission (F. N.
Owen and P. E. Hardee, private communication) clearly sug-
gests typical field strengths a few times higher than previously
assumed, but unrealistically large fields (~0.05 gauss) would
be required to remove the need for magnetic channeling of
particles within the knots. Space Telescope observations may
show whether any differential-lifetime effects are present, thus
measuring characteristic scales for structure in the magnetic
field.

IV. OTHER JETS: INTEGRATED PROPERTIES
a) New Measurements

Several additional jets were detected in this study; these are
described individually here, and the measurements sum-
marized in Table 6. Notes are also given for objects not
detected.

PKS 0521 —36—The jet structure here is comparable to
that in M87, though both larger and more luminous. Optical
observations (Keel 1986; Cayatte and Sol 1987) have shown
that the optical continuum is steep (« = —2 near 5000 A) and
has either a spectral break or continuous turnover. Merging
the new data with those previously published shows a gradual
steepening perhaps better described as a turnover than as a
discrete break (Fig. 10). The listed B and V values are from
earlier analysis (Keel 1986), as GRASP does not model ade-
quately the strong gradients found near a very bright point
source, when relatively large pixels are used. For the same
reason, the new I measurement pertains only to the jet outside
the knot 176 from the core. An approximate correction could
be made for the knot, based on its fractional contribution to
the jet at B, V, and 2 cm; the estimated total flux at I is also
listed in Table 6. There is a gradient in 2 cm~0.4 ym spectral
index along the jet, but the optical data by themselves are not
yet sufficient to show whether this represents a shift in turnover
frequency as is seen in M87; this may well be, since the sense of
the gradient and its amplitude are similar in both cases.

The spectroscopic data are plotted along with broad-band
imaging results in Figure 10. The agreement is as close as
might be expected, given the problem of scattered light from
the brilliant nucleus. Observations farther to the UV will be
important in specifying the full behavior of the synchrotron
spectrum.

NGC 6251—The radio jet in this galaxy is well-studied,
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TABLE 6
INTEGRATED JET FLUXES

Object Band  A(w) fudy) Magnitude Notes
PKS 0521-36 ........ B 0.43 38 20.16 From Keel 1986
|4 0.55 60 19.51 From Keel 1986
1 0.77 86 18.63 Includes 40% assumed knot contribution
3C66B ................ B 0.44 13.6 21.28
vV 0.55 21.5 20.62
R 0.67 36 19.81
Coma A ............... B 0.41 13 21.38
(both knots) |4 0.51 16 +6 209 Strong emission lines
R 0.61 18 20.58
I 0.83 26 19.94
K 2.03 143 From P. Allan
NGC 6251 ............ B 045 17405 238 + 04
(brightest knot) vV 0.56 35 225
R 0.68 8.0 21.43
3C303 ...ooieninen. B 0.39 55+05 2225
(hot spot) 14 0.48 6.6 2191
I 0.79 9.1 21.06
3C273 i B 0.39 149 21.24 r=12"0-17"2
(inner) |4 0.49 9.5 21.51
R 0.59 16.5 20.66
I 0.73 359 19.58
(outer) .............. B 0.39 11.1 21.43 r=17"2-21"6
vV 0.49 13.5 21.12
R 0.59 19.0 20.50
1 0.73 442 19.35
(hot spot) ........... B 0.41 <03: =25.6 r=21"6-23"4
| 4 0.50 1.1 23.83
R 0.59 6.1 21.74
I 0.73 9.6 21.01

NoTEs—4 is in the objects’ emitted frame.

Magnitudes are as observed, without galactic reddening correction; flux densities have been corrected. Photometric errors

are taken to be in the range of 5%—7% unless otherwise noted.

being nearly straight on scales from 2 mas to 5 arcmin (a
projected range of 1 pc to 1 Mpc, for H, = 100). A weak
counterjet is seen (Jones et al. 1986). The main jet is knotty, but
preserves a conelike envelope of typical opening angle 3°
(Saunders et al. 1981; Perley, Bridle, and Willis 1984). Optical
observations have shown a “light cusp ” similar to that in M87,
possibly due to a central mass concentration (Young et al.
1979), and evidence for a small-scale dust lane (Nieto et al.
1983). No clear detection of the jet has been reported.

The data taken here allow the recognition of excess light in
B, V, and R at the position of the strongest feature in the map
shown by Perley, Bridle, and Willis (1984), as seen in Figure 2.
The emission matches the radio knot in size and has optical
fluxes and continuum slope comparable to those expected by
analogy with other optically detected jets. The continuum
shape (see Table 6 and Fig. 10) is again steeper than seen in
M387, perhaps indicating a lower frequency spectral turnover.

Coma A = 3C 277.3—The possible coincidence of optical
emission with a knot in the radio jet was noted by Goodson,
Palimaka, and Bridle (1979). More detailed radio and optical
investigations by Miley et al. (1981) and van Breugel et al.
(1985) indicated that two optical emission regions are present
in the jet, with both continuum and line emission; polarization
implies that the continuum is primarily of synchrotron origin.

The continuum emission here is concentrated into a small
area (Fig. 2); it is not completely clear whether one or two
optical knots are present. These data show a slight offset
between continuum and emission-line peaks, with a hint that
the emission-line knots are larger.

The presence of emission lines was corrected both by the
Ha + [N 1] image and via the emission-line strengths present-
ed by van Breugel et al. (1985). The V band contribution of line
emission is especially large, since at z = 0.086 the [O n1] 5007
line falls close to the center of the passband; R and I are
relatively clean, since the Ho and [N 1] lines fall in the gap
between the two as defined by the Mould filters, at about
7125 A. The 17146 image indicates that the emission lines (but
not the continuum) are more extended than the apertures used
for the measurements by van Breugel et al. (1985). The assump-
tion was made that the [O ni] and Ha structures are similar.
On these grounds, the measured fluxes have been multiplied by
0.95, 0.65, 0.45, and 1.0 (at B, V, R, and I) to correct for line
emission; the V flux is thus of relatively low weight. The
remaining continuum is close to a power law, somewhat
steeper than seen in the radio (van Breugel et al. 1985). Table 6
includes a 2.2 um measurement from UKIRT kindly commu-
nicated by P. Allan, taken with a 7” aperture. The interpreta-
tion of the overall spectrum is complicated by the presence of
two radio knots with different spectral indices, very close to the
optical centroid.

3C 66B—Radio maps from Westerbork (van Breugel 1982)
and the VLA (Leahy, Jigers, and Pooley 1986) show very
extended two-sided structure, with a strong (knotty) jet to the
northeast. The strongest knot appears 2”5 from the core.
Optical detection of several of the knots in the B band was
reported by Butcher, van Breugel, and Miley (1980), who sug-
gested from the B-to-radio ratio that this represents synchro-
tron radiation. The present results are in accord with this
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F1G. 10.—Integrated spectral energy distributions of five jets and the 3C 303 hot spot, with best-fit truncated synchrotron models (Table 7). For the steepest
spectra, the fits are only approximate because finite-passband effects can become important.

interpretation, and similar to other jets; the optical continuum
is steeper than the radio, and the flux level indicates that a
turnover has occurred in the near-infrared.

The coarse scale of the 3C 66B images here does not allow a
clear detection of the innermost knot, though the jet is well
seen farther out (Fig. 2). In all three bands, an additional,
diffuse region is found partially projected against the jet, from
6?5 to 12”5 E and 276 to 8”5 N of the nucleus. Its nature is
unclear; there is no corresponding structure in published radio
maps. The total ¥ magnitude of this feature is about 22.0. The
fluxes in Table 6 and Figure 10 refer to the whole jet from 2” to
10” from the nucleus; these images do not allow a clear divi-
sion into knots. The optical spectral index is « = —2.38; the
three data points are internally consistent with a single power
law, but the radio flux level clearly implies an intervening turn-
over.

3C 303 —This distant radio galaxy was reported to show an
optical object coincident with a radio hot spot by Kronberg et
al. (1977), who found the optical spectrum to be devoid of
strong emission features. The field contains another UV-excess
object, a QSO at z = 1.57. The optical counterpart of the hot
spot itself is resolved, in the same sense as the radio structure—
elongation along the line toward the nucleus (Fig. 3). The
optical slope of the spectrum is quite flat (« = —0.6), neatly
continuing the radio spectrum. This is in contrast to the situ-
ation in jets proper, and more like the case in Pictor A (Roser
and Meisenheimer 1987). No R measurement is given, as poor
seeing for this frame resulted in significant overlap of the QSO
and hot spot images.

3C 273—From multicolor photopolarimetry, Roser and
Meisenheimer (1986) identify three distinct parts of the optical
jet: the radio hot spot, seen only longward of R with a turnover
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frequency ~7 x 10!3 Hz; a nearby optical knot with spectrum
close to v™!; and a “plateau” inward of this in which an
unpolarized component (thus additional to the radio synchro-
tron continuum) must be present. Small extensions of various
colors are also present.

These data also suggest a division of the optical jet into three
spatial components: a very red tip (the radio hot spot) and
“inner ” and “outer ” regions of the jet itself, divided at a local
minimum in B and V 1772 from the core. The tip shows a
steeply falling spectrum while both jet regions show excess
light at B (and perhaps V) superposed on a redder continuum
(shape close to v™!), as shown in Figure 10. The spectral fits
shown account only for this redder continuum; the blue light is
dominated by a different, unspecified mechanism.

The results here are in reasonable accord with those of Roser
and Meisenheimer, and the recently published measurements
by Hayes and Sadun (1987), and add to the evidence that
additional optical-radiation mechanisms are active in this
object which have not yet been found in other optical jets. The
radio hot spot alone behaves much like jet emission in other
objects, with a strong cutoff in the near-IR. The optical knot,
by contrast, seems more like some other radio hot spots, with a
fairly constant spectral index and evidence for X-rays from the
same power law (Willingale 1981). Note, however, its lack of a
matching radio peak.

PKS 0812 +02—Optical emission has been reported from
the region of this z = 0.4 quasar’s jet or lobe by Wyckoff et al.
(1983). The present images indicate that the object has moder-
ately strong redshifted [O 111] 5007 emission (just at the edge of
the spectral range examined by Wyckoff et al), and shows
additional emission-line structure to the south (Fig. 11 [PL
17]). The B image indicates that the optical counterpart to the
radio lobe is somewhat brighter (B = 20.67) than measured by
Wyckoff et al, using a 3” x 4” slit; it may thus be more
extended than this. Its brightness in the [O 1] image, coupled
with the continuum shape given by Wyckoff et al., suggests an
excess corresponding to a 45007 equivalent width (observed) of
about 30 A. The feature to the south may have even stronger
emission, but lack of a frame in the nearby continuum makes
this very uncertain.

b) Nondetections

NGC 5128 —Emission-line structure is well known in the
outer jet of Cen A, 5-10" from the nucleus (see, e.g., Graham
and Price 1981). The patchy dust lane crossing the nucleus
makes identification of any optical counterpart to the inner
knots of the jet (Burns, Feigelson, and Schreier 1983) difficult
to confirm. If the radio core is identified with the 2.2 um peak
(Giles 1986), optical knots do appear that are approximately
coincident with the inner radio knots, but the role of extinction
variations is hard to evaluate; the apparent knots could be
largely due to structures in the intervening dust. Optical
spectra of these regions have been reported by Brodie, Konigl,
and Bowyer (1983), who found emission lines of peculiar ion-
ization near the strongest knots. They also report a continuum
excess which they interpret as a synchrotron continuum with a
break, but their spectral break is too sharp for any possible
synchrotron feature and is likely due to a mixed stellar popu-
lation plus dust.

To avoid the uncertainties associated with structure in the
dust lane, I have searched for the northern jet where it comes
out from behind the dust lane. The starlight was modeled as a
de Vaucouleurs profile fitted to the region outside the dust lane

EXTRAGALACTIC RADIO JETS 543

(taking the parameters from Dufour et al. 1979), and sub-
tracted to seek residual emission from the jet. None was found
at distances 47"-160" from the nucleus.

3C 31—The radio source shows twin jets and somewhat
distorted extended structure (Fomalont et al. 1980; van
Breugel and Jagers 1982). Butcher, van Breugel, and Miley
(1980) reported faint optical emission from the inner part of the
northern jet, near the dust lane which crosses just north of the
nucleus. This is not confirmed in the present data. The dust
lane complicates the analysis, but its effects were localized by
fixing the isophote centers in this object. Any jet emission must
be a factor ~4 fainter than that in 3C 66B.

3C 219—The radio map presented by Perley et al. (1980)
shows a bright jet to the south, strong enough that optical
emission might be seen 5"-15” from the core. While emission
may be present in the more distant hot spots (Crane, Tyson,
and Saslaw 1983), none was seen from the jet itself.

3C 296—This source is situated in an elliptical with SO
companion. No emission was seen in the jet, as mapped by
Birkinshaw, Laing, and Peacock (1981), to a level R = 24.8
mag arcsec?, implying « < —0.98 for pointlike knots in the jet,
oro < —0.78 if they are resolved at the published beam size.

3C 449 and B2 1321+ 31—These are symmetric twin-jet
sources (Cornwell and Perley 1982; Fanti et al. 1982). No
optical emission has yet been seen in any highly symmetric
source; it is not yet clear whether these sources are distinct in
this respect from more one-sided ones, or whether they are
sufficiently rare that no suitable one has been observed. These
limits do not place strong constraints on the spectral shapes,
due to the low radio surface brightness: « < —0.81 and —0.77,
respectively, for small condensations in the jet, from B to 2.7
GHz.

Pictor A—While there is a strong optical counterpart to
western hot spot (Réser and Meisenheimer 1987), no emission
was found closer to the core. Parameters for the hot spot in
comparisons are taken from their work.

V. OPTICAL SYNCHROTRON TURNOVERS AND HIGH-ENERGY
PARTICLES IN JETS

As seen in the data discussed in § III for M87, and § IV for
other jets that are not so well resolved, a strong steepening of
the spectrum, or turnover, is seen in every jet in which we seem
to be observing optical synchrotron radiation. Note that many
objects could show a lower frequency turnover, in the infrared,
and remain unseen so far. This type of turnover is also seen in
some, but not all, hot spots with optical counterparts.

Since synchrotron spectra show only very broad-band spec-
tral features regardless of the electron energy spectrum, direct
inversion of the observed spectrum requires accurate observa-
tions over an extremely wide frequency range, only available
for such objects as the Crab Nebula (Craig et al. 1985). Hence,
I will present fits to simple, highly parameterized models, as an
aid in comparing different objects and providing rough esti-
mates of their physical properties.

Optically thin synchrotron spectra have been generated for
electron distributions having cutoffs toward high energies of
several forms, by convolving these distributions with the
monoenergetic synchrotron spectrum, using the asymptotic
expressions and functional tabulations given by Ginzburg and
Syrovatskii (1965). Direct comparison of these spectra with the
observations is more useful than trying to measure a “break
amplitude,” because the interpretation of a spectral break, even
if such a discrete feature is present, may be obscure for realisti-
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cally complex sources (Pacholczyk 1975), and in any case the
data do not necessarily imply broken power-law forms. It is
also simpler to suppose a common spectral shape, with a single
changing characteristic frequency, than a whole group of
broken power laws with different amplitudes, since theoretical
breaks have distinct values corresponding to various dominant
modes of energy loss. This approach gives an estimate of the
instantaneous electron distribution, regardless of the history of
individual particles, implicitly assuming that the jets are close
to a steady state in internal energy balance.

A synchrotron spectrum is impressively indifferent to the

details of an energy cutoff in the radiating particles, as shown
in Figure 12. A fairly gradual energy cutoff, up to about a
factor 3, is almost indistinguishable from a completely sharp
one. There are in fact two free parameters in these models aside
from those describing the shape of the cutoff: its effective fre-
quency and the low-frequency spectral index. The latter is well
specified from radio data for the objects in this sample and has
been fixed accordingly in each case.

The best-fit spectra using a sharp energy cutoff are given in
Table 7. In all cases, the critical cutoff frequency is below about
10!% Hz, probably corresponding to y ~ 10* in a typical jet.

TABLE 7

SYNCHROTRON MODELS FOR OPTICALLY DETECTED JETS AND HOT SpoTs

Object Liow v, Notes

M87D ......oennn. —0.64 20 + 0.5 x 10**

| SO —0.66 >3 x 10'*

Foo. —0.64 1.6 + 0.4 x 10'3

A —0.64 1.2+ 0.1 x 105

| —0.63 9.1 + 1.0 x 104

Coriiiis —0.69 7.7 + 1.4 x 10**
PKS 0521—36 ........ -0.7 7.7 + 1.1 x 10**
3C66B .........c...... —0.65 3.1£0.5 x 10*4
NGC6251 ............. —0.65 3.0 + 1.0 x 104
ComaA ............... -0.7 8.1+ 1.7 x 104
3C303 it —0.60 >5 x 10**
Pictor A ............... —0.60 >5x 10'° Roser and Meisenheimer 1987
3C 273 plateau ........ —04 1.0 x 10'%: Roser and Meisenheimer 1986
3C 273 inner jet ....... —0.6 2.5+ 0.3 x 10 This work ; additional blue light present
3C273 outer jet ....... —0.6 2.6 +0.3 x 10'* This work; additional blue light present
3C273 hot spot ....... —-0.8 254+ 0.5 x 10'* Roser and Meisenheimer 1986; this work
3C33hotspot......... -038 <2 x 10'4 Meisenheimer and Réser 1986

NoTtes.—a,,,, = asymptotic low-frequency spectral index. v, = cutoff frequency in the galaxy’s frame.
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Values below about 2 x 10** Hz would result in radiation too
weak for optical detection. Two hot spots, in Pictor A and 3C
303, do show spectra without a discernable turnover in the
optical range. The maximum frequency (energy) is then charac-
teristic in particular of the radiating particles in kiloparsec-
scale jets. Note that the observed values may be modified by
Doppler effects, if the bulk motion of the radiating matter is
large. The sharpness of the observed cutoffs suggests that gra-
dients in Doppler factor alone within the bright parts of these
jets are not large.

Since the lower frequency spectra of these objects are so
close to power laws, and so must the low-energy electron
spectra be, one natural interpretation of the observed cutoffs is
that a characteristic or limiting scale has been reached in accel-
erating particles to this energy, or in retaining them in the
radiating region. This scale might thus be associated either
with the (re)acceleration process itself, or with the structure of
the magnetic field and particle distribution in the jet. In either
case, the M87 jet shows that the relevant parameters change
only slightly, though systematically, along the jet.

If the scale giving the cutoff is due to the jet structure, it
suggests that the particles radiate (or are accelerated) only in
very small or thin regions, such as the surface of the jet. As a
simple example, consider particles in a slab of thickness L
being accelerated (and radiating) only while within the slab
(zero field outside). When the gyroradius r, = mcyv,/eB
becomes a large fraction of L, as it will during the lifetime of
every particle reaching high energies, particle losses to the
entire system will dominate the population at these energies.
This process will produce a cutoff in which the distribution of
energies that would otherwise be produced has a superposed
cutoff in which the distribution is multiplied by a factor (1-
constant* y%2), where the constant is related to L. The length
or thickness L is quite small for homogeneous conditions, only
5 x 10'° cm in M87. If this is even roughly applicable, the
emission certainly comes from regions with fine-scale structure,
and perhaps from very thinly confined regions, as a thin sheath
or more tangled filaments.

An alternative picture has the cutoff intrinsic to the acceler-
ation process. Similarly, this suggests a point at which the
scale-free character implied by the power-law form of the
resulting energy distribution breaks down. For example, the
calculations of spectra from particles accelerated in shocks per-
formed by Heavens and Meisenheimer (1987) exhibit a sharp
cutoff, mostly resulting from synchrotron-loss scales rather
than specific physical processes. This cutoff is certainly sharp
enough to reproduce these results for jets and was in fact first
applied to the 3C 273 hot spot (Meisenheimer and Heavens
1986). Biermann and Strittmatter (1987) predict such cutoffs, in
the observed frequency range, for a class of shock-acceleration
models.
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Note that these arguments deal only with the optically
dominant population of electrons. Detection of X-rays from
the jets in M87 (Schreier, Gorenstein, and Feigelson 1982) and
Cen A (Feigelson et al. 1981; Burns, Feigelson, and Schreier
1983) may imply a separate population, more sparsely popu-
lated, at higher energies. The M87 X-ray measurements in fact
lie above an extrapolation of the IUE measurements; this in
itself suggests a separate source if the X-rays in fact arise in the
same region as the radio and optical synchrotron emission.
The relative flux levels in the various regimes do not seem
compatible with a reprocessing (Compton) origin for the
X-rays, for the local physical conditions believed to obtain in
the jet (Schreier, Gorenstein, and Feigelson 1982).

VI. SUMMARY

Optical images in several passbands have been used to study
the spectral energy distributions in the continua of a number of
extragalactic radio jets. In all cases, the spectrum shows a
strong turnover below the extrapolated low-frequency power
law. The turnovers are well fitted by a simple synchrotron
model in which the electron energy distribution is sharply
truncated, typically at y ~ 10°.

Image restoration has been used to examine the structure of
the M87 jet at sub-arcsecond scales, and to separate various
structures for spectral-index measurements. There is a system-
atic drop in turnover frequency going outward along the jet,
broken only by unusually high values for knots A and E. The
optical and radio structures are everywhere the same at the 073
level, suggesting magnetic constraints on particle motion on
scales ~ 30 pc.

Energy cutoffs corresponding to frequencies less than
7 x 10'* Hz seem to be ubiquitous among radio jets, but not
all observed hot spots. This may reflect a characteristic scale
for the acceleration or radiating regions in jets, which may be
violated by hot spots. This scale, naively estimated, is
extremely small, ~10'! c¢m, and may probe very fine-scale
structures in jets.

I am grateful for the support and assistance provided by G.
Will, W. Binkert, and P. Ugarte at several telescopes. Walter
Jaffe, Marijn Franx, and Marco de Vos made possible the
exploitation of all the necessary software. Don Hamilton, Bob
Argyle, and Rudolf Le Poole obtained images on my behalf at
Kitt Peak and La Palma, when I could never get clear weather
in certain seasons. Frazer Owen, Rick Perley, Alan Bridle, and
Guy Pooley provided radio maps of several objects for detailed
comparison. I acknowledge helpful discussions with Frazer
Owen, Phil Hardee, Robert Laing, and Vincent Icke. Peter
Allan provided his unpublished infrared measurements of
Coma A. I thank Myrna Cook, Glenn Pickens, and Joyce Du
Hamel for preparing the figures in Tucson.

APPENDIX A.

SURFACE PHOTOMETRY OF RADIO GALAXIES

As a by-product of the galaxy modeling and subtraction described in § Ilc, new surface-brightness and shape profiles have beqn
measured for most of the objects in Table 1. Several of these have no published surface photometry, so these results are presented in

this Appendix.

As described earlier, the isophotes were fitted by families of ellipses, using the GRASP software essentially as described by Davis
et al. (1985). The logarithmic sample spacing results in vastly different influences of the seeing profile at various parts of the galaxy
profile. As an aid in evaluating this contribution, stars have been measured in as many cases as possible (only for Coma A was there
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no suitable star in the field), and the stellar surface-brightness profiles are listed next to the galaxy data under each color. Position
angles are north through east, and the ellipticity is defined as 1-(axial ratio). The absolute calibration uncertainty (for the outer
regions, in which seeing effects are not important) is about 5%. The data are given in Tables 8-13 for six galaxies with no previous
published surface photometry.

The environments of these galaxies are also of interest, in the light of recent indications that radio galaxies of high luminosity
occur preferentially in interacting systems or mergers. The fields around the program galaxies contain other systems as listed below.
Projected separations are computed with H, = 100 km s~ Mpc™ .

3C 31—There is a bright elliptical companion 33" (8 kpc) away with ellipticity 0.05. Aside from the dust lane in 3C 31 noted by
Butcher, van Breugel, and Miley (1980), neither galaxy shows isophotal disturbances.

3C 66B—There is a bright elliptical companion 26” (8 kpc) to the southeast. The outer isophotes of 3C 66B itself are displaced to
the northeast. The companion, with mean ellipticity 0.14, shows no photometric distortions.

3C 219.—This is the brightest galaxy in a cluster, with a bright elliptical projected within 5” (13 kpc) of the core. However, such an
association could well be a projection effect in a cluster of this richness.

3C 277.3 = Coma A—Several fainter systems are present, starting at 17” (21 kpc) projected separation, perhaps a small group.

3C 296 —S0 companion at 33” (11 kpc); this system shows a clear disk nearly edge-on.

3C 303 —Faint galaxies, not obviously related, at distances 21" (43 kpc) and greater.

3C 449 —Elliptical companion at 0'6 (9 kpc).

NGC 6251—Nearby disk companion NGC 6252 at 2!4 (49 kpc).

NGC 5127 = B2 1321 + 31 —There are two very faint disk or irregular systems nearby, probably background systems.

PKS0521 — 36 —Elliptical at 26” (21 kpc), with ¥V = 18.48 to the V = 26 per square arcsecond isophote. This may be in a more
extensive sparse grouping, but certainly not a cluster.

Pictor A—No companion is seen, but the galaxy has a broad, faint tail to the northwest, associated with a drift in the outer
isophotes. This is suggestive of a postmerger status.

TABLE 10
SURFACE PHOTOMETRY OF 3C 303

Semimajor Axis B 14 R 1 PA
(arcsec) (mag arcsec”2) Star (mag arcsec™2) Star (mag arcsec™?) Star (mag arcsec™2) Star e (deg)
019.....cceeeittn 19.89 0.00 19.08 0.00
042.....ccceenn 20.06 0.01 19.26 e ... ...
061.............. 20.34 0.35 19.53 0.35 19.01 0.35 18.10 0.35
082..cceeinnnnen 20.76 092 19.79 e 19.31 0.69 18.37 0.76
098.....cccunatn 21.08 141 20.08 1.60 19.62 0.99 18.65 1.22
119, ot 21.43 1.90 20.40 2.17 19.94 1.32 18.99 1.76
159 e, 22.02 293 21.01 3.30 20.49 1.86 19.59 295 0.125 5.2
192l 22.48 4.09 21.44 432 20.92 2.24 20.04 3.88 0.108 13.8
A S DT 22.70 4.61 21.65 4.80 21.01 242 20.27 435 0.100 15.3
232 2294 498 21.86 5.38 21.23 2.62 20.46 461 0.085 19.3
255 i 23.10 5.36 22.07 6.18 2143 2.80 20.64 4.76 0.091 223
PX:) DO 23.33 5.77 22.27 6.33 21.61 2.98 20.88 5.01 0.092 213
310 . ccieenne. 2347 6.24 2243 7.09 21.82 3.19 21.05 5.24 0.122 220
339 i 23.69 6.47 22.60 7.29 2201 3.39 21.24 . 0.097 23.6
374 ... 23.90 . 2281 7.28 22.18 3.55 21.46 ... 0.087 27.6
411, 24.03 2299 8.54 22.35 3.73 21.63 0.126 21.3
452, .l 2421 ... 23.20 ... 2252 3.89 21.86 0.123 16.3
497 oo 24.31 e 23.40 ... 22.68 4.06 22.08 0.153 12.7
S48l 24.55 e 23.57 ... 22.88 4.26 22.28 e 0.146 1.9
585 i 24.79 e 23.85 e 23.09 4.46 22.48 .. 0.158 —-20
6.63.......cn... 24.97 24.11 23.25 4.59 22.73 0.168 -73
729 i, 25.15 24.30 2343 4.80 23.14 0.200 —59
80l........eeun. 2521 e 24.49 ... 23.64 5.01 2342 ... 0.249 22
833....iiin. 2543 ... 24.73 . 23.80 ... 23.65 .. 0.273 1.5
971 e, 25.81 . 25.05 - 24.08 .. 23.88 ... 0.234 6.0
107 ccoveininn.n. 25.98 . 25.31 - 2427 e 24.18 ... 0.244 7.6
117 26.13 ... 25.65 . 24.31 ... 24.46 .. 0.237 5.9
129 ..o 26.44 ... 26.01 . 24.43 . 2496 . 0.220 8.2
142 ... 26.36 . 26.03 ... 24.63 ... 25.30 . 0.270 10.7
156 ccceeenen. 26.52 . 26.40 . 24.74 e 25.68 e 0.269 11.2
| 26.77 ... 27.01 e 24.78 ... .. .. 0.261 7.1
189 .cciiiiini. 26.74 24.86 0.274 10.8
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TABLE 13
SURFACE PHOTOMETRY OF 3C 66B
Semimajor Axis B Star |4 R Star PA
(arcsec) (mag arcsec™?)  (mag)  (mag arcsec”?)  (magarcsec”2)  (mag) e (deg)

18.45 17.70 0.00

18.52 17.77 0.31

18.62 17.89 0.73

18.81 18.10 1.55

18.95 18.24 2.16
20.30 2.62 19.12 18.42 291 0.052 —83.7
20.35 312 19.21 18.52 333 0.051 -71.7
20.41 3.72 19.32 18.63 3.75 0.060 —829
20.49 4.18 19.43 18.74 4.20 0.071 —853
20.59 4.61 19.54 18.85 4.61 0.078 —86.7
20.70 5.02 19.67 18.97 5.07 0.080 —88.4
20.83 5.51 19.80 19.09 5.48 0.074 88.6
20.96 6.10 19.92 19.22 589 0.080 85.9
21.08 6.23 20.05 19.36 6.19 0.071 82.2
21.21 20.18 19.48 6.64 0.071 78.0
21.34 20.31 19.62 6.82 0.065 70.3
21.45 20.44 19.76 7.09 0.059 62.7
21.59 20.58 19.89 71.59 0.054 56.9
21.74 20.71 20.02 7.89 0.050 442
21.86 20.85 20.15 0.052 35.7
21.99 20.98 20.28 0.070 28.3
22.12 21.12 20.42 0.095 26.6
2223 21.24 20.55 0.097 27.0
22.37 21.38 20.68 0.089 315
2248 21.49 20.80 0.105 33.1
22.60 21.63 20.96 0.118 354
22.72 21.77 21.13 0.110 37.8
22.83 21.92 21.19 0.126 38.1
2295 22.07 21.35 0.135 40.3
23.08 22.24 21.55 0.141 39.9
23.21 22.39 21.75 0.134 39.7
23.33 22.53 21.90 0.146 38.3
23.46 22.65 22.02 0.157 38.0
23.57 22.74 22.14 0.178 37.1
23.68 22.77 22.28 0.198 354
23.75 2295 2241 0.208 331
23.85 23.12 22.58 0.221 37.6
2394 23.31 22.75 0.234 354
24.05 23.49 2295 0.227 36.4
24.16 23.64 23.07 0.244 34.4
24.27 23.80 23.47 0.238 373
24.39 24.10 24.01 0.227 40.2
24.47 24.27 0.243 37.6
24.56 24.10 0.253 42.1
24.62 24.64 0.273 39.1
24.67 24.28 0.273 39.1
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FiG. 1.—High-contrast display of an M87 image in R, after subtraction of a model galaxy. The subtraction has been very successful, as may be judged from the
lack of systematic residuals around the jet; numerous globular clusters and Ha filaments are visible. The ring at the edge of the image reflects the limit in radius
covered by the model. An area 100" square is shown.
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PLATE 15
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FiG. 3.—Discrete synchrotron knots. Left, Coma A in blue light, with galaxy model subtracted. Right, 3C 303 in the V' band. The knots are marked.

Coma A
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PLATE 16

7 Jet Deconvolution

Star
§ Data

Cleaned Image

F16. 4—Results of CLEAN deconvolution of the M87 jet, with the B data shown as an example. Top, the galaxy-subtracted jet image and a reference star image.
Bottom, the CLEANed model, convolved with a 0"4 FWHM restoring profile. Very fine-scale structures here are not reliable, but overall knot shapes and fluxes are.

KEEL (see 329, 536)
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FiG. 11—Images in redshifted [O m] 45007 (left) and the blue (line-free) continuum (right) of the z = 0.4 QSO PKS 0812 +02. Extended structure is apparent to

the NW and S, but in both cases a substantial fraction may be line emission.
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