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Abstract. We present deep VLA and HST observations of the large-scale jet in 3C 273 matched to 0’3 resolution.
The observed spectra show a significant flattening in the infrared-ultraviolet wavelength range. The jet’s emission
cannot therefore be assumed to arise from a single electron population and requires the presence of an additional
emission component. The observed smooth variations of the spectral indices along the jet imply that the physical
conditions vary correspondingly smoothly. We determine the maximum particle energy for the optical jet using
synchrotron spectral fits. The slow decline of the maximum energy along the jet implies particle reacceleration
acting along the entire jet. In addition to the already established global anti-correlation between maximum particle
energy and surface brightness, we find a weak positive correlation between small-scale variations in maximum
particle energy and surface brightness. The origin of these conflicting global and local correlations is unclear, but
they provide tight constraints for reacceleration models.
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1. Introduction

Jets are collimated outflows, thought to be launched from
an accretion disk around a central compact object, which
can be a supermassive black hole, a stellar-mass black hole
or neutron star, or a young stellar object (YSO). They
transport mass, energy, both linear and angular momen-
tum as well as electromagnetic fields outward from the
central object. A detailed understanding of the formation
of these jets, their connection to the accretion disk from
which they are launched, and the physics governing their
internal structure and observable properties has not yet
been achieved. Here we consider the synchrotron emission
from the kiloparsec-scale jet of the quasar 3C 273, which is
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one of the brightest and largest and therefore an instruc-
tive sample case.

Jets became part of the standard model of extragalac-
tic radio sources (Begelman et al. 1984) to link the lobes,
which emit the bulk of the synchrotron radio luminosity,
with the active galactic nucleus (AGN) of the host galaxy.
In this model, jets merely transport energy to feed the
lobes. In the most powerful sources, a double shock struc-
ture terminates the jets, consisting of an outer bow shock
and contact discontinuity separating the jet material from
the external medium and an internal shock (Mach disk)
at which the relativistic flow is decelerated and bulk ki-
netic energy is channeled into highly relativistic parti-
cles through a shock acceleration mechanism. These par-
ticles emit the synchrotron radiation observed from the
lobes. The radio hot spot is usually assumed to coin-
cide with the Mach disk. The optical synchrotron emission
observed from some hot spots can also be explained by
first-order Fermi acceleration at a jet-terminating shock
(Meisenheimer & Heavens 1986; Heavens & Meisenheimer
1987; Meisenheimer et al. 1989, 1997).

In this model, the electrons responsible for radio syn-
chrotron emission from the jets themselves are acceler-
ated near the black hole and then simply advected with
the jet flow. However, observations of high-energy (op-
tical and X-ray) synchrotron radiation from 3C 273 and
other jets force us to revise this picture. Electrons with
the highly relativistic kinetic energies required for syn-
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chrotron emission in the infrared and optical have a very
short radiative lifetime. This lifetime is much less than the
light-travel time along the jet in 3C 273 (already noted by
Greenstein & Schmidt 1964) and other jets. Observations
of optical synchrotron emission from such jets (Roser &
Meisenheimer 1991, 1999; Scarpa & Urry 2002) as well as
from the “filament” near Pictor A’s hot spot (Réser &
Meisenheimer 1987; Perley et al. 1997) therefore suggest
that in addition to a localized, “shock-like” acceleration
process operating in hot spots, there is an extended, “jet-
like” mechanism at work in radio sources in general and
3C273’s jet in particular (Meisenheimer et al. 1997). The
extended mechanism may also be at work in the lobes of
radio galaxies, where the observed maximum particle en-
ergies are above the values implied by the losses within
the hot spots (Meisenheimer 1996) and by the dynamical
ages of the lobes (Blundell & Rawlings 2000). We therefore
make a clear distinction between the emission from the hot
spot itself, the lobes and the body of the jet. Although all
emit synchrotron radiation, the physical processes acceler-
ating the particles emitting in these regions may be quite
different.

The lifetime problem has been exacerbated by obser-
vations at even higher frequencies: Einstein and ROSAT
observations, for example, showed X-ray emission from
the jets in MS87 (Schreier et al. 1982; Biretta et al.
1991; Neumann et al. 1997b) and 3C 273 (Harris & Stern
1987; Roser et al. 2000). More recently, observations with
the new X-ray observatory Chandra showed extended X-
ray emission from many more jets, like PKS 0637—752
(Schwartz et al. 2000) and Pictor A (Wilson et al. 2001)
as well as other jets and hot spots. Chandra also supplied
the first high-resolution X-ray images of the jets in 3C 273
and M87 (Marshall et al. 2001; Sambruna et al. 2001;
Marshall et al. 2002). The X-rays from these objects seem
to be of non-thermal origin (for an overview, see Harris
& Krawczynski 2002): they could at least partially be
due to synchrotron emission (Roser et al. 2000; Marshall
et al. 2001, 2002). Alternatively, inverse-Compton scat-
tering could be responsible for the X-rays. The photon
seed field can be provided by the synchrotron source it-
self if it is sufficiently compact, for example in the hot
spots of Cygnus A (Harris et al. 1994; Wilson et al. 2000).
If the bulk flow of a jet is still highly relativistic on large
scales, the boosted energy density of the cosmic microwave
background radiation field can lead to the observed X-
ray fluxes (Celotti et al. 2001; Tavecchio et al. 2000). In
all cases, those electrons producing the radio-optical syn-
chrotron emission suffer additional losses from the inverse-
Compton scattering, decreasing their cooling timescale
even below the synchrotron cooling scale.

Thus, the fundamental question posed by the obser-
vation of optical extragalactic jets is the following: how
can we explain high-frequency synchrotron and inverse-
Compton emission far from obvious acceleration sites in
extragalactic jets? While information on the source’s mag-
netic field structure may be obtained from the polarization
structure, the diagnostic tool for the radiating particles

is a study of the synchrotron continuum over as broad
a range of frequencies as possible, i. e., from radio to UV
wavelengths, and with sufficient resolution to discern mor-
phological details. The shape of the synchrotron spectrum
gives direct insight into the shape of the electron energy
distribution, thus also constraining the emission by the
inverse-Compton process at other wavelengths. Here, we
consider the shape of the synchrotron spectrum of the jet
in 3C273.

1.1. The jet in 3C273

This optical jet was first detected on ground-based im-
ages. Like M87, its optical brightness and length are so
unusually large that it was detected even before radio jets
were known. It appears to consist of a series of bright
knots with fainter emission connecting them (see Fig.1).
Greenstein & Schmidt (1964) described the jet’s optical
spectrum as “weak, bluish continuum”, suspecting that
this was synchrotron radiation. This was confirmed by
Roser & Meisenheimer (1991) through optical polarime-
try.

3C273’s radio jet extends continuously from the
quasar out to a terminal hot spot at 21”4 from the core,
while optical emission has been observed only from 12”
outward.! We concentrate on this “outer” part of the jet
here, and will report observations of optical emission from
the inner jet with the VLT in a future publication (see
also Martel et al. 2003). Bahcall et al. (1995) presented
the first HST imaging of this jet, noting the jet resembles
a helical structure.

Prior to the present work, synchrotron spectra have
been derived for the hot spot and the brightest knots using
ground-based imaging in the radio (Conway et al. 1993),
near-infrared K'-band (Neumann et al. 1997a) and optical
1, R, B-bands (Roser & Meisenheimer 1991) at a common
resolution of 1”3 (Meisenheimer et al. 1996a; Roser et al.
2000). This radio-to-optical continuum can be explained
by a single power-law electron population resulting in a
constant radio spectral index® of —0.7, but with a high-
energy cutoff frequency decreasing from 107 Hz to 10'° Hz
outward along the jet.

Here, we present VLA and HST NICMOS observations
(§2) in addition to the WFPC2 data already published in
Jester et al. (2001). Together, these constitute a unique
data set in terms of resolution and wavelength coverage for
any extragalactic jet — only M87 is similarly well-studied
(Meisenheimer et al. 1996b; Sparks et al. 1996; Heinz &
Begelman 1997; Perlman et al. 1999, 2001, and references
therein). Using these observations at wavelengths 3.6 cm,
2.0cm, 1.3cm, 1.6 ym, 620 nm and 300 nm, we derive spa-
tially resolved (at 0”3) synchrotron spectra for the jet

! For the conversion of angular to physical scales, we as-
sume a flat cosmology with Q, = 0.3 and Hy = hrn X
70kms~Mpc~?!, leading to a scale of 2.7h;01kpc per second
of arc at 3C 273’s redshift of 0.158.

2 We define the spectral index « such that f, o v®.
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(§4). By fitting model spectra according to Heavens &
Meisenheimer (1987), we derive the maximum particle en-
ergy everywhere in the jet in order to identify regions in
which particles are either predominantly accelerated, or
predominantly lose energy (§5). The model spectra re-
veal excess near-ultraviolet emission above a synchrotron
cutoff spectrum accounting for the emission from ra-
dio through optical, which implies that a two-component
model is necessary to describe the emission. The radio—
optical-X-ray spectral energy distributions (SEDs) sug-
gest a common origin for the UV excess and the X-rays
from the jet (§6.2; see also Jester et al. 2002). By consider-
ing just the optical spectral index, we concluded in Jester
et al. (2001) that particles must be reaccelerated along the
entire jet. Here we confirm this conclusion by using the full
spectral information from radio to near-ultraviolet (§6.3).
We show that the observed changes of cutoff energy and
surface brightness along the jet can be jointly explained
as effects of changes in the magnetic field and the Doppler
beaming parameter along the jet (§6.4). We conclude in
87.

2. Observations and data reduction
2.1. Radio observations

The jet has been observed at all wavelength bands avail-
able at the NRAQ’s Very Large Array (VLA), i.e., at
90cm, 20cm, 6cm, 3.6cm, 2cm, 1.30cm and 0.7 cm.
Observations were carried out between July 1995 and
November 1997, to obtain data with all array configura-
tions (thus covering the largest range of spatial frequen-
cies). Total integration times are of order a few times
10,000s in each band. At 3.6 cm, the resolution set by
the maximum VLA baseline of just over 32km is 0”24,
with higher resolution at shorter wavelengths. However,
at 0.7 cm, fewer than half antennas were equipped with
receivers at that time, and the brightness of the jet is so
low relative to the noise that only the hot spot is detected
even at a fairly low resolution of 0”35.

The VLA data were edited, calibrated and CLEANed
according to standard procedures. Table 1 quotes the
achieved dynamic ranges. The present analysis considers
the data at 3.6 cm, 2cm and 1.3 cm. This allows to fix the
common resolution for the entire study at 0”3, slightly
inferior to the resolution of the data at 3.6 cm. The re-
mainder of the VLA data set will be discussed in a future
publication, which will also contain details about the data
processing.

2.2. Optical and near-ultraviolet observations

Optical (A620 nm) and near-ultraviolet (A300 nm) im-
ages were obtained under HST proposal #5980, using
WPFPC2 and filters F622W (total exposure time 10,000s)
and F300W (exposure time 35,500s). The data reduction
and jet images are described in Jester et al. (2001).

Table 1. Dynamic ranges for the VLA images

VLA A Peak flux RMS noise Dynamic
band cm mJy mlJy range
X 3.6 33.0 45 x 1071 75,000
U 2.0 28.3 2.6 x 10~* 110,000
K 1.3 23.4 4.0x107* 59,000
Q° 0.7 20.9 2.5 x 1073 9,000

a

image not used for spectra

2.3. Near-infrared observations
2.3.1. Data

Observations were carried out under HST proposal #7848
using NICMOS camera 2 (NIC2) on board the HST, which
has 256 x 256 pixels of nominal scale 0”076. Filter F160W
was used, with a central wavelength of 1.6 yum, yielding a
diffraction limit of 0”17. The total exposure time on the
jet was 34560s distributed over 30 individual exposures
with integer-pixel offsets. Each exposure was read out non-
destructively every 256s. Here we give only an outline of
the data reduction; for details, see Jester (2001).

Nearly all of the frames reduced using the CALNICA
pipeline provided by STScl show an offset in the back-
ground level between the detector quadrants as well as
an imprint of the flat-field pattern. The quadrant offsets
are ascribed to spatial and temporal variations of the de-
tector bias level which have been termed “shading” and
“pedestal” (NICMOS team 2001a). The recommended
use of temperature-dependent dark files (NICMOS team
2001b) did not improve the quality of the reduced images,
nor did any of the otherwise available correction tools.
We therefore employed a custom reduction routine which
initially estimates the sky and dark current by filtering
the jet signal from all individual readouts. Any remain-
ing quadrant-to-quadrant variation after subtracting the
sky and dark current is ascribed to an additive compo-
nent. These residual offsets are removed by subtracting
the modal value from each quadrant. Finally, cosmic-ray
and bad pixels are rejected using a pixelwise median filter.

The resulting images are not perfectly flat individually,
suggesting that there may be a residual problem with the
flat-field. However, no attempt is made to correct this be-
cause there is no information on what the correct flatfield
might be. Residual background structures (including pos-
sible large-angle scattering wings from the quasar core) are
removed by modeling the background around the jet us-
ing second-order polynomials along detector rows, whose
coefficients are smoothed in the perpendicular directions
(identical to the method used for the WFPC2 images, see
Jester et al. 2001). The photometric calibration is per-
formed using the appropriate conversion factor from the
synphot package provided by STScl. In the conversion,
we do not correct for variations in the spectral index but
always assume a flat spectrum in f,; this correction would
be at most 2%.
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2.3.2. Map of near-infrared brightness

Figurel shows the reduced and summed images. The
overall appearance of the jet’s morphology at 1.6 pm is
very similar to that at visible wavelengths (compare the
WFPC2 images in Jester et al. 2001, and Fig2 below).
The only significant difference (apart from the second
star St2, see below) is that the tip of the jet H1 (ap-
parently downstream of the hot spot H2) is visible on the
infrared image, but not at higher frequencies. The jet ap-
pears equally well collimated in the near-infrared as in the
optical. All optical extensions are detected, the southern
extension S here being much weaker than knot A, while
they are comparable in the UV. Inl is clearly brighter
than In2, while again their near-UV brightness is com-
parable, indicating a marked color difference between the
inner extension’s two knots.

There is signal from one of the quasar’s diffraction
spikes superposed on the jet emission collected in the first
2/3 of the total exposure time (Fig.1). In addition, an
IR-bright object St2 is located within the jet, close to the
faint star St1 just north of the jet which is also detected
on the optical image. We modelled the spike by summing
the 10 exposures in which the spike is clear of the jet (in
these, the telescope has been rotated by 4° compared to
the previous 20; Fig.1 b). A scaled version of the model
is then subtracted from each individual image. The result
of subtracting the spike model from the “contaminated”
sum frame is shown in Fig.1 c.

To assess whether the IR-bright object St2 is part of
the jet or an unrelated foreground object, we first checked
whether its brightness profile is consistent with that of a
point source. The widths of Gaussians fitted to 1D cuts
along rows and columns of the sum images are consistent
with the known width of the PSF. Secondly, there are no
correlations with total or polarised brightness features of
the radio jet. We are therefore confident that this object
is a star which by chance appears superimposed on the
jet image. We modelled this star on the sum images as a
Gaussian sitting on top of a sloping plane which accounts
for the underlying jet flux. An appropriately scaled ver-
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Fig. 1.Map of near-infrared brightness
(ALl.6pm), rotated with position angle
222° along the horizontal. a: Sum of im-
ages with total exposure time 23040s,
showing the diffraction spike passing
through part of the jet. b: Sum of
remaining images with total exposure
time 115205, diffraction spike clear of
the jet. c: as a, after subtraction of
diffraction spike modeled on b.

H2 H1

sion of the star model is subtracted from all 30 individual
frames (for details, see Jester 2001, Section 2.2.5). The
flux removed in this manner is 2.0 puJy. The jet flux in an
equivalent aperture (ignoring any possible proper motion)
on the F622W image of 0.2 pJy is an upper limit to this
object’s flux in this band, giving it a R — H 2 3.

3. Photometry

In order to determine the synchrotron spectrum over the
entire jet, we perform beam-matching aperture photome-
try at a grid of positions covering the jet. The photome-
try was done by our own MPIAPHOT software (c¢f. Rdser
& Meisenheimer 1991). This uses a weighted summation
scheme, equivalent to a convolution, to match the differ-
ent point spread functions to a common beam size. At the
same time, it allows an arbitrary placement of apertures
with respect to the pixel grid of individual images with-
out loss of precision. All images are matched to a final
resolution of (/3 FWHM, slightly inferior to that of the
data set with the lowest resolution (the 3.6 cm radio data
imaged with 0”25 resolution; ¢f. §2.1). Following consid-
erations given in Jester et al. (2001, Appendix A), this
requires a relative image alignment accurate to (0’03 in
order to limit photometry errors from misalignment to
5% for point sources. The flanks of point sources have the
steepest possible intensity gradients, the photometry error
for extended sources will usually be an order of magnitude
smaller. This accuracy is required to avoid the introduc-
tion of spurious spectral index features.

We achieve the desired alignment accuracy by using a
grid of photometry positions, defined as offsets on the sky
relative to the quasar core, which is assumed to coincide
at all wavelengths. This grid is transformed into detector
coordinates on each individual data frame, accounting for
telescope offsets and geometric distortion. There is one
frame each for the three VLA wavelengths, 30 for HST-
NICMOS, four and 14, respectively, for HST-WFPC2 at
620 nmand 300 nm. Because of 3C 273’s location near the
celestial equator, and because all offsets between individ-
ual HST frames are small (below 30"), detector and celes-
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tial coordinate offsets are related by a simple linear trans-
formation.

The grid transformation is straightforward for the
VLA images, which contain both the quasar and the jet
and do not suffer from saturation effects. For the HST
images, we first obtain the precise location of the quasar
core from one short exposure (a few seconds) obtained dur-
ing each HST “visit”. The telescope offsets between these
short, exposures and the deep science exposures of the jet
are obtained from the engineering (“jitter”) files provided
with the data. The aperture pixel position is calculated
from the quasar’s pixel position, the desired offset on the
sky and the telescope offset. We account for geometric
distortion by using the wavelength-dependent cubic dis-
tortion correction for WFPC2 as determined by Trauger
et al. (1995), and the quadratic NICMOS coefficients given
in Cox et al. (1997). This procedure also takes care of the
slightly differing image scales along the NIC2 detector’s
x- and y-directions. We stress here that the unsaturated
quasar image has been crucial in achieving the necessary
alignment accuracy.

We use a rectangular grid of aperture positions. The
grid extends along position angle 222°2, starting at a ra-
dial distance of r = 12”0 from the quasar and extending
to r = 23"”0. Perpendicular to the radius vector, the grid
extends to +£170. Individual grid points are spaced 0”1
apart, yielding a good sampling of the 0”3 effective resolu-
tion, so that there are 111 radial grid points and 21 points
perpendicular to the radius vector, i. e., 2331 in total. All
points are transferred to the individual data frames, and
the flux per 0”3 aperture centered at each grid position is
determined.

The photon shot noise is below 0.5% per beam in
all bands. The HST images have a flat-field error of 1%
(WFPC2) and 3% (NICMOS) added in quadrature. The
uncertainty in the background estimation is estimated
from the scatter in blank sky regions as 0.01 uJy per beam
for WFPC2, and 0.03 pJy for NICMOS, forming an error
floor significant only for the faintest parts of the jet. An
error source unique to the interferometric radio data is
the error from the deconvolution, i.e., errors in the sense
that the inferred brightness distribution does not corre-
spond to the true distribution on sky, in particular for the
fainter parts of the jet. This error is very hard to quantify
and we use a 3% error to account for this. All these error
sources limit the accuracy of relative photometry within
one waveband. In addition, all wavebands will suffer an
error from the absolute photometric calibration, typically

2%.

4. Results
4.1. Jet images at 03

In order to compare the images at different wavelengths,
the photometry results are reassembled into the images
shown in Fig.2. We compare the jet’s morphological fea-
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Fig. 3. Plot of surface brightness per beam along the jet’s ridge
line, 4. e., showing the brightest point per column from Fig. 2.

tures at different wavelengths before considering the spec-
tra.

4.1.1. Jet morphology from radio to UV

To facilitate a comparison of the jet morphology at differ-
ent wavelengths beyond a direct inspection of the panels in
Fig.2, we show the flux profile along the jet in Fig. 3 and
normalised transverse profiles in 4. There is a close cor-
respondence of morphological features at all wavelengths,
i. e., a coincidence of local brightness maxima and the oc-
currence of “knots” across the entire observed wavelength
range (c¢f. Bahcall et al. 1995, who describe the same
fact by noting that the jet’s features have similar angu-
lar sizes at all wavelengths). The sole exception within
the jet is region B1, in which the jet’s apparently double-
stranded nature is most conspicuous. At HST frequencies,
B1’s northern strand is considerably brighter than the
southern, while on the radio images, the situation is ex-
actly the opposite. This is also the only location in the jet
which might be classified as edge-brightened (cf. §4.1.2).
Note that the two bright knots of the jet preceding B1
are the sources of the brightest X-ray emission, perhaps
with a small offset between the locations of the optical
and X-ray peaks (Marshall et al. 2001).

Apart from this discrepancy, only the relative bright-
ness of the knots changes with wavelength. Relative to
knot A at the onset of the optical jet, the radio peak
brightness increases by a factor of about 5-10 for H3, and
another factor of two for the radio brightness peak H2,
which has historically been called the radio “hot spot”.
However, in the near-infrared at 1.6 pm, the brightness
peaks at H3, and H2 are already fainter than most of the
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Fig. 2. Photometry of the jet in 3C 273 at ('3 effective beam size. Clipped to show only measurements with aperture signal-to-
noise ratio > 5. Grey levels runs from 0 to the peak flux/beam with a pseudo-logarithmic stretch as indicated by the greyscale
bar. Jet features are labelled as in Fig. 1. The offset of 0’2 between radio and optical hot spot position can be made out clearly.

remainder of the jet. In the near-UV at 300 nm, H2 is the
faintest feature, while A is the brightest. As already noted
above, the tip of the jet H1 is detected up to the near-
infrared, but not at shorter wavelengths (any emission so

far detected at 600 nmbeyond H2 is related to the nearby
galaxy, not to H1). Thus, the brightness profile tends to
invert from radio to near-ultraviolet. This trend contin-
ues up to X-rays: A dominates the jet’s X-ray luminosity
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1.6 um (long dash), and 2.0 cm (dotted); resolution is (3. Negative offsets are to the south of the jet. The shaded Gaussian
in the first panel shows the resolution of (/3 FWHM. The “southern extension” is visible in the short-wavelength profiles at
r = 128. However, the apparently corresponding feature in the radio profile is in fact unrelated. Instead, it is due to the radio
cocoon around the jet: Roser et al. (1996, cf. their Fig. 3) noted that the radio emission is more extended, in particular to
the south, than the optical emission. There is a similar tendency for the near-infrared profile to be more extended than the
optical/UV. Other than that, the profiles show a similar jet width at all wavelengths. The cut through Bl clearly shows the
transverse offset in optical and radio emission between the jet’s two strands. In D2, the radio peak appears offset slightly to the
south from the optical peak, but the interpretation of this shift is uncertain.

(Marshall et al. 2001), while H2 dominates the radio lumi-
nosity. This change in brightness profile with wavelength
is equivalent to a change in the spectrum along the jet,
which will be considered below (§4.2).

The transverse cuts (Fig.4) confirm the findings of
Roser et al. (1996, cf. their Fig. 3): the width of the radio
and optical jet is very similar, but there is extended radio
emission without an optical counterpart to the south of the
jet. Confirming the findings of Neumann et al. (1997a),
there is a tendency for the near-infrared emission to be
more extended to the south than the optical and ultravio-
let emission. This strengthens their conclusion that the op-
tical jet traces the emission of the jet channel as such. The
more extended and fainter low-frequency emission corre-
sponds to a surrounding cocoon of material, interpreted as

material which is back-flowing after having passed through
the hot spot (Roser et al. 1996).

Figures2 and 3 show a radial offset of about 0”2 be-
tween the position of H2 at radio and optical wavelengths.
This offset is confirmed by the overlay of radio and opti-
cal data at the respective instrumental resolution in Fig. 5.
The uncertainty of the offset determination is likely dom-
inated by the systematic pointing uncertainty of the HST
data with respect to the VLA data, which we kept to bet-
ter than 0”03 (cf. §3). We discuss the interpretation of this
offset in §6.1.
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Fig. 5. Comparison of hotspot position at optical and radio
wavelengths. Greyscale shows the 620 nm image at original res-
olution, contours show the 1.3 cm radio map at (0”125 resolu-
tion. Coordinates are relative to the quasar core, using which
both images were aligned. The radio hot spot is clearly off-
set by 0”2 from the optical hot spot, while the radio contours
closely agree with the optical image in the preceding region
(D2/H3).

4.1.2. Jet volume

It is necessary to know the jet volume to obtain an es-
timate for the magnetic field by the minimum-energy ar-
gument (§5.2 below). We just noted that the optical jet
delineates the jet channel as such, while the radio emission
contains contributions from the surrounding material. The
geometry of the jet channel is therefore best constrained
by considering the optical morphology. We assume the jet
has isotropic emissivity which is constant along individ-
ual lines of sight through the jet and neglect relativistic
beaming effects. (Even in the presence of beaming, the
conclusions are unaltered as long as the beaming does not
vary significantly along any given line of sight.)

The jet is center-brightened at all wavelengths on im-
ages resolving its width (the only exception being B1, as
noted above in §4.1.1). If the emission region was con-
fined to a cylindrical shell at the jet surface, the resulting
brightness distribution would be edge-brightened, both for
uniform emissivity resulting from a tangled magnetic field
geometry, and for an ordered helical field (Meisenheimer
1990; Laing 1981). To lowest order, the jet is therefore
considered as a cylinder completely filled with emitting
plasma. The small-scale structure seen on the optical im-
ages and the 0”2 optical spectral index map (Jester et al.
2001) suggests that the true internal structure of the jet
is more complicated — so complicated that a more accu-
rate model than the simple one assumed here requires a
detailed understanding of the internal structure, compo-
sition and flow parameters governing the fluid dynamics
of the jet. However, any model with more free parameters
than a filled cylinder is not constrained by the available
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Fig. 6. Comparison of jet full-width at half the maximum in-
tensity at different wavelengths. The width is determined col-
umn by column on the images in Fig. 2 as the full width at half
the maximum intensity along the column. The bottom panel
shows the optical (A620 nm) flux profile (maximum intensity)
for reference. The middle panel shows the width at A300 nm
(UV), A620 nm(optical) and A1l.6 pum (IR). The upper panel
shows again the optical width for reference and the width at
the radio wavelengths of A1.3 cm and A2.0 cm. The right-hand-
side axis for the upper two panels expresses the observed width
in units of the effective resolution of (/3. This plot shows that
although the jet is clearly wider in the radio than at HST fre-
quencies, the increasing isophotal width in the radio is mainly
caused by the increase in brightness, not by an actual widening,
which would be seen as an increase in the jet’s FWHM.

data. We therefore assume that the jet is a cylinder ex-
tending along position angle 22222 whenever a value of the
jet volume is required, and next determine the appropriate
value for the radius of this cylinder.

4.1.3. Width of the jet

Comparing the radio and the optical images (Fig.2), it
appears that the radio emission is widening significantly
towards the hot spot, while the optical emission is of
smaller and constant width. However, the transverse jet
profiles (Fig. 4) show that the radio and optical width are,
in fact, comparable throughout. The apparent widening of
the radio isophotes is predominantly due to the increasing
brightness, and hence and signal-to-noise ratio, as a larger
part of the point spread function’s (PSF) wings is visible
above the background noise. Finite-resolution isophotes
should therefore not be used to judge the widths of jets.
With sufficient signal-to-noise, the appropriate com-
parison would be using a deconvolution. Here we instead
give the run of the jet FWHM in Fig. 6. As expected from
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Fig. 4, the radio jet does not widen in the way suggested
by its isophotal width, but the FWHM remains constant
at roughly 1”(this was first noted by Conway et al. 1993).

One might hope to determine the true extent of the jet
on the images or radio maps with the highest available res-
olution. While this is possible on the HST images for the
entire jet, the resolution of ~ 0”1 for the optical and ~ 0”2
for the infrared is not reached by the VLA with sufficient
signal-to-noise for most part of the jet. This is a conse-
quence of the large dynamic range of over 30,000 between
the fainter parts of the jet and the radio core. Therefore,
the current radio data do not permit a comparison of the
jet width at the resolution reached by HST. The dynamic
range of these radio images actually fell short of expecta-
tions for reasons we are currently trying to understand.

Since the optical jet has fairly sharp boundaries on the
WFPC2 R-band image at original resolution, we use the
average width of the 3o isophote of 0”7 as the width of
the jet channel (this is identical to the value reported by
Bahcall et al. 1995). Thus, the jet channel is described
as a cylinder of constant radius 0”7/2 = 0”35 for regions
A1-D2/H3 (r = 12"-21"). This width agrees with the hot
spot diameter given by Meisenheimer et al. (1997), so to
lowest order, we can extend the cylindrical model to cover
the entire jet out to the tip of the jet H1.

As the cocoon emission (¢f. Fig. 4) is much fainter than
the jet’s, its morphology is much more difficult to estab-
lish. To assess any likely contribution of the cocoon emis-
sion to the flux observed from the jet, the radio emission
surrounding the optical jet channel is described as a cylin-
drical shell with inner radius 0”35 (enclosing the optical
jet channel without a gap) and outer radius 0”8, close
to the isophotal width of the radio jet there and roughly
twice that of the optical jet.

The volume belonging to each photometry aperture
(or pixel in Fig.2), i. e., the effective jet volume sampled
by each photometry aperture, is calculated by explicitly
convolving the model assumed for the jet (a filled cylinder
of radius 0”35) with the observing beam of 0’3 FWHM
at the location of each aperture, assuming that the sym-
metry axis of the cylinder lies along the radius vector at
position angle 222°2. The obtained values are tabulated in
Tab. 2. We use them here to assess the likely relative vol-
ume emissivity of the jet and the cocoon. The jet volume
sampled by each aperture will be used in the calculation of
the minimum-energy field in §5.2, where we also consider
the effect of the inclination of the jet to the line of sight.

Using Tab.2, we can now also estimate the contribu-
tion of the cocoon or backflow material along the line of
sight to the central part of the jet. The effective volume
contributed by the cocoon volume is much larger than that
of the jet channel. Therefore, the cocoon’s volume emissiv-
ity can be no more than about 1% of the jet’s volume emis-
sivity (the exact ratio depends on the azimuthal extent of
the cocoon). Otherwise, the cocoon emission would com-
pletely dominate the jet emission and the profile would
not appear centrally peaked, or fall off more slowly than
observed. In the central part of the jet, the cocoon will

Table 2. Effective volume of the jet sampled by photometry
apertures at distance dy from the symmetry axis of the model.
Jet volume, contribution from the jet channel visible in the
optical, assumed as filled cylinder extending from &, = 0" to
dy = 0/'35. Cocoon volume, contribution from the cocoon, mod-
elled as hollow cylinder wrapped extending from d, = 0’35 to
dy = 1" around the jet channel. These values assume a fully
side-on view.

6y  Jet volume Cocoon volume

" (h’;ol kpc)3 (h’;ol kpC)3
0.0 1.3 1.8
0.1 1.2 1.9
0.2 .98 2.0
0.3 .62 2.3
0.4 .28 2.4
0.5 .084 2.3
0.6 .015 1.9
0.7 .0016 1.3
0.8 .0001 71
0.9 -00003 .26
1.0 .0000007 -06

then also contribute only about 1% of the jet emission.
The same constraint from the observed brightness profile
implies that the contribution of the cocoon to the central
jet flux cannot be appreciable even if the true width of the
cocoon is different from the assumed 0”8.

4.1.4. Morphology summary

In summary, the overall morphology of the jet is similar
at all observed wavelengths from 3.6 cm to 300nm. The
exceptions to this are the radio-quiet “extensions” (Inl,
In2, S; Fig.1 and Jester et al. 2001) to the optical jet,
and region B1, in which the SED of the southern strand
of emission peaks in the radio, but that of the northern
strand peaks at optical wavelengths. All of the emission
blueward of 1.6 um and the bulk of the radio emission at
the wavelengths of 3.6 cm and shorter considered here are
emission from the jet itself, while the steep-spectrum radio
cocoon (or “backflow”) south of the jet makes a negligible
contribution along the line of sight to the jet channel (cf.
Conway et al. 1993; Conway & Davis 1994). We therefore
use the full data set from 3.6 cm to 300 nm to analyse the
spectrum of the jet emission here.

4.2. Spectral indices

From the photometry results shown in Fig. 2, we compute
pairwise spectral indices a. The spectral index maps are
shown in Fig.7. Their run along the jet’s centre line is
shown in Fig.8 (Fig.1 in Jester et al. 2002). The error
bars in Fig. 8 have been calculated from the total random
error. There is an additional systematic error from flux
calibration uncertainties (typically 2%, §3). These change
all flux measurements through one filter by the same fac-
tor. Its effect on the spectral index determination is to
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Fig. 7. Spectral index maps at (/3 resolution generated from the photometry data in Fig.2. Only pixels with a signal-to-noise
ratio of at least 5 per beam are shown. Images are combined pairwise in order of increasing wavelength. Linear colour scales
(shown above the respective images) have been chosen to stress variations within one map.

a, optical spectral index (range: —2...0); b, optical-infrared (—2.5...—0.4); c, infrared-radio (—1.35...—0.8); d, radio A1.3 cm-
A2.0cm (—2...0); e, radio A2.0cm-A3.6cm (—2...0)

The variations of both radio spectral indices in the inner part of the jet are mainly due to low signal-to-noise and the associated
imaging uncertainties. Compare with Fig. 8 to gauge the relative magnitude of variations of the different spectral indices.

offset a given spectral index by a constant amount for the The two radio spectral indices (between 3.6cm and
entire jet. The magnitude of the effect is smaller than any 2 cm, and between 2 cm and 1.3 cm) behave erratically out
of features which we detect at high statistical significance. to a radius of about 19”. These variations are not signifi-
Our conclusions are, therefore, unaffected by this residual cant: the radio jet is detected at low signal-to-noise ratio
systematic uncertainty. at the inner end, and the deconvolution involved in the
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reconstruction of the brightness distribution on the sky
from the observed interferometric data is only accurate
(in the sense of achieving an image representing the true
brightness distribution) for high signal-to-noise. We there-
fore show an overall radio spectral index in Fig.8 which
has been determined by a least-squares straight-line fit
to the three radio data points. For the outer part of the
jet, the radio spectral index shows a steepening of the hot
spot (H2) spectrum compared to the remainder of the jet.
The run of the spectral index between 6 cm and 3.6 cm,
for which only lower-resolution data at 0”5 are available
agrees with the spectral index run determined at the wave-
lengths considered here (¢f. Conway et al. 1993).

The infrared-radio spectral index (Fig.7c) is nearly
constant at ol =~ —0.9 along the centre of the opti-
cal jet, with some flattening in optically bright regions
and a pronounced steepening in the transition from D2
(r = 20") to the radio hot spot H2. It steepens markedly
to & —1.2 away from the centre line. These features are
identical to those identified by Neumann et al. (1997a) on
a spectral index map at 1”3 resolution generated from ob-
servations at 73 cm and 2.1 ym. There is no spectral index
feature uniquely corresponding to the hot spot H2, as is
the case on the radio spectral index map. On the other
hand, the tip of the jet H1 is identifiable as region with
radio-infrared spectral index slightly flatter than H2.

We use the term “high-frequency” to refer to the
infrared-optical and optical-ultraviolet spectral indices. As
already noted by considering the spectral index map de-
rived from the optical and near-ultraviolet imaging at 0”2
resolution (Jester et al. 2001), there are none but smooth
changes in the optical-UV spectral index along the jet. The
same is true for the infrared-optical spectral index. Both
these spectral indices decline globally along the jet. At the
onset of the optical jet at A and at B1, both have a value
of —0.7, i. e., the optical-UV spectrum there is flatter than

20

The optical flux profile is shown for
reference. Reprinted from Jester et al.
(2002) for reference.

22

the radio and radio-infrared. Both high-frequency indices
decrease to about —1.7 at C2. The optical-ultraviolet a}f}}{
remains near this value for the reminder of the jet, while
the infrared-optical a?ﬁt steepens further, reaching a min-
imum near —2 between D1 and D2, and flattening back

to —1.7 at D2.

Thus, as already reported in Jester et al. (2002), the
spectrum does not, steepen everywhere towards higher fre-
quencies, but flattens between the near-infrared and op-
tical in nearly all parts of the jet. We will consider the
implications of this finding in §§5 and 6.2.

The general outward steepening of the high-frequency
spectral indices is in agreement with previous determina-
tions of the knots’ synchrotron spectrum which showed a
decrease of the cutoff frequency outward (Meisenheimer
et al. 1996a; Roser et al. 2000). There is an excellent cor-
respondence of the run of the optical-infrared spectral in-
dex af{{t along the jet with the spectral index ako be-
tween 2.1 ym and the optical as determined by Neumann
et al. (1997a) at 1”3 resolution (Fig.9). As has been noted
in Jester et al. (2001), the overall run of the optical-
ultraviolet spectral index agy at 0”3 agrees overall with
the run of the optical spectral index aggry at 173, with
discrepancies in a few regiosn: a comparison of Figs. 8 and
9 shows that these discrepancies arise precisely in those re-
gions in which the spectrum flattens at high frequencies.
The discrepancies can thus be ascribed to the different
wavelength of the bluest HST and ground-based images
(300nm compared to 400nm) and the fact that the flat-
tening occurs just in this wavelength region (between 600
to 300 nm).

Optical spectral index variations are not strongly cor-
related with brightness variations. Some local peaks of
agp\{ coincide with brightness maxima, while others co-
incide with minima. In contrast, there is a correlation be-

tween the optical-infrared spectral index a5 and the jet’s
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Fig. 9. Comparison of high-frequency spectral indices with
previous observations at 1”3 resolution. Top, comparison of
optical spectral index aggrr at 1”3 resolution from Réser &
Meisenheimer (1991) with optical-UV spectral index agIX at
0”3 from this work (error bars are similar for aprr and agIX ).
Below, comparison of infrared-optical spectral index ako from
Neumann et al. (1997a) and ofi’ from this work (ouly every
tenth error bar shown). The overall agreement between the
spectral indices at ('3 and 1”3 is surprisingly good. Differences
between agIX and aprr occur in A, C2, D1, and D2, those re-
gions in which the observed spectrum (Fig.8) does not show
the expected steepening towards higher frequencies.

surface brightness, in the sense that brighter regions show
a flatter spectrum (smaller |afR'|, see Figs.7 b and 8).
This correlation is most clearly visible on the spectral in-
dex map for the outer end of the jet. The bright regions
D2/H3 together with the hot spot H2 appear as an is-
land of a?g“ =~ —1.6 surrounded by regions with steeper
spectrum. The correlation between local maxima in sur-
face brightness and a?{{t’ is also present in the inner part of
the jet, although the spectral index maxima are displaced
sideways from the brightness peaks due to a transverse
spectral index gradient.

This spectral index gradient is suggestive of a resid-
ual misalignment between the optical and infrared images,
e.g., a rotation between the two about a point close to
D2/H3. It could also have been caused by an overestima-
tion of the diffraction spike signal which has been mod-
elled and subtracted (see §2.3.2). Since Neumann et al.
(1997a) did not detect a significant change of the infrared-
optical spectral index transversely to the jet at 1”3, and
although the alignment procedures described above (§3)
should have ensured that such an error should not have
occurred, we reconsidered this possibility to avoid the in-
troduction of spurious gradients. After a detailed investi-
gation (details are contained in Jester 2001), we concluded

that the misalignment necessary to produce such a gradi-
ent was far greater than compatible with the alignment
precision established previously. Neither can the gradient
firmly be linked to the diffraction spike subtraction or any
obviously detectable misalignment. In the given situation,
we rely on the data with the offsets established to the best
of our knowledge. The clarification of this matter has to
await new observational data.

In summary, there are two surprising findings regard-
ing the spectral indices. Firstly, the knots, i. e., the local
brightness peaks occurring at nearly the same position at
all wavelengths, have a flatter infrared-optical spectrum
than the regions separating them. Thus, there is a lo-
cal positive correlation between the jet brightness at any
wavelength and the infrared-optical spectral index. This
contrasts with the global anti-correlation between energy
output and spectral index: the radio surface brightness in-
creases while the high-frequency spectrum steepens con-
siderably. Secondly, the spectrum flattens in the optical-
UV wavelength region. In fact, the optical-ultraviolet aj]
spectral index is nowhere significantly below the infrared-
optical afﬁt, in contrast to the expectation of a syn-
chrotron spectrum which steepens at higher frequencies.
We will consider the implications in §6.4 and first turn to
the determination of the maximum particle energy from
the observations.

5. Analysis

The present observations have been obtained to study
the behaviour of the maximum particle energy along the
jet in 3C273, with the aim of identifying acceleration
and/or loss sites within the jet. In order to determine
the maximum particle energy from the observed spectral
energy distributions, we need to determine both the cut-
off frequency v. which is the characteristic synchrotron
frequency corresponding to the highest particle energy,
and the magnetic field in the jet, assumed to be uniform
along lines of sight. We first consider the determination of
the cutoff frequency and then estimate the magnetic field
strength using the minimum-energy argument in §5.2.

5.1. Spectral fits: determination of v,

The cutoff frequency is to be determined from the ob-
served spectral energy distributions by fitting them with
model synchrotron spectra. All previous studies have used
single-population models to describe the jet’s synchrotron
spectrum (Roser et al. 2000; Meisenheimer et al. 1996a;
Neumann et al. 1997a; Meisenheimer et al. 1997). We
noted above that there is a flattening of the observed spec-
trum towards the ultraviolet (Fig.8 in §4.2). This means
that a description using a single electron population is,
in fact, inadequate: any non-idealised power-law electron
population (i.e., with finite maximum particle energy and
rapid pitch-angle scattering) always gives rise to a syn-
chrotron spectrum with steepening slope in the log B,—
logv plane. The observed high-frequency flattening im-
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plies that a second high-frequency emission component
must be present, which contributes either predominantly
to the jet’s near-infrared or near-ultraviolet flux to pro-
duce the observed high-frequency flattening. The discrep-
ancy can be explained by assuming that one of the two
spectral indices reflects the true synchrotron spectrum,
while the other is contaminated by flux not due to the
same population as the remainder of the jet. To assess
the likely reason for this discrepancy between the obser-
vations and the expectations from synchrotron theory, we
perform two separate fits which differ in the determina-
tion of the cutoff frequency (Fig. 10): either the cutoff is
described by the optical-ultraviolet spectral index leading
to an infrared excess (Model A), or conversely, the true
cutoff is described by the infrared-optical spectrum and
there is additional flux in the ultraviolet (Model B; see
Jester et al. 2002). This allows us to perform the fits us-
ing a single-population model.

Following previous studies, we use the method of com-
puting synchrotron spectra with a smooth cutoff from
Heavens & Meisenheimer (1987) to determine the cutoff
frequency from the observed spectral energy distribution.
They model the synchrotron source as a region of con-
stant magnetic field into which a power-law distribution
of electrons extending up to a maximum electron Lorentz
factor ymax is continuously injected. The resulting spec-
trum has a low-frequency power law part with spectral
index ajow, which steepens by one-half power at a break
frequency v, and cuts off exponentially above the cutoff
frequency v, > vp. The break is produced by adding up
the contributions from the electron population observed
at increasing times since acceleration, i. e., with different
cutoff frequencies. The magnitude of the break of 1/2 is
fixed by the cooling mechanism. Although the model was
originally devised to describe the spectra of hot spots, the
use of such a continuous-injection model is justified by
the fact that optically emitting electrons must be acceler-
ated within the jet: our calculation in Jester et al. (2001)
showed that relativistic beaming and/or sub-equipartition
magnetic fields cannot remove the discrepancy between
light-travel time along 3C 273’s jet and the lifetime of elec-
trons emitting optical synchrotron radiation.

The model spectrum has four free parameters: the
low-frequency spectral index ajoy, the ratio of cutoff en-
ergy to break energy of the emitting electron popula-
tion = 4/v¢/w, the observed cutoff frequency v, and a
flux normalisation. Since we only observe the spectrum
at six frequencies, we introduce additional constraints to
obtain meaningful fits. First, we restrict \/v./v, so that
the break is in the range 10° Hz-10'2 Hz, i. e., within the
range of the observed radio data. Secondly, we artificially
fix ajow & —0.4, so that the observed radio-infrared spec-
tral index of about —0.9 (Fig. 8) corresponds to ajgw — 0.5.
In effect, only the cutoff frequency v, is determined by this
fitting procedure. The fit is performed using a x? minimi-
sation technique; the detailed steps can be found in Jester
(2001, §4.2 and references therein). We discuss the impli-
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Fig. 10. Illustration of the two different spectral fits per-
formed. Model A assumes infrared emission in excess of the cut-
off given by the optical-ultraviolet spectral index, while Model
B assumes an ultraviolet excess above the infrared-optical cut-
off.

cations of these constraints on the interpretation of the fit
results in §5.3 below.

5.1.1. Model A and Model B

Model A assigns a low weight to the near-infrared flux
point in the data set. This is motivated by the indication
that the radio cocoon (possibly a “backflow”) around the
jet (Roser et al. 1996) may also be detectable at 2.1 ym
(Neumann et al. 1997a), suggesting that the flux from the
jet at 1.6 yum may be contaminated by emission from the
cocoon as well. Hence, the cutoff in Model A is determined
by the optical and near-ultraviolet points at 620 nm and
300 nm, respectively. Conversely, in Model B, the loca-
tion of the cutoff is dominated by the infrared and optical
points at 1.6 ym and 620 nm, respectively.

In contrast to the remainder of the jet, the hot spot
shows an offset between optical and radio hot spot position
(Fig.5) and a change of the radio-infrared spectral index
(§4.2). Therefore, the spectra from the hot spot regions H2
and H1 at radii beyond r = 21" are fitted differently by
allowing ayoy to vary between —0.8 and —0.3. This model
is referred to as Model HS.

In the bright peaks of A, B1 and B2, there is no cutoff
within the observed frequency range (the high-frequency
spectral indices are flatter than —1 there (Fig.8), so
that the spectral energy density continues to rise towards
higher frequencies). Where this is the case, an artificial
high-frequency data point is introduced to allow the fit to
proceed, which assumes the presence of a local maximum
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Fig. 11. Location of apertures for which spectra are shown in
Fig.12. Locations at local peaks (“knots”) are marked by a
line below the image, while locations in inter-knot regions are
marked by a line above.

in the data set. The artificial point is chosen so that it
has a spectral index relative to the observed UV point of
—1.2 and is introduced at a frequency 108 Hz, 1000 times
higher than the frequency of UV emission. It is assigned a
large error so that it does not influence the goodness-of-fit.
The results obtained for v, for these points are then only
lower limits to the true cutoff frequency as it would be
inferred from observations at higher frequencies. On the
other hand, it is possible that the optical/UV emission in
these regions has a substantial contribution from the sec-
ond, high-energy emission component (§6.2). In this case,
there may be a cutoff to the “low-energy” radio-optical
synchrotron component at lower energies than obtained
here. Observations in additional wavebands, in particu-
lar at longer infrared wavelengths, or a comparison of the
radio and optical polarisation of these regions at high res-
olution may shed light on this issue. However, given the
similarity of radio and optical polarisation at low resolu-
tion, it appears unlikely that the emission is dominated
by the high-energy component, although its contribution
may be significant.

5.1.2. Fit results

At the chosen resolution of 0”3, the inter-knot regions are
fairly well-resolved from the knots themselves, so that we
obtain meaningful values for the cutoff frequency for the
entire jet. For the following discussion, we have chosen
16 locations corresponding to distinct features, the inter-
knot regions and the brightness peaks. These locations
are indicated in Fig.11. Figure 12 shows the correspond-
ing spectra, table 3 shows the fit parameters describing
the shape of the spectrum (low-frequency spectral index,
break frequency, cutoff frequency).

The fit results for the Models A and B are very similar
in most cases. As described in detail in Jester et al. (2002,
section 3), we reject the large near-infrared residuals ob-
tained with Model A as implausible and prefer Model B,
which has a significant excess in the near-UV. This implies
that the jet emission consists of a “low-frequency” compo-
nent responsible for emission from radio through optical,
and at least one “high-energy” component, responsible for

the near-UV emission, and possibly the X-rays at well. We
will nevertheless show all results for both models to illus-
trate that the quantities derived from either model do not
differ significantly.

Figure 12 highlights the development of the spectra
along the jet: a global increase in luminosity coupled
with a decrease in cutoff frequency. As expected from
the brightness profiles, the spectral energy distribution
peaks at lower frequencies at larger radii from the core.
Simultaneously, the peak flux density increases.

Compared to earlier studies at lower resolution
(Meisenheimer et al. 1996a; Neumann 1995; Roser et al.
2000), the contributions from individual knots are now
clearly separated from each other. While previously only
knot A showed a spectrum without a cutoff, it is now
seen that there is no cutoff at the brightness peaks in
B1 and B2, either. Not only is there no cutoff, but the
infrared-optical-UV spectrum is harder than the radio-
infrared spectrum in these locations, as already inferred
from the spectral indices (compare Fig. 8). There is, how-
ever, a cutoff in the transition A-B1, between these peaks.
The presence of a cutoff in the southern part of B1 can
already be inferred from the fact that it is optically much
fainter than the northern part, while it is brighter in the
radio (¢f. Fig.2). The differences between the spectra fit-
ted at the brightness peaks and the regions connecting
them are nowhere else as drastic. However, for the first
time we see that there is an increase of the cutoff fre-
quency in the knots, compared to inter-knot regions, cor-
responding to the slightly flatter spectrum there (cf. §4.2).
This local increase is a modulation of the global outward
decrease of the cutoff frequency.

The synchrotron radiation at the cutoff frequency is
emitted by those particles with the highest energy. The
maximum particle energy can therefore be computed from
the cutoff frequency through the synchrotron character-
istic frequency, the frequency around which most of the

synchrotron emission of an electron of energy ymec? in a
magnetic field of flux density B is emitted:

2 (Bsin
Venar = 4.2 x 101 (1%) ( nT¢> H. (1)

The dependence on the pitch angle 1 requires one to
make an assumption about the pitch angle distribution,
which we take to be isotropic. This calculation requires
the knowledge of the magnetic field in the source. In or-
der to discuss the behaviour of the cutoff frequency and
the maximum particle energy together, we first consider
how to derive the magnetic field value.

In the absence of any other reliable method, the mag-
netic field for the jet can only be estimated by making use
of the minimum-energy assumption. We therefore present
the derivation of the value of the minimum-energy mag-
netic field for the type of spectra described here.
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Fig. 12. Observed data points with fitted spectra for the points shown in Fig. 11. To account for the observed flattening of the
spectrum towards the ultraviolet, Model A assumes a contamination in the infrared, so that the cutoff is determined by the
optical-ultraviolet spectral index there, while the cutoff in Model B is determined by the infrared-optical spectral index. Those
spectra which require an artificial high-frequency data point to obtain a fit result are labelled “cut”; for these, Model A and
Model B are identical, and the artificially obtained value for v, is a lower limit to the actual value. The spectrum may extend
up to X-rays in those locations where an artificial cut is necessary (c¢f. Roser et al. 2000; Marshall et al. 2001; Jester et al.
2002). Continues.
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Table 3. Fit parameters describing the shape of the spectra (low-frequency spectral index, break frequency, cutoff frequency)

shown in Fig. 12.

Model A Model B/HS

Location r® 5,0 Qlow Vb ve© Qlow Vb Ve

" " Hz Hz Hz Hz
A 13.0 0.0 | —0.35 1.83x10™° 1.83x 10 ¢
A-B1 13.7 0.0 | —0.38 225 x10° 2.25 x 10'° —0.38 2.15x10° 2.15 x 10'®
B1 14.2 01| —0.35 7.13x10° 7.14 x 10%° ¢
B2 152  —0.1 | —0.44 278 x 10" 3.81 x 10'® 1
B3 156 —0.1 | —0.48 2.71 x 10!  3.34 x 106 —0.46 1.98 x 10!  2.38 x 10'¢
B3-C1 16.3 0.0 | —0.38 3.12x10° 3.13 x10%® —0.35 1.36x10° 1.36 x 10®
C1 16.8 0.1 | —0.39 1.65x10° 5.24 x 10'® —0.38 1.59 x 10'° 3.74 x 10'®
C1-C2 17.3 0.0 | —0.37 1.45x 10" 4.42 x 10" —0.35 1.35x 10" 3.67 x 104
C2 17.7 0.0 | —0.36 2.86 x10'° 9.38 x 104 —0.35 3.07x10° 8.19 x 10
C2-D1 18.3 02 | —049 239 x10'° 7.88x10" —0.35 8.65x10° 546 x 104
D1 18.9 0.1 | —0.48 1.06 x 101 4.34 x 10%® —0.35 9.58x10°  4.65 x 10
D1-D2 19.5 —0.2 | —0.35 4.62x10° 3.16 x 10'4 —0.35 5.78x10° 3.23 x 104
D2 19.8 —0.2 | —0.35 7.92x10° 5.26 x 10** —0.35 9.27x10° 5.15 x 10%4
H3 202 —0.3 | —0.39 220 x 10° 8.75 x 10'* —0.35 1.08 x10°  5.10 x 10**
H2 21.3 0.0 —0.60 1.14x10° 750 x 10
H1 221 —0.2 —044 228 x10° 5.79 x 103

“ Distance along radius vector

b Distance from the radius vector; negative offsets are to the south.
¢ The 1 mark indicates locations where there is no cutoff to the optical spectrum in the observed range and the value given
is a lower limit to the true cutoff frequency. Both fits are identical in this case.

5.2. Equipartition field strength

There is a firm minimum value for the total energy den-
sity (in relativistic particles and magnetic field) necessary
to generate a given synchrotron luminosity. This energy
density can be deduced from observations with the help
of assumptions about the source geometry and the range
of frequencies over which synchrotron emission is emit-
ted. Pacholczyk (1970) presents a clear derivation of the
minimum energy density of a synchrotron source for the
assumption of a power-law electron energy distribution in
the source.

The minimum-energy field is that value of the source’s
magnetic field corresponding to the minimum total energy
sufficient to give the observed emission. Due to the lack
of other diagnostic tools, this minimum-energy magnetic
field is often used as estimate for the true magnetic field.
Doing so, one introduces a local correlation between the
magnetic field strength and the energy density in parti-
cles. This correlation provides the most efficient way to
produce a given synchrotron luminosity. One may imag-
ine magneto-hydrodynamical processes causing this cor-
relation, because the particles are both tied to magnetic
field lines and create them by their motion. However, no
detailed microphysical feedback process has been identi-
fied which maintains this correlation on all scales, and it
appears dangerous to us to draw conclusions deriving from
this correlation until it is is established that it is a natu-
ral, not an artificial one. Nevertheless, it seems reasonable
to assume that the minimum-energy magnetic field is a

good indicator of the order of magnitude of the source’s
magnetic field (Meisenheimer et al. 1989).

With this caveat in mind, we use the minimum-energy
magnetic field as a measure of the jet’s magnetic field,
calculating it following Pacholczyk (1970, p. 168ff.) but
explicitly assuming a broken power law. To account for
the break in the electron spectrum at Lorentz factor -y,
leading to a break in the model spectrum at v, we write
the electron density as

n(v) (%) :phigh
(7o) (”) for v >,

Yo
Similarly, the observed spectrum is approximated by

S(wo) (
S(wo) (

with a = —(p — 1)/2. The spectra in §5.1 have been con-
strained to break near v, ~ 10! Hz (see discussion be-
low), from oy & —0.5 to Omigh A~ —1, corresponding to
Plow = 2 and phigh & 3, respectively. Even the separate
hot spot fit, in which the spectral index is allowed to vary,
does not have a significantly steeper best-fit spectral in-
dex. All integrals can therefore be approximated by setting
01w = —0.5 and correspondingly anign = —1. It is useful
to write the electron energy spectrum in terms of v = Y,
and correspondingly the observed spectrum in terms of
Vg = Vp.

The calculation of the minimum energy density in-
volves integrating both the electron energy over the elec-

Plow
for y < v

n(y) = 2)

;’—0 e for v <
Sw) " , 3)
vo

Qhigh
) for v > 1y
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tron distribution, and the observed flux density over
the corresponding frequency range. We use a fixed low-
frequency limit of vy,;, = 107 Hz. While a choice of a fixed
lower electron energy limit would have been more physical,
it turns out that the value of vy, has little influence on
the result for ajew = —0.5 because terms in vy, /v, enter
logarithmically or can be neglected altogether. Similarly,
for the observed cutoff in the optical range, a term in v, /v,
can be neglected. With these approximations, we obtain
the following expressions for the total energy in electrons,
the luminosity following from the electron energy distri-
bution, and the observed luminosity, respectively:

1
Ua = mec®n()Kvy B! (1+ Sln b ) (4)
Vmin
4
L(ne,B) = n(’\/b)qﬁVgoTcUmag
3 3 . 3 1 Ve
xK2y2B™2 (1+ 5l Eﬁ) (5)
Lovs = 8rd2Sm)m (14 21 (6)
obs — OTdy, b )Vb 2 "

K~1! = 4.2 x 10'°T~! Hz is the numerical constant from
Eqn.1, V is the source volume, a fraction ¢ of which
is filled by radiating particles, dy, is the luminosity dis-
tance to the source, and the remaining symbols have their
conventional meaning. We solve for the minimum-energy
magnetic field in the usual way by using Eqns. 5 and 6
to solve for the electron number density as function of the
magnetic field and substituting into Eqn. 4, then minimis-
ing the total energy density in the source
B2
Uit (B) = (1 + k)Ua(B) + —

510 (7)

with respect to B to obtain the minimum-energy (or
“equipartition”) field Bmin. Here, k is the ratio of energy
in other relativistic particles to energy in relativistic elec-
trons. If the jet is an electron-positron jet, k¥ = 1 since
positrons are accelerated in the same way as electrons. If
the charge-balancing particles are protons or even heavier
ions, the value of k depends on details of the injection and
acceleration process. A typical number found in cosmic-
ray particles is £ ~ 100. We choose k¥ = 1 to obtain a
lower limit t0 Bpin, which scales as (1 + k)2/ 7. The final
expression for By, is of the form

Bunin < (Sh)v/%b 9(Vimins Vs 7)) (8)

where ¢(Vmin, Vb, Ve) = 1 +1/2In(v /Vmin) in our case. In
the more general case of a broken power law with arbi-
trary low-frequency spectral index qiow, §(Vmin, Vb, Ve) =
¢(1ow) h(Vmin, Vb, Vc), Where both ¢ and h are a slowly-
varying functions, and h contains the integration limits
from the Uy term analogous to Equation 4. The integra-
tion limits for the observed luminosity and the luminosity
following from the electron energy distribution drop out
of the final expression for By, leaving only the depen-
dence on the spectral index in ¢(aow). This important

property of the minimum-energy field is not obvious from
the form of the equations as given by Pacholczyk (1970),
but becomes evident when writing the observed bolomet-
ric luminosity in terms of an integral over a power-law flux
density distribution (¢f. Miley 1980, Equation 2).

We next discuss the impact of the jet orientation the
assumptions we have made about the shape of the spec-
trum before discussing the behaviour of the minimum-
energy field and hence the maximum particle energy along
the jet.

5.3. Impact of our assumptions
5.3.1. Impact of line-of-sight angle and Doppler factor

If the jet does not lie in the plane of the sky but is inclined
to the line of sight by an angle i, all lines of sight passing
through the jet, and hence the total jet volume, are longer
by a factor 1/sin compared to the side view (ignoring
edge effects at the end of the jet). The minimum-energy
field is influenced by the variation in volume V' as V-E,
A line-of-sight angle i ~ 45° has been inferred for the flow
into the hot spot from independent considerations of the
jet’s polarisation change there and the hot spot’s morphol-
ogy (Conway & Davis 1994; Meisenheimer et al. 1997). If
the jet is at the same angle, the values in Tab.2 need to
be scaled up by 1/sin45° = 1.4. Hence, the minimum-
energy field needs to be scaled down by about 10%, and
correspondingly the maximum energy up by 10%. Since
we do not expect the minimum energy to be accurate to
this level, we simply assume the jet is in the plane of the
sky. Even if the jet flow is relativistic, the value of Yax
inferred from the minimum-energy field and the observed
V¢ is nearly independent of the value of the Doppler factor
since both v. and By, o< 53/ " are modified by the beam-
ing in nearly the same way (Neumann 1995; Meisenheimer
et al. 1996a).

5.3.2. Impact of assumptions about the spectral shape

Our fits of the observed spectra with theoretical mod-
els (§5.1) constrained the spectral shape to have a low-
frequency spectral index of @ = —0.4 or flatter and a break
of |Aa| = 0.5 in the frequency range of the VLA obser-
vations, leaving the cutoff frequency as the only “shape
parameter” to be determined by the observations. This is
an appropriate model of the observations since all radio
observations show a nearly constant radio spectral index
a =~ —0.8 everywhere in the jet, while there are variations
in the spectral indices only in the infrared/optical/UV
wavelength range (§4.2 and Conway et al. 1993). We are
primarily interested in the value of the cutoff frequency,
but also in the behaviour of the bolometric luminosity of
the radio-optical emission component. We show now that
the impact of the assumptions about the spectral shape
on these quantities only has negligible impact on our con-
clusions.
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Fig.15. Maps of the cutoff frequency. Grey levels run from
10'® Hz (white) to 10'7 Hz (black) with a pseudo-logarithmic
stretch as indicated by the greyscale bar. The values fitted in A
and B2 are lower limits. As expected, Model A bears a closer re-
semblance to the optical-ultraviolet spectral index map, while
Model B is dominated by the infrared-optical spectral index
map (cf. Fig. 7). Regions H2 and H1 are fitted with a different
model HS.

To check the impact of our assumptions, we repeated
the minimum-energy argument for a simple power law
with spectral index @ = —0.8 (approximating the ra-
dio observations). For spectral indices @ < —0.5 and for
Ve > Vmin, the only spectral shape parameters that remain
in the expression for the minimum-energy field are the
spectral index itself and the assumed minimum frequency.
The value of the cutoff frequency has negligible impact on
the minimum-energy field. The the spectral index only ap-
pears in a slowly-varying function, so that small changes
in the assumed & do not have a large impact on the result.
Changing the break frequency v}, which could in principle
lie in the unobserved gap between the VLA and HST data,
by as much as a factor of 10* only changes the derived
minimum-energy field by a factor of about two. Similar
changes will be produced by much more modest variations
in the assumed values of the filling factor ¢ and the ratio
k of energy in other relativistic particles to energy in rela-
tivistic electrons. Thus, our lack of knowledge about ¢ and
k constitutes the dominant systematic uncertainty. Even
these uncertainties do not have a strong impact on our re-
sults because the inferred maximum particle energy scales
as Ymax X \/Ve/Bumin S0 that ymax depends at most on the
7' root of any quantity of interest. The results presented
in the following section are therefore very robust with re-
spect to changing any of the underlying assumptions, at
least for the low-energy emission component responsible
for the radio-optical synchrotron emission (cf. §6.2).

5.4. Run of v¢, Bnin, and ymax along the jet

For each photometry aperture (or pixel in Fig. 2), the val-
ues for m,,S(v,) and v, from the fitted spectra together
with the appropriate volume from Tab. 2 and the assumed
value of vy, are used to calculate B,. With this knowl-
edge, the maximum particle energy Ymax can be inferred
from the fitted value of v.by Eqn. 1.

We consider the determined values of the cutoff fre-
quency, minimum-energy field and hence maximum par-
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Fig.16. Run of the fitted cutoff frequency v, along the jet.
The thin line represents the run of the cutoff frequency at 1”3
resolution, parameterised as v; = 10'7 Hz exp(—(r — 12"")/1"4)
by Meisenheimer et al. (1996a). Model A has a slightly higher
v, than Model B. Lower limits to the true cutoff frequency
are indicated by arrows. Error bars are not shown because
the errors on the fitted cutoff frequency are correlated in a
complicated manner with the observational flux errors and the
assumed spectral shape. Variations in the cutoff frequency are
expected to be significant where the variations in the high-
frequency spectral indices are significant.

ticle energy and their relation to the jet morphology. In
particular, we will be interested whether it is possible to
identify localised acceleration regions in the jet.

5.4.1. The cutoff frequency v,

We present maps of the fitted cutoff frequency v, for the
three different fits in Fig. 15, and its run along the radius
vector at position angle 222°2 in Fig. 16. No cutoff is ob-
served in the regions at r = 13" (A1) and at 15" (B2) (cf.
§4.2), so the fitted values there are only lower limits to the
true cutoff frequency. The overall trend is a decrease in v,
with increasing distance from the core. The lowest value
of v, is reached at the hot spot, which is characterised by
a sharp drop in v, from 10!5 Hz at 21”2 (optical hot spot
position) to 10 Hz at r = 21"”6. As expected from the
overall similarity of the spectral indices determined at 0”3
resolution and in earlier work at 1”3 resolution (Fig. 9), the
cutoff frequency determined here agrees well with the run
of the cutoff frequency v. = 10'7 Hzexp(—(r — 12")/1"4)
determined by Meisenheimer et al. (1996a).

All variations are rather smooth. Any sharp jumps
are due to the uncertainties introduced into the fitting
by the fact that there are only three high-frequency data
points which cannot constrain the cutoff frequency and the
UV excess well simultaneously. Therefore, only those local
peaks are significant which correspond to significant peaks
in the high-frequency spectral indices (Fig.8). In fact, lo-
cal peaks in the cutoff frequency are not as pronounced as
expected from the peaks in the infrared-optical spectral
index, e.g. at C2 and D2. Considering the fits in these lo-
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Fig. 17. Run of the minimum-energy field Bmin along the jet.
The solid points show the values determined for individual re-
gions by Meisenheimer et al. (1996a). The overall run corre-
sponds to that of the jet luminosity. The most recent value for
the magnetic field determined for the hot spot is (39724)nT.;
correcting for a different value of k£ in Eqn. 7 brings this into
agreement with the present determination. Other discrepancies
are due to the different volumes assumed for the emission re-
gions, which were modeled as individual blobs by Meisenheimer
et al. (1996a).

cations (Fig.12), it is apparent that the cutoff frequency
is likely overestimated in those locations. In any case,
there is a tendency for the cutoff frequency to be slightly
higher in the brighter regions than in the immediate sur-
roundings. However, the variation in cutoff frequency is
less pronounced than the corresponding variation in the
jet’s surface brightness at all wavelengths. Thus, there is
a local positive correlation between brightness and cutoff
frequency, while globally, the cutoff frequency decreases
along the jet as the (radio) surface brightness increases.

Only small discrepancies arise in the value of the cutoff
frequency between Model A and Model B for most of the
jet (for a discussion, see §6.2 below). Between r = 17.5
and r = 19.5, where the spectral hardening is most pro-
nounced, the value of v, in Model A, in which the cutoff
is determined mainly by the optical-UV spectral index, is
a factor of 3-10 larger than in the preferred Model B, in
which the steeper (by Aa & 0.2) infrared-optical spectral
index determines the cutoff frequency. Before we discuss
the variation of the particles’ maximum energy along the
jet, we consider the derived minimum-energy field.

5.4.2. The equipartition magnetic field

The variation of the derived minimum-energy field per-
pendicular to the jet axis is dominated by the assumed
geometry. We therefore present only its run along the as-
sumed jet axis in Fig. 17. It starts at just below 10nT at
the onset of the optical jet, increasing to 20-25nT in the
hot spot. The corresponding value of the electron num-
ber density ranges from about 1-5m~2. The evolution of
the minimum-energy field along the jet corresponds qual-
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Fig.18. Map of the bolometric surface brightness assuming
isotropic emissivity. Pixel values range from 1.5 x 10** W at the
peak of knot A to 1.9 x 10> W in the hot spot with a pseudo-
logarithmic stretch as indicated by the greyscale bar. The hot
spot has a luminosity of approximately 1.31 x 103" W (sum of
H2 and H1), which is just a little more than the total luminosity
of the jet at r < 2077 of 1.26 x 103 W. The luminosity of
regions A and B2 could be much larger than indicated here if
the synchrotron spectrum extends up to X-rays.

itatively to the run of the bolometric surface brightness
(Fig.18). This is expected because for the constant spec-
tral shape assumed here (justified by the constant radio
spectral index) and for a constant emitting volume, the
minimum-energy field scales with the surface brightness
S(v9) (at any frequency vy significantly below the cut-
off frequency) as S2?/7. As already noted in §§5.2 and
5.3.2 above, the cutoff frequency has negligible influence
on the minimum-energy field for spectra with a < —0.5.
Therefore, the possibility that the synchrotron spectrum
extends up to X-rays in regions A, B1 and B2 has no in-
fluence on the minimum-energy estimate.

The minimum-energy field of ~ 25nT determined for
the hot spot seems to be low compared to the magnetic
field value determined by Meisenheimer et al. (1997), both
from spectral fits ((39733)nT) and from the minimum-
energy argument ((357%)nT; cf Fig.17). This difference
is entirely due to the different values assumed for the ra-
tio k in Eqn.7, chosen as k = 1 here but £ = 10 in
Meisenheimer et al. (1997). Thus, our determination of
the minimum-energy field agrees with previous spectral
fits at lower resolution.

As discussed below, only the order of magnitude of the
minimum-energy field matters in the considerations here.
We therefore do not discuss its behaviour in detail.

5.4.3. The maximum particle energy ymax

The run of the maximum particle energy inferred from the
minimum-energy field and the cutoff frequency is shown
in Fig.19. This run is very similar to the run of the cutoff
frequency in Fig. 16; this arises from the relation used to
derive the maximum particle energy (Eqn. 1):

=107 x [ — 2 : B o
Ymax = 4.2 x 10'5Hz nT)
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Fig.19. Run of the maximum particle Lorentz factor ymax
along the jet. The thin line represents the run parameterised
as Ymax = 107 exp(—(r — 12"")/2'4) by Meisenheimer et al.
(1996a). Their points lie above our new The overall run of
Ymax 1S identical to that of v..
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Fig.20. Map of the maximum particle Lorentz factor ymax.
The results for Model HS have been inserted in both. Only
in regions A and B2 does ymax show a strong correlation to
features of the radio-optical jet morphology. The only differ-
ences between Model A and Model B occur in regions C-
H3, where the discrepancies between the infrared-optical and
optical-ultraviolet spectral indices are strongest.

The maximum particle energy and cutoff frequency are
both plotted logarithmically, that is, we are comparing
their order of magnitude. Hence, the run of the two can
only differ if the order of magnitude of the magnetic field
changes significantly along the jet. This is not the case,
as expected from the fact that the minimum-energy field
scales as S2/7 (cf. §5.4.2 and Fig. 17). This implies that al-
though the variations of B, perpendicular to the jet axis
are dominated by the assumed geometry, the variations in
Ymax are not affected as greatly. We therefore show a map
of the maximum particle energy in Fig. 20 in addition to
the development of vmax along the jet axis presented in
Fig. 19.

As expected from the run of the spectral indices from
previous studies, the global trend is a decrease of Ymax
from > 107 down to 10°-106. Simultaneously, there is a
strong increase of the jet’s luminosity, i. e., luminosity and
maximum energy are anti-correlated. We consider the lo-

cal variations next. As we noted above, local extrema of
the infrared-optical spectral indices correspond to extrema
of v. and hence of ypax because the minimum-energy field
does not change much along the jet. Significant local ex-
trema of Ymax are found in the following regions:

— A and B2 (13”and 15”5), in which both high-frequency
spectral indices peak simultaneously at a value signif-
icantly flatter than the radio-infrared spectral index

— C1 and C2 (16”75 and 17775), where both high-
frequency spectral indices show a local peak; here, the
infrared-optical spectral index peaks at the brightness
maximum, while the optical-UV maxima are slightly
offset radially outward

— The radio hot spot H2, at which all high-frequency
spectral indices and the radio-infrared index drop sig-
nificantly. Ymax starts to drop from a value Ypmax ~ 10°
at the optical counterpart to H2 and reaches a plateau
beyond the radio hot spot at one-third of the pre-hot
spot value. This drop corresponds to the absence of op-
tical and ultraviolet emission beyond the radio hot spot,
in the tip of the jet H1. The detailed run of the cutoff
frequency in the hot spot is determined not only by the
spectral evolution downstream of the Mach disk, which
is located at the highest-frequency emission peak, but
also by the effect of telescope resolution and integrat-
ing along the line of sight through the cylindrical emis-
sion region oriented at 45°to the line of sight (Heavens
& Meisenheimer 1987).

Thus, like for the cutoff frequency, the local variations of
~Ymax Show the exact opposite behaviour of the global vari-
ations: in regions A and B2, there is a strong positive cor-
relation between energy output and cutoff energy. A much
weaker, but still positive correlation is observed for the re-
mainder of the jet’s knots. Globally, however, the cutoff
frequency decreases as the radio jet becomes brighter. We
consider possible explanations in §6.4 below.

6. Discussion
6.1. The hot spot

Meisenheimer & Heavens (1986) presented a model for
particle acceleration in the hot spot of 3C273. They
showed that the hot spot spectrum can be understood
by modelling the hot spot as a planar shock at which
first-order Fermi acceleration of particles takes place (de-
tails of the spectral modelling are contained in Heavens
& Meisenheimer (1987), while further observations of this
and other hot spots have been presented by Meisenheimer
et al. (1989, 1997)). This model predicts an offset between
the peaks of the radio and optical emission of 0”2, arising
from the vastly different synchrotron loss scales of elec-
trons being advected downstream from the shock itself:
“radio” electrons lose a negligible fraction of their total
energy, while “optical” electrons quickly lose their entire
energy as they move away from the acceleration region.
Recall that the strong compression at the shock leads to
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an increased magnetic field compared to the jet flow, and
hence to stronger losses.

Figure 5 clearly shows the predicted offset in the posi-
tion of the hot spot (H2) between radio and optical wave-
lengths. This strengthens the identification of H2 with a
planar shock with strongly localised particle acceleration.

We note that again the minimum-energy magnetic field
determined for the hot spot agrees with the magnetic field
determined from the hot spot spectrum by Meisenheimer
et al. (1997, the only difference arises due to different
values of the parameter k£ in the minimum-energy field
determination).

Thus, at 0”3 resolution, the Heavens & Meisenheimer
(1987) hot spot model is consistent with all observations.
Moreover, our new observations have confirmed the pre-
dicted offset in the hot spot’s position. However, it is re-
markable that even the hot spot shows a UV excess, in-
dicating that the hot spot, too, has a more complicated
internal structure than previously assumed. In addition,
the presence of emission from the tip of the jet H1 (which
has been called a “precursor” in the literature; see Foley
& Davis 1985, e.g.) and its relation to the hot spot must
be explained. The next tests of this model will involve
a detailed analysis of the hot spot’s radio morphology at
the highest available resolution, which we defer to a future

paper.

6.2. Flatter spectra at higher frequencies: the need for
a second emission component

When describing synchrotron spectra as power laws, the
underlying assumption is a power-law electron energy dis-
tribution. As noted above, a non-idealised spectrum with
finite maximum particle energy and rapid pitch-angle scat-
tering will furthermore exhibit a quasi-exponential cutoff
at some frequency v., the synchrotron frequency corre-
sponding to the highest electron energies. This cutoff im-
plies that the spectrum has a convex shape, so that the
spectrum steepens progressively towards higher frequen-
cies. Any high-frequency flux must therefore lie below a
power-law extrapolation from lower frequencies.

In employing broken power laws, the only physical
break is a steepening of the spectrum from |ajew| to
|0high| = |uow| + 1/2 near some break frequency v, < v.
This break arises in a model of the synchrotron source as
a loss region into which a power-law distribution of elec-
trons with approximately constant number density and
maximum energy is continuously injected. The break is
produced by adding up the contributions from the elec-
tron population observed at different times since acceler-
ation, i. e., with different cutoff frequencies. The magni-
tude of the break of 1/2 is fixed by the cooling mech-
anism®. Describing synchrotron spectra with arbitrary
breaks is therefore inconsistent with any physically mo-

3 Slightly larger breaks may be possible by assuming certain
source conditions, systematically varying magnetic fields, for
example (Wilson 1975).

tivated model; in violation of our reasoning above, one
could then even invent breaks to flatter spectra.

We used the detailed shape of cutoff spectra as com-
puted by Heavens & Meisenheimer (1987). The spectral
shape is the result of observing a mixture of electron pop-
ulations, and the appearance of the entire source can be
understood in terms of the temporal evolution of the ini-
tially accelerated population. As long as the spectral shape
is determined only by radiation losses, not even homoge-
neous source conditions are required. The resulting spec-
trum rarely will follow a power law over many decades in
frequency, but will be curved and in any case exhibit a
convex shape.

In contrast, a more complex electron distribution could
be produced if different parts of a source accelerate elec-
trons to different maximum energies, and contain different
numbers of electrons. Such a source could be a jet with
an inhomogeneous distribution of particles and magnetic
fields. This source must be described by more than one
electron population (or equivalently, as the sum of the
emission from more than one source). This corresponds
precisely to the situation encountered in 3C 273’s jet: the
observed flattening of the spectrum implies that a descrip-
tion using a single electron population is inadequate. This
implies unambiguously that there are at least two compo-
nents to the observed spectrum: one is the “low-frequency”
synchrotron spectrum from radio through optical wave-
lengths. In addition, there is a “high-frequency” compo-
nent responsible for the UV excess, and hence the observed
flattening. We have suggested that this second component
is the same as that responsible for the jet’s X-rays (Jester
et al. 2002), which could be a second synchrotron compo-
nent (Roser et al. 2000; Marshall et al. 2001) or beamed
inverse Compton emission (¢f. Sambruna et al. 2001) .
In any case, our spectra prove that 3C273’s jet is not a
homogeneous synchrotron source.

It is notable that besides 3C 273, the spectral energy
distributions (SEDs) of M87’s jet shows the same up-
ward curvature: Marshall et al. (2002) have presented
SEDs for that jet from radio through X-rays (their Fig.
3). They fitted two different single-population models, a
Jaffe-Perola model assuming a randomly tangled mag-
netic field structure and pitch-angle scattering, and a
Kardashev-Pacholczyk model, also assuming a tangled
field but no pitch angle scattering. Only the latter pro-
vides an acceptable fit to the observed SEDs, but it is un-
clear how pitch-angle scattering could be avoided in a tan-
gled field geometry. Moreover, the spectra for knots HST-
1 and D clearly show a steeper downturn near 10'° Hz
(already hinted at by the ground-based spectra obtained
by Meisenheimer et al. 1996b, their Figs. 7 and 8) than
the Kardashev-Pacholczyk spectrum, which is therefore
inadequate. Instead, again a second spectral component
must be invoked to account for the X-ray flux lying above
the cutoff observed in the near-infrared—optical region.
Marshall et al. (2002) viewed this as evidence in favour
of the spatially stratified model for M87’s jet presented
by Perlman et al. (1999).
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6.3. Slow decline and smooth changes in Ymax: the
need for an extended acceleration mechanism

Our determination of the maximum energy of
synchrotron-emitting electrons shows a lower limit
for the Lorentz factors of ygmax > 107 at the onset of
the optical jet, 12” from the quasar core (Fig.19). The
maximum Lorentz factor first drops outward along the
jet, and then stays nearly constant at a Lorentz factor
of a few times 10 at radii > 17”. It drops again by
factor of 3 within the hot spot. This drop most likely
is caused by the stronger magnetic field there. In any
case, the Lorentz factor of the particles emitting optical
synchrotron radiation cannot be much lower than 10°
anywhere in the jet. Electrons with such high energies can
only be observed close to their acceleration sites: as noted
in all previous studies, synchrotron cooling timescales
for these particles are of the order of a few hundred or
thousand years (see Guthrie & Napier 1975; Roser &
Meisenheimer 1991; Meisenheimer et al. 1996a, e.g.).
The corresponding loss scales are a few hundred parsec
for the case of electrons freely streaming at the speed of
light, which is unrealistic since they will have to follow
tangled field lines.

The development of the maximum particle energy
along the jet is therefore consistent with the absence of any
synchrotron cooling. The same conclusion can already be
drawn from the smooth changes of just the optical spectral
index, which should most strongly reflect the synchrotron
losses the particles undergo, and from the mere presence of
optical synchrotron radiation along the entire jet (Jester
et al. 2001). The apparent absence of cooling in the pres-
ence of synchrotron radiation can only be explained by a
distributed acceleration mechanism.

The smooth changes of the spectral features along the
jet indicate a correspondingly smooth variation of the
physical conditions along the jet. The present detailed
high-resolution study of the jet in 3C273 set out with
the aim to map those regions in which particles are pref-
erentially accelerated. Since the observed cooling is much
less drastic than expected, the conclusion is that the en-
tire jet is the particle acceleration region. The fact that
the jet has a much higher emissivity than the radio cocoon
around it (see §4.1.3) also implies a difference in physical
conditions between the jet and the surrounding material.
Furthermore, the jet’s X-ray emission is a further sink of
energy (whatever the emission process) which needs to
be filled by the re-acceleration mechanism. Note that this
does not preclude the possibility that the knots in the jet
are due to shocks, at which particle acceleration can also
take place. But even in this case, particles must be accel-
erated between the shocks as well.

This corresponds to the “jet-like” acceleration mecha-
nism proposed by Meisenheimer et al. (1997). The detailed
physics of this distributed acceleration mechanisms are
unknown, but several theoretical suggestions have been
made. Magnetic reconnection is one way to tap the en-
ergy stored in the jet fluid and convert it continuously

into relativistic particles (Litvinenko 1999). Another pos-
sible energy source is the velocity shear between the sur-
face of the jet and the surrounding medium (Stawarz &
Ostrowski 2002). This latter mechanism would be limited
to particle acceleration within a thin surface layer. Since
it appears that the jet emission is not edge-brightened,
as would be expected for emission from a surface layer
(§4.1.2), surface velocity shear is unlikely to be the accel-
eration mechanism providing optical electrons along the
entire jet. It may, however, be appropriate to explain the
second higher-energy emission component identified above
(§6.2), provided this turns out to be edge-brightened. A
similar mechanism has recently been proposed by Rieger
& Mannheim (2002): these authors suggest that velocity
shear and centrifugal forces in a rotating jet flow may pro-
vide efficient particle acceleration.

The global energy budget of the jet is a related ques-
tion. If the entire jet operates at the minimum energy
condition, and if there is no strong, variable beaming, the
increase in the minimum-energy field along the jet (linked
to the increase in synchrotron luminosity) corresponds to
an increase of the energy density stored in magnetic fields
and relativistic particles by about one order of magnitude.
This raises interesting questions about the energy budget
of the jet: If the total energy flux in magnetic fields and
relativistic particles is to be conserved, the jet would need
to slow down (¢f. Georganopoulos & Kazanas 2003). The
necessity to account for the kinetic energy and momen-
tum flux imposes further constraints. On the other hand,
it may be possible to convert jet kinetic energy into mag-
netic and particle energy, as in some of the acceleration
mechanisms just mentioned, leading to a different mutual
dependence of jet speed and magnetic energy density than
in the pure energy conservation case. A detailed examina-
tion of the jet’s energy budget addressing these issues is
certainly a worthy exercise, but beyond the scope of the
present publication.

6.4. Correlations between brightness and maximum
particle energy

As described in §5.4.3, there is a local positive correla-
tion between surface brightness and maximum particle
energy, although these quantities are anti-correlated glob-
ally. The opposite correlations must be caused by two dif-
ferent physical mechanisms. Although the cutoff frequency
is the direct observable, the underlying physical parame-
ters are the maximum particle energy and the jet’s mag-
netic field. In 3C 273, the global run of the maximum par-
ticle energy is practically identical to that of the cutoff
frequency, and the local variations in cutoff frequency are
much smaller than those in surface brightness (see Figs. 16
and 19).

We have established above (§6.3) that particles must
be accelerated continuously within the jet. In this case,
the value of the maximum particle energy is obtained by
equating the acceleration timescale T,cc, which is the time
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during which a particle’s energy is increased by a fac-
tor of two, with the synchrotron loss timescale 74y, (e.g.,
Longair 1994):

1
Tace = Tsyn('YmaX) x W
‘max
1
< Ymax X B2—7-acc (9)

The acceleration timescale is energy-independent both for
diffusive shock acceleration (e. g., Bell 1978) and for accel-
eration by reconnection (e. g., Litvinenko 1999). Thus, the
behaviour of the maximum particle energy as a function
of magnetic field depends critically on the nature of the
acceleration mechanism, in particular the scaling of the
acceleration time scale with the magnetic field strength.

We have taken the jet Doppler factor to be D =1 in
all calculations up to here, which is justified because the
value of the maximum particle energy as inferred from
the jet’s surface brightness and minimum-energy magnetic
field only depends very weakly on the true value of the
Doppler factor (cf. §5.2 and Neumann 1995; Meisenheimer
et al. 1996a). The observed surface brightness S and cutoff
frequency v, have the following scalings with B and D for
a continuous jet (see Begelman et al. 1984, e.g.):

S o« B'7* D>
Ve X B/yﬁlax D.

(10)
(11)
In the following discussion, we will not use the minimum-
energy magnetic field, because its computation has intro-
duced correlations between the magnetic field strength,

the electron number density, and the surface brightness
by construction.

6.4.1. Local correlation between brightness and
maximum particle energy

The only other jet which has been studied similarly well
is that in M87. There are key differences between the be-
haviour of the maximum particle energy between these
two jets. Meisenheimer et al. (1996b) showed that M87
shows a strong correlation between surface brightness and
cutoff frequency, while the maximum particle energy re-
mains practically unchanged. This correlation can be un-
derstood purely in terms of variations of the magnetic
field strength, while the constancy of the maximum parti-
cle energy is explained by invoking acceleration in shocks
(e.g. Sparks et al. 1996), by an extended acceleration
mechanism (Meisenheimer et al. 1996b), or by assuming
a sub-equipartition magnetic field and relativistic time di-
lation which both lower the loss times sufficiently even
without particle acceleration (Heinz & Begelman 1997).
Meisenheimer et al. (1996b) conclude that re-acceleration
is responsible, and that the mechanism in M87’s jet obeys
the scaling Tace o< B~2 to achieve a constant maximum
particle energy (cf. Eqn. 9). It is useful to consider whether
this acceleration mechanism proposed for M87 could be
identical to the one at work in 3C 273, i. e., whether it is
universal.

Since the maximum particle energy changes signifi-
cantly along 3C273’s jet, the acceleration mechanism in-
voked by Meisenheimer et al. (1996b) for M87 must be
different from the one acting in 3C 273’s jet. To produce a
local correlation between brightness and maximum par-
ticle energy via magnetic field variations, the accelera-
tion time scale in 3C273 would need to follow a scaling
Tace X B® with s > 2 so that both vp.x and S corre-
late with B (Eqns. 9 and 10). In that case, local magnetic
field variations could explain the observed correlations.
However, since the brightness changes are larger than the
changes in the maximum particle energy and cutoff fre-
quency, it seems more likely that small-scale variations
in the Doppler factor D are responsible because S varies
more strongly with D than with B. But variations in D by
themselves are insufficient for 3C 273 because they do not
produce a correlation between brightness and maximum
particle energy. To clarify the origin of this correlation, it
will be necessary to disentangle the UV excess from the
remainder of the jet emission to remove any uncertainty
about the true value of the cutoff frequency, and ideally
to obtain a measurement of the jet’s magnetic field other
than the minimum-energy estimate.

6.4.2. Global anti-correlation of brightness and
maximum particle energy

The global anti-correlation of brightness and maxi-
mum energy appears intuitive for synchrotron radiation:
stronger synchrotron emission implies larger energy losses,
and hence a lower maximum energy. However, as noted
above, the actual behaviour of the maximum particle en-
ergy in the presence of particle acceleration depends on the
details of the acceleration mechanism. If the local correla-
tion of brightness and ymax can be explained by the nature
of the acceleration mechanism, the global anticorrelation
must be due to an entirely different effect which reverses
the local correlation. It may be possible that the local
correlations are produced by a “shock-like” acceleration
mechanism acting only in the brighter regions (e. g.if the
bright regions are shocks), while electrons elsewhere are
accelerated by the “jet-like” mechanism (Meisenheimer
et al. 1997). However, such a scenario is somewhat un-
appealing because there would need to be a certain fine-
tuning to explain the overall smoothness of the spectral
index changes. Furthermore, although this may explain
the different global and local behaviour within 3C 273 as
well as the presence of two distinct emission components
(§6.2), the difference to M87 remains, in which the “jet-
like” mechanism is assumed to produce the positive corre-
lation. We therefore need to appeal to further differences.
Meisenheimer (1996) suggested that the observations of
M87 and 3C 273 could be unified if there was a link be-
tween the maximum particle energy and the velocity gra-
dient along the jet, and the jet velocity was relativistic, so
that changes in the velocity would lead both to changes in
the maximum particle energy and in the Doppler factor
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and hence the apparent brightness. We will discuss this
idea elsewhere.

7. Summary and future work

One of the main unsolved questions in the study of extra-
galactic jets is posed by the observations of optical syn-
chrotron radiation over scales much larger than typical
synchrotron loss scales and far from the “working sur-
faces” of the standard model (Blandford & Rees 1974).
Another puzzle has been posed by the recent Chandra ob-
servations of X-rays from extragalactic jets, whose emis-
sion mechanism remains debated and which form a fur-
ther sink of energy that has to be filled within the jet. The
study of the physical conditions giving rise to the observed
emission by keeping up the particle energy against strong
synchrotron losses at optical wavelength and supplying
the energy observed in X-rays can only be performed via
a study of the synchrotron continuum, at the highest pos-
sible spatial resolution and covering the largest possible
wavelength range.

7.1. Observations

We present new HST and VLA images of the jet at
A\ 3.6cm, 2.0cm, 1.3cm, 1.6 um, 620 nm and 300 nm
matched to a common resolution of 0”3 (Fig.2). We
combine the data to obtain spectral energy distributions
which we fit with theoretical synchrotron spectra (Fig. 12).
Contrary to expectations for synchrotron emission, the ob-
served spectra show a significant flattening in the infrared-
ultraviolet wavelength range, implying that the emission
cannot be modelled as synchrotron emission due to a sin-
gle electron population, as has been assumed in previous
studies of this jet’s emission (Meisenheimer et al. 1996a).
Instead, additional emission must be present which can
lead to the observed flattening. The most likely expla-
nation is an additional flat-spectrum component in the
ultraviolet. The same component may simultaneously be
responsible for the jet’s X-ray emission (for details, see
Jester et al. 2002).

The optical-ultraviolet spectral index map generated
at 0”3 resolution (Fig. 7a) shows no strong correlation be-
tween local spectral index and surface brightness varia-
tions. There is, however, such a correlation on the radio-
infrared and infrared-optical spectral index maps. Even
these correlations are less pronounced than those found in
the jet of M87 (Perlman et al. 2001, 2002), where they are
taken as evidence of localised particle acceleration in the
knots of this jet (but see Meisenheimer 1996 for an alter-
native explanation). As confirmed by our spectral fits (see
below), the spectral index variations reflect variations of
the maximum particle energy along the jet.

We find an offset between the radio and optical im-
ages of the hotspot that is consistent with the prediction
by Heavens & Meisenheimer (1987). This adds further to
the confidence that the assumed hot spot model is correct
(Meisenheimer et al. 1997). However, the role of the tip of

the jet H1 and its relation to the hot spot remains to be
clarified, perhaps in a model fully describing the hot spot
flow in three dimensions, instead of just one. If the jet flow
is still highly relativistic just upstream of the hot spot, the
details of the flow’s deceleration in the hot spot may also
change its appearance (Georganopoulos & Kazanas 2003).

7.2. Synchrotron spectral fits

We fitted the observed spectra with model synchrotron
spectra to extract physical information, in particular the
maximum particle energy and its variation along the jet.

Model synchrotron spectra according to Heavens &
Meisenheimer (1987) have been used to determine the cut-
off frequency v.. It is mainly determined by the infrared-
optical spectral index. We infer the maximum particle
energy from the fitted cutoff frequency by assuming an
equipartition magnetic field Bp;,. It is a general result
that the value of Bp, is very robust with respect to as-
sumptions about the details of the spectral shape, as long
as the spectrum has a power law index that is steeper than
a=—0.5.

The cutoff frequency decreases from above 5 x 10% in
region A at r ~ 13" and settles to a plateau of order 10¢
at r 2 18”. A further decrease t0 Ymax ~ 3 x 10% is only
observed at the position of the radio hot spot, beyond
which there is no optical, but still infrared emission. This
global run corresponds to the findings of previous studies
at 1”3 resolution, which showed that the maximum parti-
cle energy decreases as the radio jet brightness increases.
As expected from the spectral index variations, there is
an additional weak correlation between local variations of
maximum particle energy and surface brightness.

An earlier examination of the effect of relativistic
beaming on the inferred synchrotron lifetime had shown
that the overall slow decrease of v,ax cannot be explained
by an enhancement of the true synchrotron lifetime by
beaming effects (Jester et al. 2001). We concluded that
particle acceleration must take place distributed across
the entire jet. This conclusion is strengthened by the X-
ray observations, whatever the X-ray emission mechanism:
The radiative lifetimes of X-ray synchrotron electrons in
an equipartition field of 20 nT are a few tens of years, those
of UV-emitting electrons are a few hundreds of years. In
the inverse Compton scenario, the combined effects of rela-
tivistic beaming and lower magnetic fields lead to lifetimes
of a few times 10 years for UV-emitting electrons. In both
cases, particles must therefore be accelerated continuously
within the entire jet (“jet-like” acceleration, Meisenheimer
et al. 1997). The same conclusion is drawn from the fact
that the physical conditions within the jet of 3C 273 vary
very smoothly down to the spatial scales of 0.9h7 kpc re-
solved here. This does not preclude the possibility that the
enhanced-brightness regions are shocks at which particles
are accelerated — but even if they are, re-acceleration be-
tween them is necessary to explain the observed spectral
features.
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The details of the acceleration mechanism determine
the scaling of the maximum particle energy with changes
in the magnetic field. The interplay between the “jet-like”
and “shock-like” acceleration mechanisms might explain
the conflicting global and local behaviour of the maximum
particle energy in 3C273. However, both mechanisms
must be different from the one invoked by Meisenheimer
et al. (1996b) for M87’s jet (§6.4).

We stress again the observed flattening of the high-
frequency spectrum, which implies that the jet’s emission
cannot be assumed to arise from a single electron popula-
tion, but requires the presence of an additional emission
component. In particular, the spectrum of knot A cannot
be considered as a single power law from radio through X-
rays, as concluded from lower-resolution data (RGser et al.
2000; Marshall et al. 2001). Instead of considering the jet
as a homogeneous synchrotron source filled with a simple
electron population, we must realise that jets have an in-
ternal energetic structure (cf. Perlman et al. 1999, 2001).
Future work to investigate the acceleration mechanism at
work in this and other jets must be based on these results.

7.3. Future work

With the present radio-optical data, it has only been possi-
ble to detect the high-frequency hardening of the jet emis-
sion, and thus the presence of a second emission compo-
nent. No statements can be made about the spectral shape
of this “high-energy” component beyond the approximate
match of the X-ray extrapolation and the UV excess.
We have been awarded HST time to extend the wave-
length coverage into the far-ultraviolet (150nm). Using
these data, we will be able to constrain the run of the
optical synchrotron cutoff more accurately, and to char-
acterise the spectrum of the UV excess. This will achieve
a separation of the two spectral components from each
other. Particular insight can be expected by considering
the high-frequency spectra in those regions of the jet show-
ing the strongest difference between radio, optical and X-
ray morphology (§4.1.1).

In order to test theories for extended particle accelera-
tion, we require detailed predictions both from theoretical
work and from magneto-hydrodynamical simulations of
the jet flow, in particular regarding the spatial distribu-
tion of relativistic particles. The most sensitive observa-
tional tool is multi-wavelength polarimetry resolving the
jet width. This allows not only a study the particles’ en-
ergy distribution, but also an assessment whether particles
at different energies probe the same underlying magnetic
field, that is, whether they actually occupy the same emit-
ting volume. Thus, multi-wavelength polarimetry is the
natural followup programme for our detection of multiple
emission components. We will use our guaranteed time
for the adaptive optics camera CONICA/NAOQOS at the
VLT to obtain near-infrared polarimetry at a resolution
comparable to the data presented here. However, optical

polarimetry of 3C273’s jet making full use of the HST’s
capabilities is still missing.

Exciting new facts about the jet in 3C 273 have been
revealed by each advance in optical and radio observing
technology. From the surprising observational facts en-
countered here, more surprises are yet to be expected en
route to an understanding of the physics of this object.
Current advances in numerical work are also expected to
shed further light on the structure and dynamics of jets.
As an extreme object of its kind, 3C 273 will remain high
on the agenda of astrophysicists studying jet phenomena.

Acknowledgements. SJ was supported in part by the U.S.
Department of Energy under contract No. DE-AC02-
76CH03000. This research has made use of NASA's
Astrophysics Data System. We are grateful to the referees for
their constructive, thorough comments.

References

Bahcall, J. N., Kirhakos, S., Schueider, D. P.; et al. 1995, ApJ,
452, L91

Begelman, M. C., Blandford, R. D., & Rees, M. J. 1984, Rev.
Mod. Phys., 56, 255

Bell, A. R. 1978, MNRAS, 182, 147

Biretta, J. A., Stern, C. P., & Harris, D. E. 1991, AJ, 101, 1632

Blandford, R. D. & Rees, M. J. 1974, MNRAS, 169, 395

Blundell, K. M. & Rawlings, S. 2000, AJ, 119, 1111

Celotti, A., Ghisellini, G., & Chiaberge, M. 2001, MNRAS,
321, L1

Conway, R. G. & Davis, R. J. 1994, A&A, 284, 724

Conway, R. G., Garrington, S. T., Perley, R. A., & Biretta,
J. A. 1993, A&A, 267, 347

Cox, C., Ritchie, C., Bergeron, E., MacKenty, J., & Noll, K.
1997, NICMOS Distortion Correction, IRS OSG-CAL-97-
007 (STScI)

Foley, A. R. & Davis, R. J. 1985, MNRAS, 216, 679

Georganopoulos, M. & Kazanas, D. 2003, ApJ, 589, L5

Greenstein, J. L. & Schmidt, M. 1964, ApJ, 140, 1

Guthrie, B. N. G. & Napier, W. M. 1975, MNRAS, 172, 85

Harris, D. & Krawczynski, H. 2002, ApJ, 565, 244

Harris, D. E., Carilli, C. L., & Perley, R. A. 1994, Nature, 367,
713

Harris, D. E. & Stern, C. P. 1987, ApJ, 313, 136

Heavens, A. F. & Meisenheimer, K. 1987, MNRAS, 225, 335

Heinz, S. & Begelman, M. C. 1997, ApJ, 490, 653+

Jester, S. 2001, PhD thesis, U. Heidelberg, http://www.ub.
uni-heidelberg.de/archiv/1806

Jester, S., Roser, H.-J., Meisenheimer, K., & Perley, R. 2002,
A&A, 385, L27

Jester, S., Roser, H.-J., Meisenheimer, K., Perley, R., &
Conway, R. G. 2001, A&A, 373, 447

Laing, R. A. 1981, AplJ, 248, 87

Litvinenko, Y. E. 1999, A&A, 349, 685

Longair, M. 1994, High-energy astrophysics, 2" edn., Vol. 2
(Cambridge: CUP), p. 276

Marshall, H. L., Harris, D. E., Grimes, J. P., et al. 2001, ApJ,
549, L167

Marshall, H. L., Miller, B. P., Davis, D. S., et al. 2002, ApJ,
564, 683

Martel, A. R., Ford, H. C., Tran, H. D, et al. 2003, AJ, 125,
2964



26 Jester et al.: The radio-ultraviolet spectra of the jet in 3C 273

Meisenheimer, K. 1990, Habilitationsschrift, Universitit
Heidelberg

Meisenheimer, K. 1996, in Lecture Notes in Physics, Vol. 471,
Jets from Stars and Galactic Nuclei, ed. W. Kundt (Berlin:
Springer), 57

Meisenheimer, K. & Heavens, A. F. 1986, Nat, 323, 419

Meisenheimer, K., Neumann, M., & Roser, H.-J. 1996a, in
Lecture Notes in Physics, Vol. 471, Jets from Stars and
Galactic Nuclei., ed. W. Kundt (Berlin: Springer), 230

Meisenheimer, K., Roser, H.-J., Hiltner, P. R., et al. 1989,
A&A, 219, 63

Meisenheimer, K., Roser, H.-J., & Schlotelburg, M. 1996b,
A&A, 307, 61

Meisenheimer, K., Yates, M. G., & Roser, H.-J. 1997, A&A,
325, 57

Miley, G. 1980, ARA&A, 18, 165

Neumann, M. 1995, PhD thesis, Universitat Heidelberg

Neumann, M., Meisenheimer, K., & Roser, H.-J. 1997a, A&A,
326, 69

Neumann, M., Meisenheimer, K., Roser, H.-J., & Fink, H. H.
1997b, A&A, 318, 383

NICMOS team. 200la, NICMOS calibration anomalies,
http://wuw.stsci.edu/NICMOS/si.pl?nav=calibration:
anomalies&sel=objtype:anomaly

NICMOS team. 2001b, NICMOS Synthetic Dark Request
Form, http://www.stsci.edu/cgi-bin/NICMOS/si.pl?
nav=calibration:cal_tools&sel=id:261

Pacholczyk, A. G. 1970, Radio astrophysics (San Francisco:
Freeman)

Perley, R. A., Roser, H.-J., & Meisenheimer, K. 1997, A&A|
328, 12

Perlman, E. S., Biretta, J. A., Sparks, W. B., Macchetto, F. D.,
& Leahy, J. P. 2001, ApJ, 551, 206

Perlman, E. S., Biretta, J. A., Zhou, F., Sparks, W. B., &
Macchetto, F. D. 1999, AJ, 117, 2185

Perlman, E. S., Marshall, H. L., & Biretta, J. A. 2002, in ASP
Conf. Ser. 255: Mass Outflow in Active Galactic Nuclei: New
Perspectives, 233

Rieger, F. M. & Mannheim, K. 2002, A&A, 396, 833

Réser, H.-J., Conway, R. G., & Meisenheimer, K. 1996, A&A,
314, 414

Réser, H.-J. & Meisenheimer, K. 1987, AplJ, 314, 70

Roser, H.-J. & Meisenheimer, K. 1991, A& A, 252, 458

Roser, H.-J. & Meisenheimer, K., eds. 1999, Lecture Notes
in Physics, Vol. 530, The radio galaxy Messier 87 (Berlin:
Springer-Verlag)

Roser, H.-J., Meisenheimer, K., Neumann, M., Conway, R. G.,
& Perley, R. A. 2000, A&A, 360, 99

Sambruna, R. M., Urry, C. M., Tavecchio, F., et al. 2001, ApJ,
549, L161

Scarpa, R. & Urry, C. M. 2002, New Astron. Rev., 46, 405

Schreier, E. J., Gorenstein, P., & Feigelson, E. D. 1982, ApJ,
261, 42

Schwartz, D. A., Marshall, H. L., Lovell, J. E. J., et al. 2000,
AplJ, 540, L69

Sparks, W. B., Biretta, J. A., & Macchetto, F. 1996, ApJ, 473,
254

Stawarz, L. & Ostrowski, M. 2002, ApJ, 578, 763

Tavecchio, F., Maraschi, L., Sambruna, R. M., & Urry, C. M.
2000, ApJ, 544, L23

Trauger, J. T., Vaughan, A. H., Evans, R. W., & Moody, D. C.
1995, in Calibrating Hubble Space Telescope Post Servicing
Mission, ed. A. Koratkar & C. Leitherer (Baltimore: STScI),

379

Wilson, A. S. 1975, A&A, 43, 1

Wilson, A. S., Young, A. J., & Shopbell, P. L. 2000, ApJ, 544,
L27

Wilson, A. S., Young, A. J., & Shopbell, P. L. 2001, AplJ, 547,
740



Jester et al.: The radio-ultraviolet spectra of the jet in 3C 273

B I LRSI R B B AL L RS
r C1 — Fit A N cl1-c2 — Fit A N
r=16.8 Fit B r=17.3 Fit B
109 — 10° —
¥ 1Y r ]
g 1 & I ]
= | = i
: | s ]
=] =)
%] 1)
3 S
108 — 108 —
Covd i i i d el ol ol el il il il
10° 10! 10t 10™ 108 10 10'® 10 107 10° 10t 101 10%® 10 104 10'® 10'¢ 10'7
Frequency v/Hz Frequency v/Hz
L AL S ALt s e e L e AL L AL Bt e e s e
r ce — Fit A N c2-D1 — Fit A N
r=17.7 Fit B r=18.3 Fit B
109 — 10° -
% 1 % [ 1
E 1 8 I ]
= =
& 1§ % i
=] =)
< 1< 1
3 S
%] %)
3 BN
108 — 108 —
C ol il ol ol il Gl ]l il ol ol
102 10t 101 10™® 10'3 10* 1015 10! 10V 10° 10! 10!t 10t 1013 10" 101 10 10!
Frequency v/Hz Frequency v/Hz
AL R L e e e AL 5 R A e e e e
r D1 — Fit A N D1-D2 — Fit A N
r=18.9 Fit B r=19.5 Fit B
109 — 102 —
% 1% 1
g E E E
= =
8 8
2 1 ¢ 1
%] 1)
3 BN
108 = 108 N
(ol il ool L Gl ol ]l ol ol ol
109 1010 {ott 101’ 1018 101 1015 1016 1017 109 1010 101t 10t 1018 104 105 10! 10%7
Frequency v/Hz Frequency v/Hz

Fig. 13. As Fig. 12, continued
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