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ABSTRACT
We combine results fromROSAT, Chandra, and multifrequencyVLBA observations of the
Compact Steep Spectrum quasar 3C 48 in an attempt to understand why the radio source is so
small and unusual. The X-ray spectrum shows no evidence for the excess absorption which
might have allowed us to conclude that 3C 48 is small because it is bottled up by cold neutral
gas. We infer that the X-ray spectrum of the nucleus is made upof a soft, variable, steep-
spectrum component, and harder, power-law emission of slope consistent with the 1 GHz
radio spectrum. The similarity of 3C 48’s X-ray to radio ratio to that seen in core-dominated
radio-loud quasars leads us to examine the possibility thatthe harder X-ray emission is inverse
Compton radiation from the radio source, which is more than 99 per cent resolved in ourVLBA
data. The weak (3σ) evidence that we find for a proper motion of0.5 ± 0.2c in a compact
radio component about 0.05 arcsec from the core implies thatif this component has a highly
relativistic bulk motion, it is at a very small angle to the line of sight. However, stringent
requirements on the jet opening angle make it unlikely that all the X-ray emission is from
a fast jet which sees boosted Cosmic Microwave Background emission and emits beamed
X-rays in the observer’s frame. If the unusual radio structures are intrinsically one-sided and
unbeamed, the inverse Compton mechanism can provide an appreciable fraction of the X-ray
emission if the magnetic field strength is a factor of six to ten below that which gives equal
energy in radiating relativistic particles and magnetic fields and roughly minimizes the total
energy in the source. It remains possible that the unresolved X-ray emission arises from close
to the central engine, either as an embedded blazar or associated with the accretion processes.

Key words: quasars: individual: 3C 48— radiation mechanisms: non-thermal — radio con-
tinuum: galaxies — X-rays: galaxies

1 INTRODUCTION

Most radio-loud quasars contain a compact, parsec-scale, flat-
spectrum radio core, and lower-surface-brightness extended kilo-
parsec lobes. The wide range in the ratio of core to total lobeemis-
sion is usually attributed to Doppler boosting of the core inthose
sources that contain a jet aligned close to the observer’s line of
sight. But a substantial fraction of radio-loud quasars do not fit into
this ‘unified model’. These are thecompact steep-spectrum quasars
(CSS quasars), which are characterized by a steep power-lawradio
spectrum, usually with a low-frequency turnover below 1 GHzdue
to synchrotron self absorption, and sometimes with spectral flatten-
ing at high frequencies. The radio structures extend no morethan
about 15 kpc. About 30 per cent of radio sources found in high-
frequency surveys have spectra of this type (Peacock & Wall 1982).
A review is found in O’Dea (1998).

The essential difference between CSS quasars and those with
flat core spectra has not yet been identified. The CSS sources,as a

class, cannot be normal extended double sources seen end-on, be-
cause in most cases the overall size is smaller than the lobe-widths
of normal double sources, and the low-frequency spectral turnover
occurs at higher frequencies. There are also too many CSS sources
for them all to be attributed to projection effects (Fanti etal. 1990).

The role of relativistic boosting in the VLBI structures may
not be as significant in CSS quasars as in their flat-spectrum coun-
terparts (O’Dea 1998). However, in 3C 147 and 3C 309.1, for ex-
ample, the X-ray flux densities fromEinstein are smaller than the
inverse-Compton emission predicted from the radio flux densities,
thus providing evidence for bulk relativistic motion (Simon et al.
1983; Kus et al. 1990). Superluminal motion is detected in 3C216,
3C 309.1, 3C 380 and 3C 138 (Barthel et al. 1988; Kus et al. 1993;
Cotton et al. 1997), although it is now thought that 3C 216 and
3C 380 may be large doubles in projection rather than true mem-
bers of the CSS class (O’Dea 1998). Less controversially, incon-
trast to flat-spectrum quasars it appears that the jets of CSSquasars
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Figure 1. 90 per cent confidence contours of mean spectral index versus
standard deviation for objects observed with theEinstein Imaging Propor-
tional Counter (IPC).Dotted line: 11 flat-radio-spectrum (FRS) core domi-
nated quasars with mean net IPC counts = 1316.Dashed line: 7 steep-radio-
spectrum (SRS) lobe-dominated quasars with mean net IPC counts = 1163.
Solid line: 7 compact steep-radio-spectrum (CSS) quasars with mean net
IPC counts = 208. The maximum-likelihood analysis to derivetheir class
properties is from Worrall (1989). TheEinstein-observed CSS sources are
3C 48, 3C 147, 3C 191, 3C 286, 3C 287, 3C 380, and 3C 309.1.

have more complex and distorted morphology and have not escaped
from the host galaxy. While the underlying cause (whether they are
young or are smothered by dense interstellar gas) remains anissue
of debate, some level of interaction between the radio jets and the
local galactic environment would seem inevitable.

X-ray measurements of CSS quasars are important for the fol-
lowing reasons: (a) in conjunction with radio VLBI observations,
they place lower limits on the bulk flow velocity in the emitting
regions by the inverse-Compton argument; (b) they may show ev-
idence for higher neutral gas density in these objects than in other
quasars; (c) they may be able to show whether an additional emis-
sion mechanism (e.g., thermal) is operating, or whether allthe ra-
diation is consistent with a nuclear and jet origin; (d) large spectral
differences between objects may indicate that they do not form a
homogeneous class. Our best composite X-ray knowledge to date
comes from objects drawn from the 3CRR sample (Laing, Riley &
Longair 1983).Einstein observed several such CSS quasars, but the
derived overall knowledge of their soft X-ray spectra is poor com-
pared with other classes of radio-loud quasars (Figure 1). Radio-
loud, flat-spectrum core-dominated quasars have spectra consistent
with a power law with a typical energy spectral index1 α ≈ 0.5
(Worrall & Wilkes 1990), and there is a tendency for the slopeto
steepen with decreasing core dominance (Shastri et al. 1993). It is
not known whether the large contour for CSS sources in Figure1
is because of poor statistics or because they show a much larger
spread in their X-ray spectral indices.

In this paper we reportROSAT andChandra X-ray results for
3C 48, one of the strongest and most peculiar CSS quasars. We
present previously unreported variability between the twoobser-
vations with theROSAT Position Sensitive Proportional Counter
(PSPC) and within the observation with the High Resolution Im-
ager (HRI). In comparison with an earlierEinstein Observatory
observation we infer the presence of a two-component spectrum
which is supported by the newChandra data. We also present new
multifrequencyVLBA observations which we use to predict the
non-thermal X-ray emission for comparison with the X-ray results.

To ease comparison with earlier work we use a cosmology in

1 Throughout this paper we define spectral indexα in the sensefν ∝ ν−α

which H0 = 50 km s−1 Mpc−1, q0 = 0. At 3C 48’s redshift of
0.367, 1 arcsec corresponds to 6.8 kpc in the source frame.

1.1 Properties of 3C 48

3C 48 was the second quasar to be recognized (Matthews &
Sandage 1963; Greenstein & Matthews 1963). It is classified as
a CSS source on the basis of its steep radio spectrum and its small
angular size. The integrated radio spectrum shows a low-frequency
peak at about 100 MHz and is reasonably straight (a slight concave
curvature) from∼ 500 MHz to > 20 GHz withα ≈ 0.75 at 1 GHz
(Ott et al. 1994). Most of the radio emission occurs on a scaleless
than about 0.6 arcsec (< 4 kpc), although at low frequencies there
is emission on scales up to 3.5 arcsec (Hartas et al. 1983; Woan
1992). VLBI images [Wilkinson et al. 1990, 1991 (1.6 GHz); Si-
mon et al. 1990 (329 MHz); Nan et al. 1991 (608 MHz)] show a
compact, inverted-spectrum ‘core’, A, at the southern end of the
source, with a ‘hotspot’, B, 50 mas to the north of A, from which
a one-sided, broad disrupted jet or plume extends∼ 1 arcsec to
the north and northeast. This is unlike most other CSS sources
which generally show more-or-less symmetrical double or triple
structures. The VLBI images show no sign of a counterjet, buta
high dynamic-rangeVLA image at 8 GHz (Briggs 1995) finds a
component on the counterjet side, with an inferred jet-counterjet
ratio around 100:1. There have been no VLBI images publishedat
frequencies higher than 1.6 GHz. The flux density appears to be
variable by a few per cent over decades at frequencies above aGHz
(Ott et al. 1994).

3C 48 has associated optical nebulosity. Broad and narrow
[OIII] and [OII] emission-line regions form a chain of compact
knots which extends to 6 arcsec north of the core, beyond the ra-
dio structures; photoionization by the quasar nucleus is believed to
play the dominant role in this gas excitation (Axon et al. 2000). Ex-
cess continuum and emission-line nebulosity closer to the quasar
core, and in particular at about 1 arcsec northeast of the nucleus,
is variously interpreted as the nucleus of a galaxy merging with
the host galaxy of 3C 48 (Stockton & Ridgway 1991) or a radio-
jet-related star-forming region (Chatzichristou, Vanderriest & Jaffe
1999). 3C 48 has unusually strong infrared emission (Neugebauer,
Soifer, & Miley 1985), comparable with the most luminous infrared
galaxies, and the detection of CO emission (Scoville et al. 1993)
implies the presence of about twice as much molecular gas as in
ultraluminousIRAS galaxies. This evidence, together with the ir-
regular appearance of the galaxy in optical continuum (Stockton &
Ridgway 1991), supports the idea of a recent merger. Fabian et al.
(1987) suggest that the extensive emission-line nebulosity is pho-
toionized gas resulting from a cooling flow of∼ 100M⊙ yr−1

rather than a galaxy merger.
3C 48 was detected in X-rays with theEinstein IPC on 1980

Jul 25 (Wilkes & Elvis 1987). The spectrum was consistent with
a power-law withα = 0.7 +0.6

−0.4 and a flux density at 1 keV of
f = 0.50 +0.14

−0.10 µJy (90 per cent errors for 2 interesting parameters;
∆χ2 + 4.6). (Our reanalysis of the data shows the quoted error in
flux density is more appropriate for1σ for 2 interesting parameters;
∆χ2 + 2.3.)
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The X-ray and radio components in 3C 48 3

2 OBSERVATIONS AND ANALYSIS METHODS

2.1 ROSAT

The ROSAT observations, whose dates and exposure times are
given in Table 1, were made with the source in the center of thetele-
scope field of view and in normal ‘wobble’ mode during the pointed
phase of the mission. 3C 48 was observed twice with the PSPC
and once with the HRI. The data were corrected for instrumen-
tal effects and the motion of the satellite. Our analysis of the HRI
data includes ‘dewobbling’ (Harris et al. 1998) to remove some of
the time-dependent aspect uncertainties arising from pixel-to-pixel
gain variations in the aspect camera CCD, as well as the use ofa
broadened PSF (calculated by fitting to data within 10 arcsecof the
source centroid) to take account of residual aspect uncertainties.
Our analysis used the Post Reduction Off-line Software (PROS X-
ray package which runs in the IRAF environment.

Spectral distributions were extracted for each PSPC observa-
tion using an on-source circle of 3 arcmin radius and local back-
ground from an annulus of radii 3 and 5.7 arcmin. The large on-
source region relative to most of the source counts was chosen so
as to avoid losing soft photons because of the ‘Ghost Image’ ef-
fect of the PSPC (Briel et al. 1994). Radial profiles were fitted
to models convolved with the Point Spread Function (PSF) using
home-grown software whose algorithms are described in Birkin-
shaw (1994). This software takes into account any contribution
of the model in the background region. A fit was first made to
a one-component point-source model. We then examined the re-
duction in χ2 when adding in aβ model of surface brightness
bx(θ) ∝ (1 + [θ/θc]

2)−3β+0.5, used to represent the presence of
X-ray emitting gas in hydrostatic equilibrium.

The presence of an extended X-ray atmosphere in the HRI
observation of 3C 48 has been reported previously (Crawfordet
al. 1999; Hardcastle & Worrall 1999). This is re-examined inthe
context of the newChandra observations in§6. Our analysis of
theROSAT data and the comparison with earlierEinstein data was
completed before theChandra data became available in the public
archive, and so was not guided by information from the higher-
quality data set.

2.2 Chandra

3C 48 was observed with the back-illuminated CCD chip, S3, of
the Advanced CCD Imaging Spectrometer (ACIS) on boardChan-
dra on 2002 March 6. The observation was part of a study of a
small sample of CSS and Giga-Hertz Peaked Spectrum sources
by Siemiginowska et al. (2003a). Details of the instrument and its
modes of operation can be found in theChandra Proposers’ Obser-
vatory Guide, available from http://cxc.harvard.edu/proposer. The
observation was made in the VFAINT data mode, with a 128-row
subarray (giving a 1 by 8 arcmin field of view) to reduce the CCD
readout time to 0.44 s and mitigate the effects of pileup on the spec-
trum of the quasar core. We have analyzed the archival data set us-
ing CIAO V2.3 and the CALDBV2.21 calibration database, and
following software ‘threads’ available fromChandra X-ray Center
(http://cxc.harvard.edu/ciao). Events with grades 0,2,3,4,6 are used.
All X-ray spectra are binned to a minimum of 30 counts per bin,
and the time-dependent decline in quantum efficiency is taken into
account using the recommended methods. There were no intervals
of flaring background, and the calibrated data have an observation
duration of 9.225 ks.

The counts extracted from the circle of radius 2.5 arcsec cen-
tred on the nucleus give 0.35 counts/readout time, for whicha

pileup fraction of about 8 per cent is estimated by the PIMMS
software. A similar fraction of piled-up events is deduced by ex-
amining the events with significant signal in the outer pixels of the
5 by 5 event islands read out in VFAINT data mode. The effect
of pileup is to combine the energy of multiple soft X-rays in the
core of the PSF into a single harder X-ray and thus flatten the spec-
trum. We therefore used two approaches to extract and model the
X-ray spectrum. The first approach follows Gambill et al. (2003)
in extracting the counts from an annular region of inner radius 0.5
arcsec and outer radius 2.5 arcsec, to exclude the piled up core. The
resulting fluxes were then corrected for missing flux using a spec-
trally weighted PSF extracted using the CHART and MARX soft-
ware (to model the mirror and instrument responses) and smoothed
by a small fraction of an arcsec to give a good match to the radial
profile of the data within 1 arcsec of the nucleus (thus takinginto
account residual effects of aspect uncertainties and pixelization).
The second approach was to fit data extracted from a 2.5 arcsec
radius circle either ignoring the effects of pileup or attempting to
correct for it using the method of Davis (2001) as implemented in
SHERPA. We found the pileup model overestimated the amount of
pileup and steepened and increased the intensity of the spectrum
so much as to be inconsistent with results from the annular extrac-
tion. We attribute this to the implementation of the pileup model
running into difficulties for a spectrum with as much concavecur-
vature as that we measure (see§3.2). The spectral indices from our
fits without the pileup model to the data from the 2.5 arcsec ra-
dius circle were consistent with those found from the annulus and
had smaller statistical uncertainties. However, because of system-
atic errors introduced by pileup, the model results and uncertainties
reported in§3.2 are derived from fitting to the data from the annular
extraction region, as obtained using SHERPA. Background for the
nuclear spectrum was measured from a source-centred annulus of
radii 6 and 20 arcsec. Our spectral model fitting was over energies
between 0.3 and 7 keV. We used the PSF to search for extended
emission using the method described in§2.1.

2.3 VLBA

We observed 3C 48 with theVLBA (including a singleVLA antenna)
at 1.5, 5.0, 8.4 and 15.4 GHz on 1996 Jan 20. The multi-frequency
approach was chosen to allow us to constrain the spectra of the
compact radio components. The 12 hours of observing time was
evenly divided among the four frequencies.

The data were reduced in the standard manner using the
AIPS software package. Pulse calibration data and observations
of 3C 345 were used to perform a first calibration of the phases.
We then used a point model to perform global fringe-fitting onthe
data, generated best maps from this process and then, because of the
complex structure of the source, fringe-fitted again, usinga model
based on the first-generation maps, to produce the data used in the
final analysis. This process was successful for all the data except
for that from the 15-GHz observations, where a point model for the
first iteration of fringe fitting produced unacceptably poorresults.
In this case we used a model based on the 8.4-GHz data for the first
iteration of fringe fitting.

The final datasets were averaged to an integration time of 30 s
and mapped using the AIPS task IMAGR with natural weighting
of the visibilities. The different observing frequencies (four in the
case of the 1.5-GHz data, two for the others) were averaged inorder
to make the maps, with the flux scales being corrected on the as-
sumption of a spectral index of 0.7. The resulting maps were used in
a number of iterations of antenna-based phase self-calibration until
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Table 1. ROSAT andChandra observations and single-component power-law spectral fits

Source z Date Inst. TExp Net α NH 1-keV flux χ2/dof
(s) Counts 1020 cm−2 density (µJy)

3C 48 0.367 1992 Jan 26-27 ROSAT PSPC 3,442 1240 ± 38 1.52 ± 0.20 3.56 ± 0.61 0.77 ± 0.07 30.8/26
1992 Aug 9 ROSAT PSPC 2,250 566 ± 25 1.51 ± 0.32 3.64+0.96

−0.91 0.53+0.08
−0.07 35.6/25

1994 Aug 11-13 ROSAT HRI 37,020 6000 ± 166 – – 1.15 ± 0.03 –
2002 Mar 6 Chandra ACIS-S 9,225 2522 ± 50a 1.35 ± 0.08 4.35b 0.80 ± 0.03 81.1/64

a. In the annulus of the wings of the PSF used for spectral fitting.
b. Fixed to the radio-derived value ofNH for our Galaxy of4.35 × 1020 cm−2 (Elvis, Lockman & Wilkes 1989).
Errors in the spectral parameters are1σ for 2 interesting parameters (χ2 + 2.3). Flux density is before absorption. In converting the HRI count rate to a flux
density, the spectral parameters derived from the PSPC datahave been used, and the quoted error on flux density reflects the statistical error on the count rate
only. Prieto (1996) fitted the January 1992 spectrum, as partof a study of 3C radio sources, and reports parameter values consistent with ours.

phase artifacts were largely eliminated. Amplitude self-calibration
was not applied, since this might have rendered the flux scaleof the
maps unreliable.

3 X-RAY SPECTRUM

3.1 ROSAT

The spectrum from each PSPC observation gives an acceptablefit
to a single-component power law with freeα, NH , and normaliza-
tion (Table 1). The absorption is slightly low as compared with the
radio-inferred value for the line of sight through our Galaxy (Elvis
et al. 1989), although it is consistent within∼ 1σ uncertainties. The
spectrum is steep, and there is no evidence of excess absorption as
might be expected were the X-ray emission seen through the hy-
pothetical dense cold gas that helps to keep the radio sourcesmall.
A single-temperature Raymond-Smith thermal model fits the data
poorly: e.g., the best such thermal fit to the stronger detection gives
χ2

min = 56 for 26 degrees of freedom. The addition of a thermal
component does not improve the single-component power-lawfits.

Although the spectral shape remained remarkably constant be-
tween the observations, the normalization did not, and the flux of
the first observation is∼ 1.5 times that of the second (Table 1 and
Figure 2). TheROSAT data give a significantly steeper power-law
spectrum than the earlierEinstein measurement. The X-ray emis-
sion could arise from a power law which varies both in spectral
shape and normalization over time, but, since the spectral index
remained constant between the twoROSAT observations, we in-
vestigate the possibility that theEinstein andROSAT bands are pri-
marily sampling separate components of emission. AsEinstein is
sensitive to higher energies thanROSAT (although the bands over-
lap considerably), we model the spectrum with a function which
flattens to higher energies. Such a concave curvature might ex-
plain why theROSAT data slightly prefer an absorption less than
the column density through our Galaxy. We fitted each of the three
observations (oneEinstein and twoROSAT) to a two-component
power-law model to investigate whether or not it is possibleto
find two power-law slopes which, with normalizations as the only
free parameters, fit each observation at least as well as the single
power law. For this exercise we fixed the absorption to the Galactic
value. We stepped through values for one power-law index, fitting
the other index and the normalizations, to find a case where the
second power-law index was similar for all three observations. We
then fixed both power laws and computedχ2 and the two normal-
izations for a fit to each data set. Table 2 gives example fits for two
components. Due to the poorly constrained nature of the fitting we

.

Figure 2. Although the X-ray spectral indices in 1992 January and August
are consistent with one another, the normalization was higher for the ear-
lier observation. For each observation, the plot shows contours of equalχ2

at values of 2.3, and 4.6 above the minimum, corresponding touncertain-
ties of 68 and 90 per cent for two interesting parameters, respectively, and
87 and 97 per cent for one interesting parameter, respectively. The normal-
ization, plotted logarithmically, is in units of keV cm−2 s−1 keV−1 at 1
keV, which, when multiplied by 662.6 givesµJy. The upper contours are
for January.

do not claim to have found the best two slopes. However, this does
show that it is possible thatROSAT andEinstein are both sampling
a power law of slope similar to that of the radio spectrum, plus a
steeper soft excess, with the normalization of the soft component
(and possibly the hard component) varying over time.

3.2 Chandra

A fit to a single-component power law finds an absorption that,at
more than 99 per cent confidence, is inconsistently small compared
with the Galactic value. This is the usual indication of a soft ex-
cess. When the absorption is fixed at the radio-derived valuefor
our Galaxy we obtain a spectral index ofα = 1.35 (Table 2) and
an upper limit to any intrinsic absorption, in excess of thatin our
own Galaxy of5 × 1019 cm−2. The fit is only marginally accept-
able, atχ2 = 81 for 64 degrees of freedom, and shows correlated

c© 0000 RAS, MNRAS000, 000–000
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Table 2. Single and 2-component power-law spectral fits withNH fixed at
the Galactic value

Observation αh fh αs fs χ2/dof
µJy µJy

Einstein 1980 1.1 0.62 – – 10.0/7
1.0 0.56 2.2 0.04 9.5/7
0.9 0.52 2.2 0.07 9.2/7
0.8 0.47 2.1 0.11 9.0/7

PSPC 1992 Jan 1.8 0.78 – – 34.3/27
1.0 0.41 2.2 0.36 31.3/27
0.9 0.39 2.2 0.38 31.3/27
0.8 0.32 2.1 0.45 31.5/27

PSPC 1992 Aug 1.7 0.54 – – 36.7/26
1.0 0.30 2.2 0.23 36.0/26
0.9 0.28 2.2 0.24 36.1/26
0.8 0.23 2.1 0.29 36.1/26

Chandra 2002 0.5+0.3
−0.5 0.34 ± 0.2 2.2+0.7

−0.4 0.4 ± 0.2 41.9/62

Only theChandra fit is truly for minimumχ2: for Einstein andROSAT
example fits are shown.fh andfs are the 1 keV flux densities.NH is
fixed at the Galactic value of4.35 × 1020 cm−2 throughout this table.
The power laws cross at an energy of(fs/fh)1/(αs−αh), which is 1.1
keV for the best-fitChandra parameters, and roughly 0.2 keV and 1
keV for Einstein andROSAT, respectively.

features in the residuals which suggest that the model is wrong. The
spectral index is slightly larger than the value of0.96 ± 0.04 tabu-
lated by Siemiginowska et al. (2003b) for the same observation (no
goodness-of-fit or energy-band information provided), butthe fits
are consistent in requiring no intrinsic absorption.

The addition of a second power law givesχ2 = 42 for 62
degrees of freedom, a highly significant improvement on an F test.
The spectrum, shown in Figure 3, has best-fit power law spectral
indices ofαh = 0.5, αs = 2.2, with uncertainty contours shown in
Figure 4. The 1 keV flux densities are0.34±0.2 and0.4±0.2 µJy
for the hard and soft components, respectively, where uncertainties
are 1σ for 2 interesting parameters. There is no evidence for line
emission from Fe K fluorescence at an observed energy of 4.75
keV in this or in the spectrum with more counts (but mildly piled
up) from the 2.5 arcsec radius extraction region.

4 X-RAY VARIABILITY

In §3.1 we reported X-ray flux variability between the January and
August PSPC observations (Table 1 and Figure 2). The flux had
increased again by the time of the HRI observation. There is also
evidence for variability on a shorter time scale. Whilst theAugust
observation was continuous, the January measurement was made
in five intervals. Table 3 lists the start times and durationsof the
intervals, together with the 0.2–1.9 keV net counts and count rates
within a circle of radius 2 arcmin centred on 3C 48. Smaller and
larger on-source regions give similar results. We find a dropin
count-rate over just 3 hours on January 27 that is comparableto
the average amount of decrease between January and August. Sim-
ilarly, the HRI data show variability at the∼ 20 per cent level on
time-scales of a few hours. The flux in theChandra data is at a
similar level to that in the first PSPC exposure. There is no obvious
variability during theChandra observation either below or above
1 keV, where the soft and hard components, respectively, dominate
the emission. However, the observation only lasted for 2.6 hours.

Our results for January 27 correspond to∆L(0.2–2 keV)

Figure 3. Chandra spectrum of 3C 48 extracted from an annulus, as de-
scribed in the text. The data and best-fit two-component power law model
are shown, together with the individual values ofχ contributing toχ2.

Table 3. X-ray variability in the PSPC observations of 3C 48

Start Time (UTC) Exposure Net Counts Net Count rate
(s) (s−1)

1992 Jan 26 02:02:45 678 219 ± 16 0.32 ± 0.02
1992 Jan 26 03:41:01 527 193 ± 15 0.37 ± 0.03
1992 Jan 26 08:24:46 748 254 ± 17 0.34 ± 0.02

1992 Jan 27 06:46:45 694 237 ± 17 0.34 ± 0.02
1992 Jan 27 09:56:37 795 198 ± 16 0.25 ± 0.02
1992 Aug 9 20:03:47 2250 508 ± 24 0.23 ± 0.01

≈ 1.4 × 1038 W in ∆t ≈ 11.4 ksec.∆L/∆t is above average but
not wildly inconsistent with what has been seen in other quasars
and Seyfert galaxies (Barr & Mushotzky 1986). We could inter-
pret the soft excess as the high-energy tail of unbeamed emission
from an accretion disc. In this case, the implied source sizefrom
the luminosity-doubling time scale is2× 10−4 pc (3× 10−5 mas)
which, for Eddington-limited spherical accretion and an emission
region of size about three times the Schwarzschild radius, implies
the presence of a black hole of about7 × 108 M⊙. In this paper
we neither exclude nor explore further the possibility thatall the X-
ray emission is associated with the accretion processes. Rather we
explore possible relations between the radio and hard X-raycom-
ponents of the source. We also discuss briefly in§7.2 the possibility
that the X-ray emission is from an embedded blazar.

5 VLBA RESULTS

Final maps at the full resolution available from the data arepre-
sented in Figure 5. Parameters of the maps are listed in Table4.

The 1.5-GHz map reproduces well the source structure seen
in the 1.6-GHz image of Wilkinson et al. (1990). Extending the
notation used in that paper, we will denote the component to the

c© 0000 RAS, MNRAS000, 000–000
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Figure 5. VLBA maps of 3C 48. Top left: 1.5 GHz, lowest contour 4 mJy beam−1. Top right: 5.0 GHz, lowest contour 2 mJy beam−1. Bottom left: 8.4 GHz,
lowest contour 1 mJy beam−1. Bottom right: 15.3 GHz, lowest contour 1 mJy beam−1 . Contour levels are logarithmic, increasing by a factor 2. Negative
contours are dashed.

north of ‘B’ ‘B2’ and the ‘warm spot’ close to the northern edge
of the L-band maps ‘D’. These components are labelled on each
map in Figure 5. In a rectangle covering all of the emission inthe
high-resolution map of Wilkinson et al. (1991), their map2 contains
9.7 Jy and ours 10.5 Jy. The small difference between these flux

2 Obtained from the radio-source atlas of Leahy, Bridle & Strom
(http://www.jb.man.ac.uk/atlas/)

densities is in the sense and of the magnitude expected giventhe
steep-spectrum nature of 3C 48.

At higher frequencies much of the structure seen in the 1.5-
GHz map is still visible, although the extended structure isnot de-
tectable. Component C is largely resolved out. B remains compact,
but structure in components B2 and D is clearly present; B2 isre-
solved into an elongated structure surrounded by fainter emission
while D is resolved into two components aligned roughly E-W.At
15 GHz the ‘core’ component A appears to be resolved into two
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Figure 4. Results from fitting a two-component power law to theChandra
data of 3C 48. The plot shows contours of equalχ2 at values of 2.3, 4.6,
and 9.2 above the minimum, corresponding to uncertainties of 68, 90 and
99 per cent for two interesting parameters. Note that the plot is of photon
spectral index, one steeper thanα.

Table 4. Parameters of VLBI maps of Figure 5

Freq. Beam Off-source Dyn- Approx.
(GHz) Major Minor Pos- noise (µJy amic las

axis axis ition beam−1) range (arcsec)
(mas) (mas) angle

1.5 10.0 7.47 -1.68 940 250 1.3
5.0 3.27 2.28 -1.69 160 670 0.7
8.4 2.13 1.45 8.60 122 520 0.4

15.4 1.14 1.00 16.07 174 70 0.04

The approximate largest angular scale (las) describes the largest scale
to which the observations are sensitive, based on the shortest baseline
present in the images.

components, possibly a true core and a jet component, separated
by ∼ 3 mas (20 pc); the 8-GHz core can also be modelled as two
Gaussians, but otherwise there is no high-frequency evidence for
the jet connecting A and B suggested by the maps of Wilkinson et
al., though component A is elongated northwards in all maps.

The flux densities and deconvolved sizes of the named com-
ponents are tabulated in Table 5. These were obtained with the task
JMFIT, fitting a Gaussian together with zero level and slope.To
reduce the effects of the differentuv plane sampling, the longest
baselines in the 5, 8.4 and 15-GHz measurements were matched
and a tapered weighting scheme was used to give similar dirty
beams. The same restoring beam (3.5 mas) was used for all three
frequencies so that in principle the resulting maps should be sen-
sitive to the same compact structures. Matching baselines to the
1.5-GHz data was not feasible; the map of Figure 5 was used and
we have tabulated, in parentheses, the flux densities measured when
the low and high observing frequencies are mapped separately. Er-
rors quoted are those returned by JMFIT.

Table 5. Flux densities of named components of Figure 5

Comp- Freq. Flux Major Minor Position
onent (GHz) density axis axis angle

(mJy) (mas) (mas) (degrees)

A 1.53 104 ± 2 6.9 2.5 179
(1.45 114 ± 5 6.1 3.5 9)
(1.61 100 ± 6 9.0 2.4 4)
4.99 56.1 ± 0.3 2.2 0.4 171
8.42 53.4 ± 0.2 2.3 0.3 174
15.4 21.2 ± 0.4 2.4 0.2 9

B 1.53 243 ± 1 5.0 2.8 148
(1.45 252 ± 5 4.3 2.6 163)
(1.61 223 ± 6 5.5 2.5 136)
4.99 146.0 ± 0.3 2.0 1.7 21
8.41 101.2 ± 0.2 1.8 1.1 21
15.4 30.3 ± 0.4 1.9 0.5 23

B2 1.53 547 ± 3 14.8 8.4 19
(1.45 571 ± 8 14.3 8.2 20)
(1.61 554 ± 10 15.8 9.2 21)
4.99 153.0 ± 0.6 7.3 4.1 43
8.41 116.6 ± 0.4 6.3 4.3 49
15.4 11.5 ± 0.5 5.0 0.7 35

Components B and B2 have spectra consistent with a mod-
erately flat power law (α ∼ 0.5) at frequencies between 5 and
8.4 GHz, cutting off at 15 GHz. For B the power law extrapolates
to 1.5 GHz. For B2 the 1.5-GHz flux density lies above the extrap-
olation, but this is not unexpected as the component also appears
distinctly larger at this frequency. The spectra are consistent with a
model in which B and B2 are physically similar to the hotspots(re-
gions where particles are accelerated at shocks) of powerful, FRII,
radio sources.

For component A,α is roughly 0.6 at 1.5 GHz and between
1.5 and 5 GHz. Its faintness at 330 MHz (Simon et al. 1990) sug-
gest that the flux density peaks at a frequency between 330 MHz
and 1.5 GHz. The spectrum is very flat between 5 and 8 GHz and
falls off rapidly by 15 GHz. A two-component model — perhaps
consisting of a self-absorbed core and a steep-spectrum jet— may
be necessary to explain this behaviour. The core is a sufficiently
small contributor to the overall radio flux of the source thatit would
need to be undergoing large fractional variability (of order 100 per
cent or more over time scales of decades) were it to account for
the likely long-term variability in total flux discussed by Ott et al.
(1994).

A comparison of the flux densities in individual components
between the Wilkinson et al. (1991) map and ours is uncertainbe-
cause the maximum-entropy algorithm VTESS was used in mak-
ing the former. Using fixed extraction regions, the components la-
belled in Figure 5 all contain a higher flux in the Wilkinson etal.
map (ranging from 16 per cent for component A to 53 per cent for
B). However, due to the different mapping procedures, we areun-
able to conclude with any certainty the extent to which the reported
variability in integrated flux (Ott et al. 1994) is located inspecific
source components.

We used JMFIT to search for evidence for proper motion of
components B or B2 with respect to A at 1.5 GHz between the
epoch of Wilkinson et al.’s observations (1984.3) and ours (1996.1).
The usefulness of this measurement is limited by the accuracy with
which we can align the weak components A. The only significant
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Figure 6. Constraints on source orientation and velocity of component B.
The two light lines bracket the region of parameter space allowed (at the
1σ level) by the apparent proper motion of B. The two heavy linesmark
regions allowed by the constraints on source sidedness: theleft-hand line is
the locus of points with jet-counterjet ratio∼ 100 (Briggs 1995) while the
region to the right of the right-hand line is allowed by the jet-counterjet ratio
limit determined at knot B. The shaded region is allowed by the combination
of the two constraints.

motion is that of component B, which appears to have moved north-
wards by0.3±0.1 mas, a3σ result. Taken at face value, this corre-
sponds to an apparent motion of 2 pc in 11.8 years, so that we have
a sub-luminalvapp = (0.5 ± 0.2)c.

If we assume that the source is intrinsically two sided and
symmetric out to a projected radius of 0.05 arcsec, we can con-
strain models in which the sidedness of the jet is related to rela-
tivistic beaming. Based on the off-source noise in the 5-GHzdata,
we can set a3σ upper limit of< 0.5 mJy for the flux of a compo-
nent corresponding to component B in the hypothetical undetected
counterjet, so that the jet-counterjet flux ratio here is> 300. This
may be compared to the large-scale jet-counterjet ratio of∼ 100
determined from the VLA imaging of Briggs (1995). For an intrin-
sically symmetrical pair of emitting regions, the jet-counterjet ratio
is given by

R =
(

c + v cos θ

c − v cos θ

)3+α

(the exponent 3 being appropriate for a single emitting region rather
than a jet), while the apparent motion on the sky of the jet compo-
nent is given by

vapp =
vc sin θ

(c − v cos θ)

These results restrict the possible values ofv andθ as shown in Fig-
ure 6. Only small angles to the line of sight and relativisticveloci-
ties for component B (v > 0.7c) are allowed if the radio structure
of 3C 48 is intrinsically symmetrical and component B moves with
the bulk jet velocity.

6 THE X-RAY-EMITTING ATMOSPHERE

An excess of counts (compared with the PSF) in the HRI radial
profile of 3C 48 on scales of 10–30 arcsec (70–200 kpc) has been
reported previously (Crawford et al. 1999; Hardcastle & Worrall
1999). Based on the improvement inχ2 whenβ models of fixed

parameters were added to a point-source model, it was inferred that
3C 48 lies in a luminous cluster of galaxies. When we adopted the
method applied by Worrall & Birkinshaw (2001) to 3C 346, in order
to determine the uncertainty in the derived parameters, we found
allowed values ofβ = 0.87+0.73

−0.19 , θc = 8.7+10.7
−4.5 (1σ errors), with

the unresolved core contributing5646+136
−484 of the6000± 166 total

counts within a source-centred circle of radius of 2.5 arcmin.
There is a recent concern about the accuracy of the X-ray lu-

minosities of clusters around 3CR quasars measured with theHRI
(Crawford et al. 1999; Hardcastle & Worrall 1999). Crawford&
Fabian (2003) reportChandra observations for three 3CR quasars
with earlier HRI cluster detections, and in two of them theChan-
dra-measured luminosities are significantly lower than the HRI-
measured values (by a factor of 20 to 50). Crawford & Fabian at-
tribute this discrepancy to insufficient or erroneous wobble correc-
tions affecting the HRI results. That this may be an issue for3C 48
is suggested by the relatively low (but uncertain) quasar-galaxy spa-
tial covariance found by Yee & Green (1987).

Indeed we find thatChandra does not support the existence
of a cluster as luminous as found in the HRI data. Using only the
best-fit HRI-derived values ofβ andθc, the fit of theChandra ra-
dial profile to a two-component model givesχ2=8.9 for 21 degrees
of freedom, as compared withχ2=10.3 for 22 degrees of freedom
for a point-like component alone, such that the probabilityof the
improvement being by chance is 8.5 per cent on an F test. No other
choice ofβ andθc gives a detection that can be claimed with greater
confidence, where searching through these parameters further de-
creases the number of degrees of freedom by two. So, the detection
of any extended emission is marginal.

If we assume that theChandra detection of extended emission
is real, the component contains only30 ± 6 counts and is a factor
of 40 weaker than predicted by the HRI. If we further assume that
the emission is from a hot gaseous environment of the quasar,the
bolometric X-ray luminosity is∼ 2× 1036 W, assuming a temper-
ature ofkT = 1.5 keV so that it lies on the cluster temperature-
luminosity correlation (Arnaud & Evrard 1999). We convert the
X-ray parameters to estimates of physical conditions usingthe ap-
proach of Birkinshaw & Worrall (1993). The mass deposition rate
from cooling would fall far short of that predicted by Fabianet al.
(1987)’s explanation for the emission-line nebulosity. The gas pres-
sure at a radius of 6 arcsec (∼ 40 kpc) is∼ 2 × 10−12 Pa, which
is insufficient to confine the extended emission-line regions if their
pressures are∼ 10−11 Pa, as estimated by Fabian et al. (1987) on
the basis of a photoionization model.

At a radius of about 0.5 arcsec, within which most of the
radio structure is contained, the cluster pressure would beabout
3 × 10−12 Pa. The plume of 1.5-GHz radio emission stretch-
ing north from component B for about 0.3 arcsec, and contained
within continuous contours in Figure 5, has a flux density of 8.7 Jy
(roughly half of the total emission from 3C 48 at this frequency).
Using an electron spectrum of the shape and energy limits de-
scribed in§7 and Table 6, the minimum pressure in radiating parti-
cles and magnetic field (for no proton contribution) is foundto be
roughly2×10−9 Pa if the source is unbeamed. Thus despite the dif-
fuse appearance, which does not suggest a strongly overpressured,
rapidly expanding source, the external X-ray-emitting gasfalls well
short of providing pressure balance. The minimum internal pres-
sure decreases if beaming is important. For models consistent with
Figure 6, the minimum conditions for pressure balance are only met
if the plume velocity is greater than0.985c and it is at angle to the
line of sight of less than 0.4 degrees. X-ray constraints from ROSAT
observations of two GPS galaxies have already found pressures one
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Figure 7. Core X-ray and radio flux densities for quasars with a spread of
about 2 orders of magnitude in isotropic radio power and withz > 0.3,
from Worrall et al. (1994). There is a correlation of slope unity for the
core-dominated quasars (filled squares) but not the lobe-dominated sources
(open squares). 3C 48, shown as a filled circle, is consistentwith the corre-
lation for core-dominated sources when its hard X-ray emission of 0.4µJy
and all its radio emission (on core and jet scales) of flux density 5.48 Jy
(VLA calibrator manual: http://www.aoc.nrao.edu/∼gtaylor/csource.html)
is included.

to two orders of magnitude too low to confine their radio sources
assuming there is no beaming (O’Dea et al. 1996), and in a sample
of FRIIs, Hardcastle & Worrall (2000) find similar results for the
lobes of the five sources of maximum linear size≤ 10 kpc

7 RADIO-RELATED X-RAY EMISSION

The radio, X-ray, and optical luminosities of samples of quasars
have been investigated using a variety of different approaches, lead-
ing most authors to conclude that emission associated with the
compact radio source dominates the X-radiation in core-dominated
radio sources, while a ubiquitous unbeamed component takes
over as the dominant source of X-ray emission in lobe-dominated
sources (e.g., Zamorani 1984; Browne & Murphy, 1987; Worrall et
al. 1987; Kembhavi 1993). This can explain why core-dominated
radio-loud quasars exhibit an approximately linear correlation be-
tween their 1-keV X-ray and 5-GHz radio flux densities, while
lobe-dominated quasars tend to lie above the line (Fig. 7).

3C 48 is interesting in this context. Using the hard non-
variable component of X-ray emission and the total radio emission
(which is all compact on the scale of the other quasars) it lies close
to the line defined by other core-dominated quasars (Fig. 7).If the
proximity of 3C 48 to the correlation is not coincidental, then we
expect a substantial fraction of the hard X-ray emission to be pro-
duced by the radio-emitting components. In the remainder ofthis
paper we test this possibility by estimating the X-ray emission from
non-thermal processes in the radio components that we resolve. We
also explore briefly in§7.2 the possibility that the X-ray emission
arises from an embedded blazar that contributes negligiblyto the
observed radio emission.

Radio components can give rise to X-ray emission by two
main mechanisms; synchrotron and inverse-Compton (IC) emis-
sion. There is clear evidence for the importance of both of these

processes in extended components of radio sources studied with
Chandra. In particular, the jets of low-luminosity, FRI, radio galax-
ies (which in many respects resemble the 3C 48 jet) are often syn-
chrotron emitters in the X-ray (e.g., Worrall, Birkinshaw &Hard-
castle 2001; Hardcastle, Birkinshaw & Worrall 2001) while X-ray
emission likely to be due to the inverse-Compton process hasbeen
detected from the jets, hotspots and lobes of a number of powerful
FRII sources (e.g., Sambruna et al. 2002; Hardcastle et al. 2002).

If the X-ray emission is of an IC origin, the spectral index
should match that of the optically-thin radio emission, which is true
for the hard X-ray component (Fig. 4) in both the plume, where
α ≈ 0.75 (Ott et al. 1994), and the knots (Table 5). The variable
soft X-ray component would require a separate explanation,such
as the high-energy tail of the emission from an accretion disc (§4).

Estimates of the IC emission necessarily rely on assumptions
about the geometry of the radio components, their bulk speed, and
the magnetic field strength in the radio-emitting plasma. With a suf-
ficiently low magnetic field strength, any radio-emitting component
can give the required IC X-ray flux. However, there is now evidence
that the extended components of radio sources have magneticfield
strengths consistent with, or a factor of a few lower than, the val-
ues for energy equipartition between the radiating electrons and the
magnetic field (e.g., Brunetti et al. 1999; Hardcastle et al.2002). A
magnetic field which is a factor of a few below the equipartition
value can increase by an order of magnitude the predicted X-ray
emissivity.

For IC calculations we must also make some assumptions
about the electron spectrum. We model this as a single power
law, N(γ) ∝ γ−p between an upper and lower cutoff energy,
parametrized in terms of the lower and upper limits on the Lorentz
factors,γmin andγmax. We takep to be2.5, reproducingα ∼ 0.75
observed in the total radio emission. The normalization andval-
ues ofγmin andγmax are selected based on available constraints
from the broad-band synchrotron spectrum in the region of inter-
est. We use the anisotropic IC code described by Hardcastle et al.
(2002) for our calculations. This deals accurately with theeffects
of beaming and aberration on the illuminating photon population
and the IC emission itself. The three parent photon populations we
will consider are (i) the synchrotron photons themselves (SSC), (ii)
the cosmic microwave background radiation (CMB/IC), and (iii)
radiation from the active nucleus (NIC).

The NIC model requires some additional assumptions. For no
beaming and an equipartition magnetic field, the electron popula-
tion responsible for the observed radio emission produces X-ray IC
most successfully through upscattering far infra-red photons. We
use theISO results of Meisenheimer et al. (2001), and model the
spectrum as having a flux density of 829 mJy at3 × 1012 Hz (ob-
served frame), above which frequencyα ≈ 1.0. The results are
insensitive to the upper-frequency cut-off but are sensitive to the
photon spectrum below3× 1012 Hz. The Meisenheimer et al. data
show that the spectrum flattens, and are consistent withα between
∼ 0.0 and−1.0 down to a frequency of1.7 × 1012 Hz. Photons
of lower frequency still, in the range between1.7 × 1012 Hz and
3×1011 Hz, could in principle boost the IC emission from this pro-
cess considerably, but there is no justification for the introduction
of a new soft population of photons in this unobserved wavelength
band. We cut off the spectrum at1.7 × 1012 Hz but adoptα = 0
below3×1012 Hz. The photons are allowed to illuminate the radio-
emitting regions as though they originated at a point sourceat the
quasar nucleus. Because some of the IR emission in 3C 48 may
originate in a circumnuclear starburst, this model is not necessarily
accurate. However, as long as the starburst emission does not come
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from a region much larger than the radio source, it is not seriously
in error.

We consider separately the resolved radio emission and the
radio core as possible sites of radio-related X-ray emission. The
former may explain the position of 3C 48 in Figure 7.

7.1 Jet-related X-rays

The main difficulty with a synchrotron model in which both ra-
dio and X-ray emission are from a population of electrons with a
single-component spectrum (power law or broken power law) is
the upper limit on jet surface brightness of 22.2 mag arcsec−2 in
the HST F814W filter found by Kirhakos et al. (1999). This im-
plies an upper limit of order 1µJy to the integrated jet emission at
a frequency of∼ 3.8× 1014 Hz. Since this upper limit is compara-
ble to the measured X-ray flux density at 1 keV, synchrotron emis-
sion could only make a significant contribution to the unresolved
X-rays through a highly non-standard electron population which
produces copious emission at frequencies only above the optical.
The detection of optical jet emission is severely hampered by the
bright nucleus and galaxy nebulosity, but in view of the Kirhakos et
al. constraint we consider the possibility of significant X-ray syn-
chrotron emission from the radio jet no further.

The brightest small-scale components in the jet are B and B2.
However, these components contain less than 10 per cent of the
radio flux of the overall jet, and, assuming source regions ofabout
2 mas in extent, none of the photon populations gives more IC X-
ray emission than we find from the overall radio plume.

We model the plume described in§6 crudely as a truncated
cone, with a linear gradient in electron density along the cone
axis to represent the brightness gradient along the plume seen in
the 1.5-GHz maps. The total 1.5-GHz flux density of 8.7 Jy for
this volume provides the normalization for the electron spectrum.
A single constant magnetic field strength is assumed throughout
the source for numerical efficiency. We assume that the spectral
shape of the plume matches that of the integrated radio emission
and by default use the∼ 80 MHz turnover frequency (plausibly
due to synchrotron self-absorption or free-free absorption; Wilkin-
son et al. 1990) to provide a limit on the low-energy cutoff ofthe
electrons. The spectrum also steepens before mm-wave radiation is
emitted (Steppe et al. 1995), which gives an indication of a possi-
ble high-energy cutoff. The corresponding values ofγmin andγmax

(Table 6) depend on the degree to which the extended emissionis
beamed and on the derived equipartition magnetic field strength.

7.1.1 Unbeamed plume model

If the plume is unbeamed and lies in the plane of the sky, the one-
sidedness of the jet is a genuine intrinsic feature of the source, per-
haps caused by differences in the beam’s interaction with the exter-
nal medium, as suggested by Wilkinson et al. (1990). The predicted
SSC, CMB/IC and NIC X-ray flux densities, assuming equiparti-
tion, are given in Table 6. The combined output is a factor of∼ 50
below the observed flux density of∼ 340 nJy (Table 2) in the hard
X-ray component. We would require the magnetic field to be a fac-
tor of about 10 below the equipartition value if the mechanisms are
to make an important contribution. A reduction to only a factor of
six below equipartition is sufficient ifγmin is reduced to 5, allowing
for the presence of electrons at energies below that for which the
synchrotron emission is self-absorbed or suffers free-free absorp-
tion. The favoured interpretation of the resolved X-ray jetemission

Table 6. Predicted X-ray emission from IC models applied to the plume,
assuming equipartition

Model γmin γmax IC flux density at 1 keV (nJy)
SSC CMB/IC NIC Total

Unbeamed 180 7100 3.3 0.003 3.5 7
Beamed 200 8000 0.04 0.9 0.0002 1

from the quasar jet PKS 0637-752 supports the presence of elec-
trons with5 < γmin < 20 (Tavecchio et al. 2000).

The NIC contribution would be increased if the IR radiation
were increased through beaming. To contribute the observedX-
rays, assuming equipartition, a component of beamed IR emission
would need both to be about a factor of 100 brighter than the mea-
sured IR (as seen by the jet) and have a rather large opening angle
(Figure 5) to cover the whole jet. Although such extra IR emis-
sion cannot be ruled out, there are no observations of which we are
aware which support the presence of dominant beamed IR emis-
sion. On the contrary, Meissenheimer et al.(̃2001) argue that radio
galaxies and quasars have similar IR luminosities, implying that
the emission seen is emitted isotropically. To get a maximumgain
from scattering geometry, the nuclear beamed emission should be
directed away from the line of sight. It then seems most likely that
equal and opposite beamed emission should dominate the IR which
is observed, and this is insufficient to produce the observedX-rays.
We thus consider it unlikely that beamed IR radiation is the domi-
nant photon source for producing the X-rays.

7.1.2 Beamed plume model

In Figure 6 we presented the range of beaming parameters that
are consistent with the observed sidedness and the possibledetec-
tion of sub-luminal motion. As a representative example we take
v = 0.9c andθ = 5 degrees, giving a bulk relativistic Doppler
factor of δ = 4.2. We take the projection of the velocity vector
on the sky to point along the direction of apparent motion of com-
ponent B, i.e. approximately N on the radio map. In this model,
the boosted CMB radiation is the dominant photon populationin
the source frame (Table 6). Inverse-square law and Doppler effects
greatly reduce the effects of the nuclear illumination. Theresulting
total predicted X-ray emission is two orders of magnitude below
the observed value. The magnetic field would have to be consid-
erably below the equipartition value to achieve results approaching
the observed X-ray flux, and we conclude that in this beamed model
the plume is highly unlikely to contribute to any significantextent
to the observed X-rays.

We can ask how large the beaming would need to be to in-
crease the CMB/IC prediction to the observed level. The result
is that we would require all the electrons in the plume to have
v = 0.994c, θ = 0.17 degrees,δ = 18. Unless the source has
an unusually small intrinsic opening angle which is maintained for
hundreds of kpc close to the line of sight, only a fraction of the
electrons will participate in such boosting, and these parameters
represent a lower limit to the required beaming. We thus conclude
that it is unlikely that all the observed hard X-ray emissionis from
this mechanism.
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7.2 Core-related X-rays

A possible site for radio-related X-ray emission (althoughnot one
which alone would explain the position of 3C 48 in Figure 7) is
emission from within component A. Here the NIC can be high if the
radio component is unbeamed. For example, modelling the photon
and electron spectra as above, and providing the photon illumina-
tion from a point source embedded in the base of a cylindricaljet of
radius 0.25 mas (from Gaussian fits to two components) and length
4 mas (from measurement), we predict X-ray emission of 20 nJy
at 1 keV, somewhat above that from the extended plume. Our mod-
elling of the far-infrared radiation source as point-like to compo-
nent A is probably consistent with Meisenheimer et al. (2001)’s in-
terpretation as originating from the type of dusty torus required by
models unifying radio galaxies and quasars. However, if thesource
of this radiation is larger than component A, or if it is point-like
and the quasar nucleus is south of component A, the predictedX-
ray flux will be lower. Taking the adopted geometry at face value,
it is possible to make the hard X-ray component with a magnetic
field strength only a factor of two to three below equipartition. This
is in line with the level of field deduced from X-ray inverse Comp-
ton measurements in components of powerful radio galaxies and
quasars on larger scales (e.g., Brunetti et al. 1999; Hardcastle et
al. 2002). Our modelling finds a declining X-ray to radio ratio with
distance from the nucleus when knot A and the plume are compared
under similar equipartition assumptions.

While the fast variability seen at soft X-ray energies with
ROSAT may suggest unbeamed emission from the high-energy
spectral tail of an accretion disc, we can consider the alternative
possibility that we are seeing a somewhat larger beamed compo-
nent embedded in the core. Simple models of a spherical moving
blob have proved relatively successful in describing the multiwave-
length spectra of blazars up to gamma-ray (and in some cases TeV)
energies via SSC or inverse Compton scattering of external photons
(e.g., Ghisellini et al. 1998). The energy at which the Compton-
scattered emission becomes dominant as a hard component is nor-
mally in the X-ray band, and so may explain the concave spectrum
that we observe. In Figure 8 we plot the spectrum of the core, to-
gether with an example SSC model. We have chosen beaming pa-
rameters consistent with the constraints at larger radii (assuming
a symmetrical jet) of Figure 6, and a source size which is consis-
tent with the observed soft X-ray variability. The model parameters
are selected to describe roughly the level of X-ray emissionwhile
not overproducing emission at lower energies. The radio emission,
much of the far-IR emission, and the blue bump are not described
by the model, and the position of 3C 48 in Figure 7 is not explained.
Measurements of gamma rays from 3C 48 could help establish the
credibility of an embedded blazar explanation for the X-rayemis-
sion.

8 CONCLUSIONS

The X-ray spectrum of 3C 48 is the composite of a soft, steep-
spectrum component and harder, power-law emission of slopecon-
sistent with the 1 GHz radio spectrum. The variability measured
with ROSAT suggests that at least part of the X-ray emission (prin-
cipally the softest) arises from a region of accretion-discsize or
from a beamed blazar component.

TheChandra data give only a marginal detection of extended
emission. Even if this component is real and due to cluster gas, the
radio plume is over-pressured unless it is beamed towards usat an

Figure 8. Data for the core of 3C 48: radio (component A) and soft X-ray
component from this work, far-IR from Meisenheimer et al. (2001), other
data from Elvis et al. (1994). No reddening corrections are applied to the
data. Data are shifted to the source rest frame. The model is synchrotron
(solid line) and self-Compton (dot-dashed) assuming a source of size1016

cm, beamed byδ = 20 (β = 0.995, θ = 0.144 degs). The minimum
electron Lorentz factor is 200 since the source would be self-absorbed be-
low this. The electron spectral slope is 3.5, i.e., a steepening of 1.5 from a
canonical slope, but consistent with that measured above the break in lower-
power radio sources like M 87 (Böhringer et al. 2001). The SSC calculation
assumes equipartition between the electrons and magnetic field, and the
equipartition magnetic field is1.3 × 10−4 T (1.3 Gauss). The synchrotron
energy loss timescale for the lowest-energy electrons is 27days (rest frame)
and scales as the inverse of the energy.

angle of less than 0.4 degrees to the line of sight and a bulk velocity
of more than 0.985c. The gas pressure at the radius of the extended
emission-line regions is at most∼ 2 × 10−12 Pa.

We have used our new multifrequencyVLBA data to study the
relationship between the X-ray and radio components. Thereis no
excess absorption in the X-ray spectrum which might have allowed
us to conclude that 3C 48 is small (most of the emission is within
0.5 arcsec of the nucleus) because it is bottled up by cold neutral
gas.

We find weak (3σ) evidence for a proper motion of(0.5 ±

0.2)c in the compact radio component B, about 0.05 arcsec from
the core. It is quite plausible that the radio emission from 3C 48
undergoes sufficient interaction with the external medium that the
source is intrinsically one sided at such distances from thenucleus.
In that case relativistic beaming may not be important. However, if
we assume intrinsic symmetry, the upper limit to the flux of knot
B’s counterjet and the measured proper motion combine to suggest
that relativistic boosting along the line of sight is important.

The X-ray emission of core-dominated radio-loud quasars is
believed to be dominated by non-thermal radiation from the radio
core, and indeed these sources show a good correlation between
radio and X-ray flux. The fact that 3C 48 is consistent with the
correlation leads to an expectation that substantial X-rayemission
should arise from its radio features. At VLBI resolution, 3C48 is
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unusual as compared with flat-spectrum quasars in that less than
1 per cent of its 1.5-GHz flux density arises from the core, and
so X-ray emission from these extended radio regions would bere-
quired. The radio source is so compact that evenChandra’s reso-
lution is insufficient to resolve spatially any X-ray emission from
the radio structures. However, using the X-ray spectral results we
find that synchrotron-emitting electrons in the radio plumecould
contribute significantly to the harder X-ray emission through SSC
and up-scattering infra-red emission from the quasar nucleus. This
requires the radio-regions to be free from relativistic boosting, in
which case we would infer that the radio source is intrinsically one
sided at distances of 300 pc and more from the nucleus, and it re-
quires that the magnetic field is a factor of six to ten below the
equipartition value. Stringent requirements on the jet opening an-
gle make it unlikely that all of the X-ray emission is from a fast jet
which sees boosted CMB emission and emits beamed X-rays in the
observer’s frame, the model which is currently the most popular for
explaining resolved X-ray emission from large-scale quasar jets.

The possibility remains that the X-ray emission from 3C 48
arises from close to the central engine. It may be unrelated to the
radio emission, either from an embedded blazar or associated with
the accretion processes, or the hard X-ray emission may arise from
the up-scattering of infra-red emission from the quasar nucleus if
the geometry is favourable and the magnetic field in the innerre-
gion is a factor of two to three below equipartition. The factthat the
ratio of X-ray to radio emission is so close to that in quasarswhere
a radio-X-ray relationship is established is then a coincidence.
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