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ABSTRACT

The jet in 3C273 is a high-power quasar jet with radio, optical and X-ray emission whose size and
brightness allow a detailed study of the emission processes acting in it. We present deep Chandra
observations of this jet and analyse the spectral properties of the jet emission from radio through
X-rays. We find that the X-ray spectra are significantly softer than the radio spectra in all regions
of the bright part of the jet except for the first bright “knot A”, ruling out a model in which the X-
ray emission from the entire jet arises from beamed inverse-Compton scattering of cosmic microwave
background photons in a single-zone jet flow. Within two-zone jet models, we find that a synchrotron
origin for the jet’s X-rays requires fewer additional assumptions than an inverse-Compton model,
especially if velocity shear leads to efficient particle acceleration in jet flows.

Subject headings: Galaxies: jets – quasars: individual: 3C273 – radiation mechanisms: non-thermal
– acceleration of particles

1. INTRODUCTION

Since the launch of the Chandra X-ray observatory, it
has become evident that X-ray emission is a common fea-
ture of jets in radio galaxies and quasars (see, e.g., Wor-
rall et al. 2001 for low-power radio galaxies, Sambruna
et al. 2004 and Marshall et al. 2005b for X-ray surveys of
powerful radio galaxies and quasars, the overview articles
by Harris & Krawczynski 2002 and Kataoka & Stawarz
2005 for emission mechanisms, and the XJET home
page1 for an up-to-date list of X-ray emission associated
with extragalactic jets). Typically, the X-ray emission
from low-power jets (Fanaroff & Riley 1974 [FR] class
I) fits on a single synchrotron spectrum with their radio
and optical emission and is thus satisfactorily explained
as synchrotron emission (with the interesting problem
of having to accelerate X-ray emitting synchrotron elec-
trons in situ). However, the spectral energy distribution
(SED) of high-power (FR II) jets usually shows the so-
called “bow-tie” problem, i.e., their X-ray spectrum does
not fit on an extrapolation of the observed radio/optical
synchrotron spectrum. A representative case in point is
the first new X-ray jet detection by Chandra, PKS 0637-
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752 (Schwartz et al. 2000; Chartas et al. 2000), with an
observed cutoff to the synchrotron emission in the opti-
cal range, but a fairly hard X-ray spectrum2 (α ≈ −0.7)
and an X-ray flux per frequency decade (i.e., νSν) ex-
ceeding the optical one. As the predicted X-ray intensity
from synchrotron self-Compton (SSC) emission is usu-
ally orders of magnitude below the observed one, it has
been suggested that these jets are still highly relativis-
tic at kiloparsec scales, with bulk Lorentz factors in the
range 5–30 and beyond, and that the X-rays are inverse-
Compton (IC) scattered cosmic microwave background
(CMB) photons (the beamed IC-CMB process; Tavec-
chio et al. 2000; Celotti et al. 2001). The high Lorentz
factors are necessary in order for the energy density of
the CMB photon field to be boosted sufficiently in the jet
rest frame (by a factor Γ2, where Γ is the bulk Lorentz
factor of the jet fluid) to account for the observed X-
ray:radio flux ratios.

The beamed IC-CMB process is generally invoked to
account for the X-ray emission from jets in which a single
synchrotron component cannot account for the emission
in all wavebands. If correct, the inferred values of Γ
would constitute the first firm measurement of the veloc-
ity of high-power jets (for the velocities of low-power jets,
see the modeling by Laing & Bridle 2004; Canvin & Laing
2004; Canvin et al. 2005) with profound implications for
the analysis of jet energetics and composition. Since
the increase of the CMB energy density with redshift

2 We define spectral indices such that Sν ∝ να.
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would cancel the surface brightness dimming with red-
shift, beamed IC-CMB X-ray jets at high redshift could
be cosmic beacons that outshine their quasars (Schwartz
2002). Moreover, there are jets in FR II radio galaxies
and quasars whose X-ray emission is either well explained
as synchrotron emission on an extrapolation of the radio-
optical spectrum (e.g., in some of the jets in the survey
by Sambruna et al. 2004, and that in 3C403 [Kraft et al.
2005]), or because the necessary Doppler factors cannot
be achieved from geometrical considerations, such as in
Pictor A (Hardcastle & Croston 2005) where there is
X-ray emission from the counter-jet as well as the ap-
proaching jet. A detailed check of the beamed IC-CMB
model is therefore warranted.

There are two basic testable predictions of the beamed
IC-CMB model which arise from the fact that those elec-
trons responsible for the upscattering of CMB photons
into the X-ray band have low Lorentz factors (10 .
γ . 100) and hence emit synchrotron radiation at wave-
lengths of a few tens or hundreds of Megahertz, below the
typical Gigahertz-range observing frequencies allowing
high-resolution studies of radio jets. Essentially, a similar
part of the electron energy distribution can be observed
in two different wavebands (the electrons producing IC
emission in the Chandra band emit synchrotron radia-
tion in the range 40Hz–1MHz; Harris & Krawczynski
2002), leading us to expect a close correspondence both
of morphology and of spectral index between a beamed
IC-CMB jet’s X-ray and radio emission.

We have chosen the jet in 3C 273 for a detailed test
of the beamed IC-CMB model with the Chandra X-ray
Observatory. This jet has a unique combination of prop-
erties that make it worthy of detailed study: it has a large
angular size (bright radio, optical and X-ray emission be-
ing observed from 11′′ out to 22′′ from the core), it is one
of the closest high-power jets (z = 0.158) so that smaller
physical scales3 can be resolved than in most similar jets,
and high-resolution VLA and HST data are available
(Jester et al. 2005, and references therein) that allow
the construction of detailed SEDs and the study of the
relation between the jet’s X-rays and the radio-optical
synchrotron emission. 3C 273’s jet is among those from
which X-ray emission had been detected already with the
Einstein satellite (Willingale 1981; Harris & Stern 1987).
Based on a comparison of ROSAT HRI observations with
radio and optical data, Röser et al. (2000) concluded that
the X-ray emission could only be due to the same syn-
chrotron component as the jet’s radio-optical emission
in the first bright feature of the jet (“knot A”), but not
in the remainder of the jet, where there is a cutoff to
the synchrotron component in the near-infrared/optical
range; later, Jester et al. (2002) and Jester et al. (2005)
showed that at 0.′′3 resolution, already the radio-optical
SEDs of most of the jet, including knot A, require a two-
component model to account for the emission. Hence, the
X-ray emission there cannot be due to a single radio–
optical–X-ray synchrotron component, either (but see
Fleishman 2006, who suggests that an additional con-
tribution of synchrotron emission from particles moving
in fields that are tangled on small scales may explain the

3 We use a flat cosmology with Ωm = 0.3 and H0 =
70 km s−1Mpc−1, leading to a scale of 2.7kpc per second of arc
at 3C 273’s redshift of 0.158.

observed flattening, at least in parts of the jet). Jester
et al. (2002) suggested that the second optical component
may be the same component as the jet’s X-ray emission,
but could not constrain the emission mechanism for the
high-energy component further.

Regarding the X-ray emission mechanism, Röser et al.
(2000) ruled out SSC as well as thermal Bremsstrahlung.
The first Chandra observations of this jet were presented
by Sambruna et al. (2001) and Marshall et al. (2001).
Marshall et al. (2001) presented the first X-ray image
of this jet with both high resolution and high signal-to-
noise ratio. Regarding the SEDs, they came to similar
conclusions as Röser et al. (2000). Sambruna et al. (2001)
had analyzed a smaller set of the early Chandra data and
favored a beamed IC-CMB model for the emission from
all parts of the jet. Marshall et al. (2001) compared the
optical and X-ray morphology at the Chandra resolution
of 0.′′78 and found that the X-ray and optical emission
come from the same parts of the jet and show very similar
features. However, there are offsets between the X-ray
and optical peaks in one or both of the first two bright
knots. In the remainder of the jet, the relative variations
in X-ray brightness are smaller than those in the radio
and optical. Such size and brightness differences require
some parameter fine-tuning in the IC-CMB model.

Thus, previous observations had left the nature of the
X-ray emission mechanism of 3C 273 unclear. Here, we
present a spectral analysis of our new Chandra observa-
tions, which we combine with archival data and our VLA
+ HST dataset from Jester et al. (2005). Observations
and data reduction are described in §2, our spectral anal-
ysis and its results are presented in §3, and we discuss in
§4 the implications of our results for the beamed IC-CMB
model and other emission mechanisms. We summarize
our findings in §5.

2. OBSERVATIONS AND DATA REDUCTION

We have obtained four observations of 3C273 and its
jet in Chandra observing cycle 5, totaling just under
160 ksec observing time. The observations were split
into four exposures of equal length in order to search for
variability within the observing cycle. The quasar and jet
were placed on the ACIS-S3 chip in each of these. We also
use calibration observations of 3C 273 from the Chandra
archive: two ACIS-S3 data sets from cycle 1, with 30 ksec
exposure time each, and seven ACIS+HETG calibration
observations, totaling just under 200 ksec. The grat-
ings only transmit about 10% of the soft X-ray photons
(E < 2 keV), but about 75% of the hard X-ray photons
(E > 6 keV). Hence, we use the grating data to perform
consistency checks on the spectral shape of the jet at
the high-energy end of the Chandra bandpass. We will
not use them for morphological analysis. This decision is
based purely on the fact that their inclusion would have
required substantial additional effort without a commen-
surate gain in the total number of detected photons; as
the calibration data were used by the calibration team
to check the effective area, not the pileup or contamina-
tion correction, they could be used without causing any
circular reasoning. Table 1 gives the observing log.

We used the Chandra analysis software CIAO v. 3.2 or
later and calibration database CALDB v. 3.0 or later to
reprocess all data, taking advantage of updated calibra-
tions, in particular the ACIS contamination correction
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TABLE 1
Observing log for ACIS observations of 3C273.

Grating ObsId Exp. time Obs. start time Frame time
ksec UT sec

None 1711 28.09 2000-06-14 05:13:19 1.1
1712 27.80 2000-06-14 13:43:27 3.2
4876 41.30 2003-11-24 23:08:40 0.4
4877 38.44 2004-02-10 03:40:39 0.4
4878 37.59 2004-04-26 20:55:16 0.4
4879 39.23 2004-07-28 03:35:33 0.4

HETG 459 39.06 2000-01-10 06:46:11 2.5
2463 27.13 2001-06-13 06:41:21 2.1
3456 25.00 2002-06-05 10:03:12 1.9
3457 25.38 2002-06-05 17:19:11 2.5
3573 30.16 2002-06-06 00:43:51 2.5
4430 27.60 2003-07-07 12:08:58 3.2
5169 30.17 2004-06-30 12:39:18 2.5

Note. — All grating-free observations used the ACIS-S3 chip.
ObsIds 1711 and 1712 and all HETG observations are from calibra-
tion programs, ObsIds 4876-4879 were obtained under Chandra GO
proposal 05700741.

(Marshall et al. 2004), and to remove the pixel random-
ization. The spectral analysis (see following section) was
performed using spectral fits in the Sherpa software pack-
age. In addition, we constructed flux-calibrated bright-
ness maps for the ACIS-S3 observations.

Registering Chandra data sets is challenging. The
absolute pointing calibration of Chandra of about 0.′′4
(Chandra X-ray Center 2005a, Table 5.1) is not suffi-
cient for our analysis, since the jet width is only about
1′′. The quasar core is the only bright X-ray point source
in the vicinity of the jet, but it is so bright that it is
severely piled up (Chandra X-ray Center 2005a, Section
6.14) even with a frame time of 0.4 s (chosen in our new
observations) or with the HETG in place. However, the
readout streak in the grating-free observations contains
so many counts that it can be used to constrain the lo-
cation of the quasar core in the perpendicular direction
with high precision and accuracy. The unpiled wings of
the PSF provide the necessary second constraint. We fur-
ther attempt to mitigate the effect of pileup by construct-
ing an “eV per second” (evps) map, an energy-weighted
count rate map. Three of the authors (SJ, DEH, HLM)
have performed independent fits of the non-piled up part
of the PSF and the readout streak, both on the evps
maps and on the brightness maps, to obtain the position
of the quasar core in each of the six ACIS-S3 sets. From
the RMS of the individual determinations, we estimate
that the alignment is better than 0.′′1 in each coordi-
nate. We average the individual measurements to get
a final quasar position in “physical” ACIS coordinates.
We then update the world coordinate system (WCS) of
the individual event files and maps to assign 3C273’s
right ascension and declination as determined from radio
observations to the quasar’s fitted physical coordinates.
For the HETG zeroth-order images, which are used for
consistency checks, we fit a Gaussian to the wings of the
quasar image to fix the astrometry relative to the quasar
core.

3. ANALYSIS AND RESULTS

D2H3
D1

C2
C1

B3
B2

B1
A

1" = 2.7 kpc N

H2

Fig. 1.— The jet in 3C273 observed with Chandra (top), HST
(λ = 620 nm, middle) and VLA (λ =3.6 cm, below). The long edges
of each image are along a position angle of 222◦; the physical size of
the region covered by each image is 5.7 kpc by 28.6 kpc. The boxes
indicate the regions adopted for the analysis in this paper. The
VLA and HST map and the labeling scheme are taken from Jester
et al. (2005), with a resolution of 0.′′3 (810 pc) and a pixel size of
0.′′1 (270 pc). The Chandra map is from ObsId 4876, with counts
binned in 0.′′166 (450 pc) pixels and a resolution of 0.′′78 FWHM
(2.1 kpc).

3.1. Source extraction regions, variability search, and
spectral fits

3.1.1. Extraction regions

We perform a separate spectral analysis in each of nine
regions, which we have defined considering both the ra-
dio/optical and X-ray morphology. Figure 1 shows the
regions on a Chandra, HST and VLA image. The nomen-
clature for the subdivisions of the original regions ABCD
(Lelievre et al. 1984) is that established by Röser &
Meisenheimer (1991, their Table 4); later, Bahcall et al.
(1995) and thence Marshall et al. (2001) used different
subdivisions.4 There are no gaps between the extraction
regions, and each is about 1-2′′ in size.

While the jet shows similar morphology at all wave-
lengths, there are differences in some places, which cre-
ate some ambiguity as to where the boundaries between
different jet regions (or knots) should be placed. The
differences in morphology at different wavelengths imply
spatial variations in the spectral shape. Hence, some of
our measurement regions mix emission from jet features
with different spectral shapes. Given that the Chandra
resolution of 0.′′78 (full-width at half-maximum intensity
of a Gaussian fitted to the readout streak) is comparable
to the typical diameter of the jet features, such mixing
of spectral shapes cannot be avoided entirely. However,
the morphology differences are mostly minor, the sole ex-
ception being region B1, in which the X-ray and optical
emission clearly arch to the north, while the radio emis-
sion has an arc to the south (compare Marshall et al.
2001). This difference may in fact contain a crucial hint
to the nature of the emission and particle acceleration
mechanism acting in the jet; however, the two arcs are
not fully resolved by Chandra, so that we include both in

4 The correspondence for the labels that are different between
the former and the latter nomenclature is: A=A1; B1=A2; B2=B1;
B3=B2; D1=C3; D2=D.
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TABLE 2
Results of variability search

Region Flux RMSa pb Spectral RMSc pb

% %

A 6 0.92 4 0.90
B1 9 0.99 8 0.88
B2 7 1.00 2 0.08
B3 5 0.08 11 0.49
C1 6 0.35 9 0.58
C2 4 0.10 7 0.40
D1 9 0.75 9 0.51
D2H3 3 0.04 6 0.39
H2 14 0.12 18 0.16

Note. — Variability of jet features fitted with a power-
law model as in § 3.1.3
aRoot-mean-squared variability of power-law flux normal-

isation, relative to the mean
bχ2 probability of obtaining the observed RMS variability

at random, given the measurement errors
cRoot-mean-squared variability of power-law spectral in-

dex, relative to the mean

a single region. Still, the need to consider the emission
from the arcs in B1 separately should be borne in mind
when analyzing the spectral shape there.

For the estimation of the background count rate, we
define annuli of similar radial extent as the corresponding
jet region that are centered on the quasar, as large-angle
scattered photons from the quasar core are the dominant
contribution to the background. The background regions
exclude the jet regions themselves as well as the readout
streak.

Considering the locations of those events classified as
“afterglow events” by the CIAO pipeline suggests that
ObsIds 1711 and 1712 include some piled-up events at
the brightness peak of region A. The other ACIS-S3 ob-
servations used a 1/8th subarray, shortening the frame
time correspondingly, and therefore do not suffer from
pileup. The HETG observations have lower count rates
in the jet and pileup is much less than 1% there.

To determine the flux and X-ray spectral index, we
extract spectra and response files for each source region
using the psextract Sherpa script.

3.1.2. Variability search

We searched for variability in the count rates of each of
the regions over all six ACIS-S3 data sets and found no
variations in excess of the expected Poisson fluctuations
for a constant count rate. In addition, we performed sep-
arate Sherpa power-law fits for each knot and each epoch,
as detailed below. We used the χ2 test to assess the sig-
nificance of the fluctations. The observed fluctuations
and their probabilites are given in Table 2. In nearly all
regions, the χ2 test returned very high probabilities for
obtaining the observed fluctuations in the fit parameters
across the six epochs as random fluctuations of an un-
derlying spectrum with both constant flux and spectral
index. Only the flux variability for region D2H3 is sig-
nificant at the 96% confidence level; however, at 3%, it
is also amongst the smallest observed fluctuations, and
there is no systematic trend. Thus, there is no detection
of significant systematic variability in any of the regions.

In the remainder of this paper, we therefore concen-
trate on the question whether the spectral shape of
the jet emission is consistent with the beamed inverse-
Compton model. The morphology will be discussed in
detail in a separate paper.

3.1.3. Spectral fits

For the analysis in the remainder of the paper, we com-
bine all six epochs of ACIS-S data. In each region, we
perform a joint Sherpa spectral fit for data and back-
ground, using simple power laws to describe both the
source and the background components. As the quasar
itself shows both spectral and flux variability in the soft
X-ray band (McHardy et al. 1999), we allow an inde-
pendent background model component for every epoch.
We include a JDPileup model for the fit of region A in
ObsIDs 1711 and 1712; the use of this model is appropri-
ate since this region is unresolved by Chandra (Marshall
et al. 2001, 2005a) and it is justified by the fit results
which indicate a pileup fraction of 3.6% and 9.4%, respec-
tively. Trial fits including a pileup model for the other 4
data sets and for all other jet regions had results consis-
tent with 0 piled up events, even though scaling the piled
up fraction by the frame time would lead us to expect a
pileup fraction of about 1% (see frame times in Table 1).
As in Marshall et al. (2001), we use the hydrogen col-
umn density of nH = 1.71 × 1020 cm−2 given by Albert
et al. (1993). We perform fits using two methods. First,
we used the likelihood method (Cash statistic; Chandra
X-ray Center 2005b) for unbinned events, using only the
energy range 0.5 keV–8.0 keV. Secondly, we grouped the
data to a minimum of 15 counts per bin with χ2 Prim-
ini statistics (Chandra X-ray Center 2005b), in this case
excluding all bins below 0.5 keV. We do separate fits for
the data from the HETG zeroth-order images and from
the grating-free observations. The fit results from both
data sets (HETG zeroth-order images and grating-free S3
images) and both fitting methods (unbinned/Cash and
grouped/χ2) are consistent with each other. We have
carried out further spot checks using XSPEC power-law
fits of the grouped data sets, in which background events
are subtracted before fitting (instead of being included
in the fit as a separate model component), and found
excellent agreement with the Sherpa results. Thus, the
following analysis will make use of the fit parameters ob-
tained from the fits of unbinned data with Cash statistics,
and in the remainder of the paper, we only bin data for
display purposes.

3.2. Fit results and SEDs from radio to X-rays

Table 3 gives the fit results. In all cases, a simple power
law was a good fit to the data, according to the proba-
bilities obtained for the χ2 fits. We also generated X-ray
SEDs in six energy bands from corresponding brightness
maps. The SEDs for knots A and B2 show some curva-
ture in the range 4–5keV and a slightly softer spectrum
at lower energies than the Sherpa fits, which would be
consistent with a marginally detected high-energy cut-
off. However, no evidence for a cutoff was found in the
fits using the event lists, neither in the pure power-law
fits nor in fits with a cut-off power law (Sherpa model
xscutoffpl). The X-ray spectral indices of A and B1
are consistent with each other and both approximately
−0.8. The knots in the remainder of the jet have slightly
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Fig. 2.— Spectral energy distributions for the jet regions defined in Fig. 1. The radio and optical points are obtained by integrating
the flux from the maps at 0.′′3 resolution from Jester et al. (2005) over the same extraction regions as the X-rays. Error bars for radio and
optical data show random errors; there may be additional calibration and flat-fielding errors of up to 3% for the near-infrared and optical
data points. The magenta solid line in the radio region is a least-squares power-law fit to the three VLA data points; the dotted line in the
X-ray band has the same spectral index as the VLA data and the same flux density at 1 keV as the Chandra data, to allow a comparison
of X-ray and radio spectral indices.

softer X-ray spectra; all knots from B2 up to and includ-
ing D2H3 again have spectral indices that are consistent
with each other and a value of −1.010 ± 0.018.

The radio hot spot region H2 is significantly detected
in X-rays in the combined data set; in fact, Marshall
et al. (2001) already noted that the jet was detected out
to 22′′ from the core, with the radio peak in H2 being lo-
cated 21.′′4 from the core. A comparison of the X-ray flux
profile of regions D2H3 and H2 with that of the nearly
point-like region A confirms the reality of the detection
of H2. Its spectrum is marginally softer than the rest of
the jet.

Figure 2 shows the spectral energy distributions
(SEDs) of the nine jet regions from radio up to X-rays.
It is evident from the SEDs that the jet emission from
radio up to X-rays cannot be explained as a single syn-

chrotron component for any part of the jet. Except
for region A, this was already known from the analy-
sis of ROSAT data (Röser et al. 2000) and of the first
Chandra data sets (Marshall et al. 2001; Sambruna et al.
2001). Jester et al. (2002, 2005) showed that a single-
component synchrotron spectrum was not in fact vi-
able for knot A, chiefly because the new multi-frequency
multi-configuration VLA data set used by them, and
here, yielded substantially different radio SED shapes.

Our spectral index measurement for knot A of α =
−0.83 ± 0.02 is consistent with the 90% confidence in-
terval αx = 1.1+0.5

−0.3 given by Sambruna et al. (2001) at
the 1.5 σ level. However, Marshall et al. (2001) obtained
a much harder X-ray spectrum with α = −0.60 ± 0.05.
The discrepancy is due to two systematic effects. First,
pileup slightly hardened the data used by Marshall et al..
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TABLE 3
Fit results for joint X-ray spectral fits

Region Net countsa α σα Sν(1 keV) σS
nJy nJy

A 10849 −0.83 0.02 46.54 0.54
B1 2632 −0.80 0.03 10.89 0.25
B2 3992 −0.97 0.03 19.98 0.33
B3 768 −1.13 0.07 3.41 0.14
C1 1115 −1.07 0.06 4.85 0.16
C2 1467 −0.96 0.05 6.25 0.18
D1 1182 −1.02 0.05 5.16 0.17
D2H3 1707 −1.04 0.04 7.82 0.20
H2 317 −1.27 0.12 1.30 0.09

Note. — The fits were done on the six ACIS-S3 data sets
without grating, using original events in the range 0.5 keV–
8.0 keV with Cash statistics in Sherpa. Spectral indices are
defined such that Sν ∝ να.
aBackground-subtracted number of counts summed over all

6 data sets

Fig. 3.— Comparison of radio and X-ray spectral indices for the
jet regions from Fig. 1. The X-ray spectral index and its error are
obtained from the Sherpa fit. The radio spectral index is the same
least-squares fit shown in Fig. 2, its error has been calculated from
the signal-to-noise ratio of the VLA maps. The dotted line shows
equality of both spectral indices. Except for regions A and B1, the
X-ray spectrum is significantly softer than the radio spectrum.

Secondly, corrections for ACIS contamination, which ab-
sorbs X-ray photons mostly below 1 keV, were released
only after publication of their paper (see Marshall et al.
2004). We can reproduce the Marshall et al. result by
turning off the pileup and contamination correction.

In Fig. 3, we compare the radio and X-ray spectral
indices directly. It clearly shows the basic and important
finding of our spectral analysis: except for regions A and
B1, the X-ray spectrum is significantly softer than the
radio spectrum.

4. DISCUSSION: IMPLICATIONS OF THE NEW SEDS

FOR THE X-RAY EMISSION MECHANISM

The aim of the Chandra observations presented here
was a test of both the synchrotron and the beamed IC-
CMB models for the jet’s X-ray emission. The non-
detection of significant variability does not rule out syn-

chrotron as X-ray emission process, as the Chandra res-
olution element is sufficiently large (the FWHM of 0.′′78
corresponds to 2.1 kpc) to allow possible variability to
be washed out. We now discuss the implications of the
observed SED shape for both synchrotron and beamed
IC-CMB as X-ray emission mechanism. The models have
to account for the following observational facts:

1. There is a spectral hardening of the near-
infrared/optical/ultraviolet emission in all parts of
the jet (see the SEDs in Jester et al. 2002 and
Fig. 2, but in particular those in Jester et al. 2005).
The shape of the second optical/UV emission com-
ponent cannot be constrained to a high degree of
certainty based on the present data set, but it may
well be the extrapolation of the X-ray power law
to lower frequencies (Jester et al. 2002).

2. The X-ray emission cannot be explained by a sim-
ple extrapolation of the total optical emission (the
“bow-tie” problem; see Röser et al. 2000; Sambruna
et al. 2001; Marshall et al. 2001).

3. The radio synchrotron emission from the jet in
3C273 has a spectral index α ≈ −0.75 at all
observed frequencies, down to 330MHz (Conway
et al. 1993 and confirmed by our unpublished VLA
data).

4. Radio and optical emission show very similar de-
grees of linear polarization out to 18′′ from the core,
and the polarization vectors are parallel to each
other in all parts of the jet except for the optically
quiet radio “backflow” or “cocoon” to the south of
the jet (Röser & Meisenheimer 1991; Röser et al.
1996).

5. The X-ray emission has a softer spectrum than the
radio emission in most parts of the jet (Figures 2
and 3).

6. The same morphological features are seen at all
wavelengths, from radio to optical (Bahcall et al.
1995) to X-rays (Sambruna et al. 2001; Marshall
et al. 2001).

Items 1 and 2 individually rule out a one-zone syn-
chrotron model, but would be compatible with a two-
zone synchrotron model as well as an IC-CMB model
with one or more zones. Item 3 implies that the jet’s to-
tal radio emission is dominated by a single synchrotron
component down to the lowest currently observed fre-
quencies. The high linear polarization (item 4) lead to
the conclusion that the optical emission is synchrotron
light (Röser & Meisenheimer 1991), and the similarity of
the radio and optical polarization indicated that the ra-
dio and optical synchrotron emission are due to the same
electron population (Röser et al. 1996). Remarkably, if
the X-ray emission could be shown to be of the same
origin as most, and not just some, of the optical emis-
sion (compare Jester et al. 2002), the fact that the opti-
cal emission is synchrotron would imply that the X-ray
emission is synchrotron, too; this might be expected from
the similarity of the optical and X-ray morphology (item
6 above), and is very strongly supported by the anal-
ysis of Spitzer mid-infrared observations by Uchiyama
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et al. (2006). The clarification of this issue requires the
analysis of further mid-infrared (Spitzer) and ultraviolet
(HST) data. For now, we discuss the viability of the IC-
CMB and the two-zone synchrotron models given item
5.

4.1. Viability of the IC-CMB model

4.1.1. Single-zone IC-CMB

In the beamed IC-CMB model, CMB photons are
upscattered into the Chandra band by electrons with
Lorentz factors of order 50-200 (in a jet with bulk Lorentz
factor Γ and Doppler factor δ, photons with incoming
energy Ecmb are upscattered to energy Ex by electrons
with Lorentz factor γ ≈ (Ex/Ecmb/[Γ δ (1 + z)])1/2, and
we used Γ = δ = 15, z = 0.158, 0.5 keV < Ex < 8 keV,
Ecmb = 6.6 × 10−4 eV; see Harris & Krawczynski 2002).
Using the formula for the characteristic frequency νc

of synchrotron emission for electrons with Lorentz fac-
tor γ in a magnetic field with flux density B, νc =
4.2 MHz B/(10 nT) (γ/100)2 δ /(1+z) (10 nT =̂ 100 µG),
we obtain that these same electrons produce synchrotron
emission at frequencies 20–250MHz×B/(10 nT) i.e., at
lower frequencies than the VLA observations presented
here (the minimum-energy field in this jet is of order 10–
20 nT for δ = 1, and an order of magnitude smaller for
δ = 15; Jester et al. 2005; Harris & Krawczynski 2002;
Stawarz et al. 2003). The electron energy distribution
should be either a power law, or have curvature such that
lower-frequency emission has a harder spectrum. Hence,
in the beamed IC-CMB model one expects that the X-
ray spectrum should have a spectrum that has the same
spectral index as, or is harder than, the radio emission
from the jet.

As shown by Figures 2 and 3, the X-ray spectrum is
significantly softer than the radio spectrum in all parts of
the jet except for regions A and B1. When the beamed
IC-CMB model is put forward to account for X-ray emis-
sion from high-power radio jets, or used to infer physical
parameters such as the Doppler factor and the line-of-
sight angle, the usual assumption is a single-zone single-
component model, i.e., one in which the electron pop-
ulation producing synchrotron emission is identical to
that upscattering CMB photons into the X-ray band
(see Tavecchio et al. 2000; Sambruna et al. 2001; Har-
ris & Krawczynski 2002; Sambruna et al. 2004; Kataoka
& Stawarz 2005; Marshall et al. 2005b, e.g.) and where
identical jet volumes contribute to the synchrotron and
inverse-Compton emission. This conventional single-zone
beamed IC-CMB model is difficult to reconcile with our
new Chandra data for those parts of the jet in which
the X-ray spectrum is softer than the radio spectrum,
i.e., the entire jet from Region B2 outwards, at projected
distances greater than 15′′ from the core.

4.1.2. Two-zone IC-CMB

Compared to positing that the X-rays from jets in
FR II sources are due to synchrotron emission, the
single-zone beamed IC-CMB model seemed to be more
conforming to Occam’s razor, since it only needed the
assumption that the bulk Lorentz factors inferred for
parsec-scale jets from VLBI observations of Blazars per-
sist on the kiloparsec scale. By comparison, the syn-
chrotron hypothesis would require at least a two-zone

model. In fact, single-zone models are inadequate for
many jet observations (e.g., Harris et al. 1999, 2004;
Celotti et al. 2001; Jester et al. 2005), leading to the
invocation of a second spatial zone and/or a second spec-
tral component. Progress in distinguishing between the
various models can only be made if they are falsifiable
by observations; X-ray telescopes with spatial resolution
comparable to that achieved with radio and optical tele-
scopes would be highly desirable in this context.

A two-zone model from velocity shear — The presence
of a transverse velocity gradient, i.e., velocity shear, in
high-power jets would naturally create zones in the jet
with different inverse-Compton emissivities. Based on
high-resolution observations and a physical model of the
jet flow, the presense of velocity shear has been estab-
lished in a number of low-power jets: those in the radio
galaxies 3C 31 (Laing & Bridle 2004), B2 0326+39 and
B2 1553+24 (Canvin & Laing 2004) and NGC 315 (Can-
vin et al. 2005). A “spine-sheath” shear structure has
also been implied for low-power jets based on beaming
statistics of FR I and BL Lacs in the B2 survey (Capetti
et al. 2002), as well as from polarimetric observations
of the jet in M87 (Perlman et al. 1999). However, both
theoretical considerations (Meier 2002) and the analogy
between accretion in AGN and black hole X-ray binaries
(Merloni et al. 2003; Falcke et al. 2004) may lead us to
expect that the velocity structure of high-power jets is
different from that of low-power jets (see the discussion
in §7 of Fender et al. 2004). While the polarization prop-
erties of some jets in FR IIs show a spine-sheath struc-
ture (Swain et al. 1998; Attridge et al. 1999; Pushkarev
et al. 2005) that may suggest a similar velocity struc-
ture as in FR Is, Pushkarev et al. (2005) have pointed
out that the polarization structure may be caused by
the magnetic field structure rather than a velocity gra-
dient. Thus, even though such a structure has not yet
been firmly established, it would not be implausible for
FR II jets to have a spine-sheath structure, warranting
its consideration here.

In a two-zone beamed IC-CMB model for 3C273, the
highly relativistic part of the flow (the “spine”) would
account for the bulk of the X-ray emission, while the
slower part of the flow (the “sheath”) would dominate
the synchrotron emission (Fig. 4 a). Thus, the observed
radio spectral index of the jet is that of the sheath, with
αsheath ≈ −0.75. To match the observed X-ray spec-
tral index, the fast spine would need to have a syn-
chrotron spectrum with αspine ≈ −1. To keep the ob-
served radio spectral index unchanged, the spine would
also need to have a much lower radio luminosity. As
the inverse-Compton model requires the spine to have a
large Doppler factor, the radio emission from the spine
cannot be “Doppler-hidden” by having a Doppler factor
much less than unity (cf. the suggestion of such Doppler
hiding making the jet in 3C353 edge-brightened; Swain
et al. 1998). Instead, the spine has to have a much lower
radio brightness than the sheath. If the spine has an
(observer-frame) flux density at 1.6GHz of 10% of that
of the sheath, its steeper-spectrum contribution would
not change the total spectral index between 1.6GHz and
330MHz by more than 0.05, i.e., within the spectral
index errors. Hence, we consider a 10% contribution
at 1.6GHz the maximum plausible flux density of the
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b) Two−zone synchrotron

Sheath v

Synch. radio

High−    spine Spine

IC−CMB X−rays

a) Two−zone IC−CMB

Γ

Sheath

Shear X−raysSynch. radio

Fig. 4.— Illustration of two-zone emission models. In the two-zone inverse-Compton model (IC-CMB; a), the jet needs to have a
highly relativistic spine (Γ ≈ 50 − 100) to produce the X-ray emission via upscattering of cosmic microwave background photons without
contributing significant radio synchrotron emission. The slower sheath produces the bulk of the radio synchrotron emission; it may or may
not be moving relativistically itself. In our two-zone synchrotron model (b), there is still a fast spine surrounded by a shear layer. In this
case, the bulk of the radio synchrotron emission is produced in the spine. In the sheath, the velocity shear allows particle acceleration to
take place, producing X-ray emission also by the synchrotron process (labelled “Shear X-rays”; shear acceleration may also occur in the
IC-CMB model, but is not essential there). The two-zone synchrotron model would admit a much lower bulk Lorentz factor for the spine
than the two-zone IC-CMB model.

spine that would keep it undetectable as a separate steep-
spectrum component.

Estimating the bulk Lorentz factor — We can now es-
timate the bulk Lorentz factors within a 2-zone model
from the X-ray:radio ratio. The X-ray emission has to
be produced in the spine via upscattering of CMB pho-
tons by an electron distribution that would contribute
only about 1% of the jet’s total synchrotron luminosity
(where the latter is inferred from the radio flux). We
just estimated that the spine could contribute at most
10% of the radio flux density at 1.6GHz; by extrapolat-
ing the X-ray flux density to 1.6GHz using the observed
spectral index, we obtain that the X-ray:radio ratio for
the spine (R(1) in the notation of Harris & Krawczyn-
ski 2002) is of order 2000. This is much larger than the
value R(1) ≈ 1 inferred from the jet’s total radio emis-
sion (Harris & Krawczynski 2002). Following the method
presented by Harris & Krawczynski (2002), we can infer
the likely Doppler and Lorentz factors for the spine if
we have an estimate of the magnetic field. If there is
equipartition of energy between the magnetic field and
the particles in both the spine and the sheath, we can
use the scaling of the minimum-energy field Bmin with
source luminosity L, volume V and Doppler factor5 δ to
estimate the relative magnetic flux densities. In this case,
Bmin ∝ (L/V )2/7δ−5/7 (Stawarz et al. 2003, equation
A7) is the appropriate scaling; with our estimate that
the spine has a total synchrotron luminosity of about 1%
of that of the sheath, and assuming that the spine occu-
pies 1/2 of the jet diameter and hence 1/3 of the sheath’s
volume, the magnetic field in the spine would still be

δ
−5/7
rel × 20% of the sheath’s (where δrel = δspine/δsheath

is the relative relativistic Doppler factor of spine and
sheath (Georganopoulos & Kazanas 2003)). Hence, fol-

5 δ = [Γ(1−βµ)]−1 is the relativistic Doppler factor for an object

moving at speed βc = (1 − Γ−2)1/2c at angle θ = arccos µ to the
line of sight

lowing Harris & Krawczynski (2002), we obtain that the
bulk Γspine would have to be of order 50–100 to produce
R(1) = 2000.

Jet deceleration in a two-zone IC-CMB model —
The synchrotron emission from the sheath will appear
boosted in the frame of the spine, thus providing an ad-
ditional seed photon field for Compton scattering (Ghis-
ellini et al. 2005). Depending on the relative sizes and
speeds of spine and sheath, the energy density of the
sheath photon field as perceived in the frame of the spine
could be comparable to that of the cosmic microwave
background. If this was the case, the boosted CMB
would need to contribute only half of the seed-photon en-
ergy density. As the boosted CMB energy density scales
like Γ2, the required bulk Lorentz factor would be re-
duced only by about 1/

√
2. At the same time, the sheath

electrons will upscatter seed photons from the spine, cre-
ating an additional IC component. In the case of 3C273,
the dominant contribution to the synchrotron luminos-
ity would arise in the sheath (“layer” in the terminol-
ogy of Ghisellini et al. 2005) rather than the spine as
assumed for the blazars considered by Ghisellini et al.
(2005). This additional “mutual-Compton” (MC) scat-
tering will produce detailed SEDs that are quite different
from those arising in a one-zone synchrotron + beamed
IC-CMB model. As noted by Ghisellini et al. (2005), the
MC scattering could cause a deceleration of the spine
(an “inverse Compton-rocket” effect). This might pro-
vide a more natural explanation for the deceleration that
is necessary to account for the changing X-ray:radio ra-
tios along some extragalactic jets, including 3C273’s (see
Hardcastle 2006 and in particular Marshall et al. 2005a
for the deceleration of this jet implied by a one-zone
beamed-IC model). The FR I flow modeling by Laing
& Bridle (2004); Canvin & Laing (2004); Canvin et al.
(2005) shows that these jets decollimate as they deceler-
ate, presumably by entrainment, while no sign of decolli-
mation is observed in 3C 273 and other high-power jets.
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However, as noted by Ghisellini et al. (2005), the
large number of free parameters of this kind of two-zone
model makes it very difficult to obtain definite predic-
tions for the expected shape of the SED. The most strin-
gent observational constraints will be imposed by verify-
ing whether or not the radio spectrum shows any signs
of the steeper-spectrum component assumed to arise in
the spine at lower frequencies than observed so far, e.g.,
in the frequency range around 100MHz that will soon
be accessible with the Low-Frequency Array (LOFAR).
In any case, the two-zone IC-CMB model requires that
the “spine-sheath” jet should develop very different low-
energy electron populations in the different parts of the
flow. This may seem somewhat artificial if the velocity
structure arises from simple velocity shear, unless the
shape of the electron energy distribution in jets is gov-
erned entirely by a distributed acceleration mechanism,
rather than by shock acceleration in the innermost part
of the jet (compare the discussion of “shock-like” versus
“jet-like” acceleration in Meisenheimer et al. 1997). The
different energy distributions might arise more naturally
if the two-zone flow existed from the outset (e.g., as in
the model by Sol et al. 1989). A detailed parameter study
is necessary to explore the range of plausible total SEDs
(including synchrotron emission, beamed IC-CMB, and
MC scattering); this is beyond the scope of this paper.

Constraints on two-zone models from the jet morphol-
ogy — We will present a detailed study of the X-ray mor-
phology based on the new data in a separate paper; the
most relevant finding so far is that most of the jet is now
clearly resolved transversely even at the Chandra reso-
lution. However, the limit to the width of the bright-
ness peaks in knots A and B2 is smaller than the mea-
sured sizes in the optical and radio bands (Marshall et al.
2005a), where they are clearly resolved (Bahcall et al.
1995; Jester et al. 2001, 2005). This is incompatible with
the beamed IC-CMB model — even in a decelerating one-
zone flow such as that considered by Georganopoulos &
Kazanas 2004, the optical emission should be the most
concentrated because the “optical synchrotron” electrons
have the shortest synchrotron loss scales. Thus, even
though the SED of knot A admits a one-zone IC-CMB
model, its morphology does not. In general, the presence
of unresolved knot emission superimposed on resolved
more diffuse jet emission compels us to consider two-
zone models (although not necessarily only spine-sheath
models).

In summary, if FR II jets have a spine-sheath structure,
and the spine is highly relativistic, there will naturally
be two zones in the jet with different IC-CMB emission.
The “mutual-Compton” scattering of the radiation from
the one zone by electrons in the other might provide
a natural explanation for the apparent deceleration of
3C273 implied by the changing X-ray:radio ratio (Ghis-
ellini et al. 2005; Hardcastle 2006). However, a two-zone
IC-CMB model appears to require unrealistically large
bulk Lorentz factors for the spine of the jet, of order 50–
100. Moreover, the two-zone IC-CMB model does not
intuitively explain why the emission in the X-ray band
has a softer spectrum than that in the radio band.

4.2. Viability of the synchrotron model

As pointed out above, a one-zone synchrotron model is
already excluded by the spectral hardening in the near-
infrared/optical/UV region. Hence, we only discuss a
two-zone synchrotron model here. The evidence in favor
of a spine-sheath structure in FR II jets summarized in
§ 4.1.2 is of course equally relevant to the discussion of a
two-zone synchrotron model.

In a two-zone synchrotron model, there would be the
same need to account for these different electron energy
distributions, but the difference would now be between
the low -energy electron distribution of one zone (emit-
ting at radio wavelengths) and the high-energy electron
distribution of the other one (producing X-rays). It is al-
ready known that many low-power jets emit synchrotron
X-rays (Worrall et al. 2001), and possibly all such jets
do (Hardcastle et al. 2002). The extremely short syn-
chrotron loss timescales of 10s of years for the X-ray
emitting electrons require an in-situ acceleration pro-
cess to generate these electrons. It would then be an
obvious assumption that high-power jets are also able
to accelerate such electrons. Indeed, some high-power
jets show evidence for synchrotron X-ray emission (Sam-
bruna et al. 2004; Kraft et al. 2005; Hardcastle & Croston
2005). Moreover, Stawarz & Ostrowski (2002), Rieger &
Mannheim (2002) and Rieger & Duffy (2004) have all
argued that efficient particle acceleration is possible in
regions of velocity shear. Thus, particle acceleration
in a sheared region of the flow might provide a
direct physical link between a two-zone velocity
structure and a two-component synchrotron spec-
trum, since an additional acceleration mechanism
would be available in the sheared part of the flow.
We stress that the presence of shear acceleration does not
preclude the possibility that there is another distributed
acceleration mechanism acting in the other, or both, fluid
zones, e.g., one related to the dissipation of magnetic
fields (Litvinenko 1999)

In the context of such a model, the soft X-ray spec-
trum in 3C273 with α ≈ −1 for regions B2 and beyond
could be caused either by a soft energy spectrum being
generated by the distributed acceleration process, or be-
cause it arises from a loss-dominated part of the energy
distribution. The difference in X-ray spectral index be-
tween the first bright knot A and the faint bridge B1 on
the one hand, and the second bright knot B2 and beyond
on the other hand, would require at least some difference
of the physical parameters (either by producing a differ-
ent electron energy distribution, or by producing stronger
cooling), and perhaps even a different acceleration mech-
anism acting there. This physical difference might have
been expected given that A is the first bright region of
the optical and X-ray jet, after a gap of 12′′ with only
very faint optical (Martel et al. 2003) and X-ray (Mar-
shall et al. 2001) emission. The difference between A and
B2 may well be related to the reason for the jet lighting
up at A. We will revisit the emission from the inner part
of the jet in a forthcoming paper on the X-ray morphol-
ogy.

In figure 5, we give a summary of the energetically
dominant wavebands and the associated spatial compo-
nent and emission mechanism, both for the two-zone
inverse-Compton and the synchrotron model.

5. SUMMARY AND OUTLOOK
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Dominant. . .
. . . Band: X-ray X-ray X-ray radio/optical radio

2-zone inverse-Compton (IC) Model
. . . Zone: Spine Spine Spine Sheath Hot spot shock
. . . Process: IC IC IC Synch. Synch.

2-zone Synchroton Model
. . . Zone: Sheath Sheath Sheath Spine Hot spot shock
. . . Process: Synch. Synch. Synch. Synch. Synch.

D1C2C1A B1 B2 B3 H2D2H3

Fig. 5.— False-color image of the jet in 3C273, made by sampling the individual images in Fig. 1 on a finer pixel grid, combining them to
an RGB composite (blue channel: Chandra, green channel: HST, red channel: VLA) and smoothing slightly after combination to remove
the sharp boundaries between the original pixels. The energetically dominant waveband is given below the knots (compare Fig. 2), as
well as the dominant spatial component and corresponding emission mechanism in each of the two-zone, spine-sheath models considered
in the text: a two-zone inverse-Compton model with a highly relativistic spine producing X-rays and some fraction of the optical emission
via inverse-Compton scattering of CMB photons (IC-CMB), surrounded by a slower sheath producing radio synchrotron emission; and
a two-zone synchrotron model in which the spine produces radio synchrotron emission, while the sheath is a shear layer that accelerates
electrons emitting synchrotron X-rays. In both models, knots A and B2 may have a contribution to the X-ray emission from a different
emission or acceleration mechanism.

We have presented new deep Chandra Acis-S3 observa-
tions of the jet in 3C273 and analyzed them in conjunc-
tion with archival data, concentrating on the shape of the
radio / optical / X-ray SED in this paper. Fitting power
laws to the radio and X-ray spectra, we find that a single-
zone beamed IC-CMB model for the X-ray emission is vi-
able only in regions A and B1; in the remainder of the jet,
the X-ray spectra are softer than the radio spectra. This
is in contrast with the similarly well-studied X-ray jets
of PKS0637−752, 1136−135, and 1150+497, where the
radio and X-ray slopes are compatible with each other
in all parts of the jet where both have been measured
(Chartas et al. 2000; Sambruna et al. 2006). Thus, most
of the X-ray emission from the jet in 3C273 must be due
to a different emission process than Compton scattering
of CMB photons by the same electrons producing the
bulk of the synchrotron radio emission.

A single-zone synchrotron model extending from ra-
dio to X-rays had already been ruled out for all parts
of the jet based on previous observations (Röser et al.
2000; Sambruna et al. 2001; Marshall et al. 2001; Jester
et al. 2002). A two-zone beamed IC-CMB model does not
seem capable of accounting for the X-ray emission from
3C273’s jet with any fewer assumptions than a two-zone
synchrotron model. A two-zone IC-CMB model may still
be viable, but would require extreme bulk Lorentz fac-
tors to produce the observed X-ray emission from much
fewer electrons than inferred from the jet’s total radio
synchrotron emission. In addition, there is no intuitive
explanation for obtaining different electron energy dis-
tributions in the spine and the sheath. By contrast, a
two-zone synchrotron model, in which a distributed par-
ticle acceleration mechanism related to velocity shear is
producing the X-ray emitting particles, provides a causal
relationship between the difference in fluid velocities and

the different spectral properties. There would still be
velocity and hence beaming differences between the two
zones, but they would not have to be as extreme as in
the two-zone IC-CMB models, and therefore one might
hope to obtain better-constrained parameters for the two
zones, and hence falsifiable predictions of this model. An
X-ray polarimeter would enable significant progress to
be made in this question; also, the mid-infrared wave-
length region that has now been made accessible by the
Spitzer Space Telescope will be of great importance, as
shown by the analysis of this jet’s mid-infrared emission
by Uchiyama et al. (2006).

It would clearly be desirable to test the consistency of
the radio and X-ray spectral indices with the one-zone
beamed IC-CMB model for more jets in the future. We
will present a detailed analysis of the X-ray morphology
of 3C273’s jet elsewhere (for first results, see Marshall
et al. 2005a). This will allow more tests of both emission
models for the X-rays. In particular, understanding how
the (mostly) wavelength-independent morphology of this
and other jets is produced will provide crucial insights
into both emission and particle acceleration mechanisms
acting in this and other jets.
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Röser, H.-J., Conway, R. G., & Meisenheimer, K. 1996, A&A, 314,

414
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