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The X-ray and radio jets of quasars on kiloparsec scales
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Abstract. We have observed five quasars (0827+243, 0923+392, 1222+216, 1317+520, and 2209+080) with Chandra at
0.2-8 keV and with the VLA at 5 and 15 GHz. The X-ray emission is detected from all the radio jets except for 0923+392,
whose double radio jet only extends out to the edge of the X-ray PSF. We model the spectral energy distribution of the jet
features assuming that the X-ray emission originates via inverse Compton scattering off the cosmic microwave background
by relativistic electrons. For two sources (0827+243 and 1222+216) proper motion on parsec scales is consistent with the
Doppler factors derived from the model, which implies that no deceleration occurs between parsec and kiloparsec jets.
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1. Introduction

The discovery of luminous X-ray jets in quasars by Chan-
dra (e.g., Schwartz et al. 2000) is among the most signifi-
cant results in the astrophysics of active galactic nuclei over
the past 10 years. Searches for X-ray jets in quasars indicate
that the probability of detecting the extended X-ray emis-
sion from quasars with kiloparsec-scale radio jets is about
60% (10/17 in Sambruna et al. 2004, 12/20 in Marshall et
al. 2005). All these X-ray jets are one-sided and their mor-
phology varies from long straight jets to jets bent by up to
90°. In the majority of the quasars bright X-ray features track
bright radio knots. These knots have flat X-ray spectral in-
dices (ax ~ 0.4-0.6, S, o< v~%) and “normal” radio spec-
tral indices (a; ~ 0.7-0.8). In some sources the spectrum
changes along the jet, with the ratio of X-ray to radio intensity
declining with distance from the core. The latter are quasars
with high apparent speed on pc-scales: 3C 273 (Marshall et
al. 2001), PKS 1127—145 (Siemiginowska et al. 2002), and
0827+243 (Jorstad & Marscher 2004).

Analysis of the spectral energy distributions (SEDs)
(Sambruna et al. 2004; Marshall et al. 2005) suggests that
Fanaroff-Riley class II (FR II) X-ray jets can be interpreted as
inverse Compton scattering off the cosmic microwave back-
ground by relativistic electrons (IC/CMB; Tavecchio et al.
2000; Celotti et al. 2001). This requires that the jet be aligned
closely to the line of sight and possess a bulk Lorentz factor
>10 (e.g., Marshall et al. 2005). Possible alternative mod-
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els for X-ray production in large-scale jets explain the SEDs
as pure synchrotron emission from either a single (Dermer
& Atoyan 2002) or dual (Jester et al. 2005) population of
relativistic electrons. The physics of relativistic jets in FR II
sources is an important aspect of energy transport and dis-
sipation between the nucleus and lobes and of regulation of
the temperature and morphology of galaxy clusters in the uni-
verse (McNamara et al. 2005). The major issue is whether the
Lorentz factor I" of the jet remains high out to the hotspot,
declines gradually owing to interaction with the ambient ex-
ternal medium or backflow, or decreases abruptly at bends,
where it presumably deflects through an encounter with the
external medium.

2. Observations and data reduction

We observed the quasars for 18 ks with the ACIS-S detec-
tor of the Chandra X-Ray Observatory during Cycle 3. We
used version 3.0.2 of the CIAO software and version 2.26
of the CALDB calibration database and followed the threads
provided in http://cxc.harvard.edu/ciao/threads for the data
analysis. We performed observations with the Very Large Ar-
ray (VLA) of the National Radio Astronomy Observatory
(NRAO) at 15 GHz in B array on 2002 August 19, and at
5 GHz in A array on 2003 August 28. The data were edited
and calibrated using the Astronomical Image Processing Sys-
tem (AIPS) software provided by NRAO. The resulting X-
ray and radio images are shown in Figure 1 where the main
jet features detected at X-ray and radio wavelengths are in-
dicated. A field containing 0827+243 was observed with the
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Wide Field Planetary Camera 2 of the Hubble Space Tele-
scope (HST) at Aeg = 708.14 nm. We retrieved the images
of this field from the HST archive and estimated a 1o upper
limit for the flux of the optical jet of this quasar of 2.5 x 10730
ergecm 2571 Hz ™! (see Jorstad & Marscher 2004).

3. The X-ray emission in the large-scale jets

In the ~y-ray blazar 08274243 the radio jet does not even
become detectable until the X-ray jet first extends up to 5”
from the nucleus and then executes an apparent bend of about
~ 90° before extending another 2. The quasars 1222+216,
1317+520 and 2209+080 have extended, multicomponent ra-
dio structure (see Fig. 1). The quasar 1222+216, which is also
a ~y-ray blazar, possesses a strong bend of the radio jet at ~2"
from the core. The X-ray emission is seen only within the
inner radio jet region before and at the bend. In the quasars
1317+520 and 2209+080 the X-ray jet features coincide with
bright radio knots located in the apparently straight part of
the radio jets.

We have found (Jorstad & Marscher 2004) that the SEDs
of the jet features in the quasar 0827+243, for which measure-
ments in the optical regions are available, are approximated
very well by the IC/CMB X-ray model combined with syn-
chrotron radio emission. We use the same approach with the
formalism described in the Appendix of Jorstad & Marscher
(2004) to estimate the jet parameters of the other quasars,
although we stress that this interpretation is not unique, espe-
cially for the SEDs of the jet features limited by the radio and
X-ray regions only. Figure 2 shows the observed and model
SEDs of the most prominent features in the jets. Table 1 gives
the physical parameters used for the calculations: z is the
redshift, « is the radio spectral index (except the knot C2 in
08274243, for which the X-ray spectral index is applied), B
is the strength of the magnetic field, and § is the Doppler
factor. In the case of of the quasar 0827+243 the optical up-
per limit for knots C2 and C4 restricts the energy distribution
of the relativistic electrons since ymax should not be higher
than 5 x 10° and yin should not be lower than 15, otherwise
the knots have to be detected at optical wavelengths (Viax
and iy are maximum and minimum electron Lorentz fac-
tors, respectively). In the calculations the indicated values of
the energy cutoffs of the relativistic electron population have
been adopted for all quasars along with the assumption of an
electron-proton plasma in the jet. These parameters of the jet
features are used to estimate the kinetic luminosities of the
X-ray-emitting knots (column Ly;,, of Table 1). We apply an
inhomogeneous Friedmann-Lemaitre-Robertson-Walker cos-
mology with Q,, = 0.3, Qy = 0.7, and Hubble constant
Ho = 70 kms~! Mpc—1.

4. Discussion

Although the SEDs of the jet features in the quasars
1222+216, 13174520, and 2209+080 can be explained by
synchrotron radiation from a single population of relativis-
tic electrons, the SED of feature C4 of the quasar 0827+243
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0827+243

2209+080

Fig. 1. Chandra (white/gray scale) and VLA 5 GHz (contours) im-
ages of the quasars. Contours are in factors of 2 of the peak inten-
sity of 1.36 Jy/beam (0827+243), 0.93 Jy/beam (1222+216), 0.39
Jy/beam (1317+520), and 0.65 Jy/beam (2209+080). The images are
convolved with a beam of FWHM 0.5x0.5 arcsec?.
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Table 1. Physical parameters of jets.
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Fig. 2. The observed spectral energy distribution for jet knots (tri-
angles/diamonds). The solid curves show the simulated SEDs for
combined synchrotron and CMB/IC emission of a single population
of relativistic electrons with Ymin = 15 and Ymax = 5 x 10°. The
parameters used to compute the SEDs are given in Table 1.

does not allow such a possibility. A model with two differ-
ent populations of relativistic electron cannot be ruled out for
any quasar. These models require a population of relativis-
tic electrons with Ymax ~ 5 x 107 located hundreds of kilo-
parces from the nucleus. The IC/CMB model combined with
synchrotron radio emission can easily explain the observed
SEDs with reasonable energy cutoffs of the relativistic elec-
tron distribution. Another striking property of the IC/CMB
model is that the Doppler factors of X-ray feature C2 in the
quasar 0827+243 and knot C2 in the quasar 1222+216 coin-
cide with the estimated parsec-scale § based on the apparent
speed (there are no published estimates of apparent speed for
the quasars 1317+520 and 2209+080). A widely used method
to estimate the Doppler factor from VLBI data assumes that
the highest apparent speed detected in a source defines the
lowest possible Lorentz factor of the jet, I' > (1+ ﬁﬁpp)’l/ 2,
The viewing angle is then taken to be O, < sin ! (1/Bapp)>
leading to § ~ [app. Different measurements of the appar-
ent speed in the quasar 0827+243 give similar values of
the apparent speed, Bapp = (22 & 2)c (Jorstad et al. 2001)
and Bapp = (26 £ 4)c (Piner et al. 2004), which produces a
Doppler factor consistent with § derived on kiloparsec scales.
Moreover, the X-ray and parsec-scale radio jets lie in the
same direction (see Fig. 3), so there is no evidence of bend-
ing that would change the angle between the jet axis and the
line of sight. This strongly implies that the bulk Lorentz fac-
tor remains constant from parsec to kiloparsec scales in the
region of knot C2. Deceleration does appear to occur at and
beyond the sharp bend (knot C4), such that the flow might be
only mildly relativistic by the end of the jet. The decelera-
tion is accompanied by significant intensification of the mag-
netic field (see Table 1 and Jorstad & Marscher 2004). The
latter follows the expectations of the model of Georganopou-
los & Kazanas (2004), although the jump in field strength
at the bend is about 4 times greater than the model predicts.
This is in line with the supposition that a standing shock ac-
companies the bend in the flow. Homan et al. (2001) deter-
mined the apparent speed in the jet of the quasar 12224216,
Bapp = (16.6+0.7)c. The parsec scale jet (Fig. 4) aligns with
the X-ray jet as well as with the inner part of the radio kilo-
parsec scale jet, which undergoes a sharp bend where the de-
tected X-ray emission ends. The absence of X-ray emission
beyond the apparent bend might be explained by decelera-
tion of the jet flow due to intrinsic bending of the jet. There-
fore, morphology and kinematics of the parsec-scale jet and
structure of the X-ray jet support the high value of the bulk
Lorentz factor on kiloparsec scales in the quasars 0827+243
and 1222+216.
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Fig.3. VLBA image of the quasar 08274243 from our program of
monitoring a sample of v-ray blazars with the VLBA by Jorstad et
al. (2001).

The required kinetic luminosities of the X-ray emitting
knots C4 and C in the quasars 0827+243 and 1317+520, re-
spectively, are high, >10%7 ergss™!, but perhaps possible
for powerful jets. These values argue that the jet cannot be
far from equipartition between the energy density of rela-
tivistic electrons and that of the magnetic field. Otherwise,
the required luminosities would be excessive (see Dermer
& Atoyan 2004). The derived kinetic luminosities of knots
could also be reduced if the positively charged particles are
mainly positrons or if there is a break in the electron energy
distribution at Lorentz factor v ~ 2000.

The characteristics of the knots allow more than one
model for the spectral energy distributions of the jet fea-
tures. The SEDs could arise from pure synchrotron emission
from either a single or dual population of relativistic electrons
Alternatively, the X-ray emission could result from inverse
Compton scattering of the Cosmic Microwave Background
photons by electrons with Lorentz factors as low as v ~ 15.
A test of these models might be obtained via deep imaging in
the IR (with sensitivity ~2 pJy) and in the optical (with sen-
sitivity ~10 nJy) regions at several bands for constructing the
optical and IR spectral indices, and through detection the -
ray emission from kiloparsec scale jets. Observations of the
quasars 08274243 and 1317+520 in the mid-IR region with
the Spitzer Space Telescope are approved for Cycle 2, which
we hope will detect the IR jets. If the IC/CMB model for the
X-ray production in kiloparsec scale jets will be confirmed,
future missions with sufficient angular resolution should de-
tect large scale y-ray jets.
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Fig.4. VLBA image of the quasar 12224216 from the same pro-
gram.
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