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RESUMEN

Presentamos aqúı una revisión de observaciones de cuasares realizadas por Chandra. La emisión en rayos X es
interpretada a través de dispersión de Compton inversa sobre la radiación de fondo cósmica. Esto es consistente
en muchos casos tanto con la distribución espectral, como con la morfoloǵıa en rayos X y óptico, y requiere
de movimientos relativistas a gran escala en los chorros a cientos de kpc del cuasar. A su vez, esto permite
estimar la intensidad del campo magnético en el sistema inercial de reposo, suponiendo condiciones energéticas
mı́nimas. El flujo de enerǵıa cinética que llevan los chorros es enorme, y se transporta en forma eficiente. El
mecanismo de Compton inverso sobre la radiación de fondo implica que los chorros debeŕıan de mantener un
brillo superficial constante a corrimientos al rojo arbitrarios. Sin embargo, aún no hay evidencia observacional
disponible que apoye esta suposición.

ABSTRACT

This article reviews Chandra survey observations of jets in quasars. We interpret the X-ray emission in terms of
inverse Compton scattering on the Cosmic Microwave Background. Both the spectral energy distribution and
X-ray/radio morphologies support such a supposition, in many cases. This requires bulk relativistic motion
of the jets at distances of 100’s of kpc from the quasar, and allows estimates of the rest frame magnetic
fields; provided we assume minimum energy conditions. The kinetic flux carried by the jets is very large and
transported efficiently. Such jets in clusters would carry more than enough energy to balance cooling flows.
The IC/CMB mechanism implies that jets should maintain a constant surface brightness to arbitrarily large
redshifts – no specific evidence exists yet to support this expectation.

Key Words: COSMIC MICROWAVE BACKGROUND — GALAXIES: JETS — QUASARS: GENERAL

— X-RAYS: GALAXIES

1. INTRODUCTION

Jets have been of key interest in radio astronomy
for decades. They carry the very large quantities of
energy which are observed in radio lobes at distances
up to Mpc from the active galaxy engine (Begelman,
Blandford, & Rees 1984). This large energy flux
may be a non-negligible, and in some cases a domi-
nant, component of the black hole energy generation
budget. Jets from active galactic nuclei (AGN) in
clusters of galaxies are inferred to provide energy to
stop the cooling flows which are commonly observed
(Fabian 1994).

The results of 25 years of radio observations of
jets in AGN have provided much information, and
raised several issues which remain to be answered.
They have revealed that the jets are relativistic, the
theme topic of this conference, by observing appar-
ent superluminal motions on pc-scales and by obser-
vations that pc to kpc scale jets are typically one-

1Smithsonian Astrophysical Observatory, Cambridge, MA,
USA.

sided. The latter is explained by Doppler boosting
of the jet propagating toward us, and diminution of
the jet propagating away from our line of sight. We
know that the radio and optical emission are due
to synchrotron radiation from observation of polar-
ization. We still need to learn whether the posi-
tively charged component of the jets are positrons
or protons, how the relativistic electrons (and we
will include positrons in the term “electrons”) are
accelerated, and how the jet itself is collimated and
accelerated to bulk relativistic motions.

1.1. X-ray Observations of Jets

How does X-ray data help to address these ques-
tions? By observing the spectral energy distribution
(SED) from radio to X-rays we can elucidate the ra-
diation mechanism of the electrons. In turn, this
allows independent data to confront the standard
synchrotron minimum energy calculations. Under
the hypothesis of inverse Compton (IC) scattering
on the cosmic microwave background (CMB), which
we will discuss in section 2.2, this allows an estimate
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CHANDRA OBSERVATIONS OF QUASAR JETS 103

of the bulk Doppler factor of the jet, and in turn a
direct calculation of the kinetic energy flux. Because
the energies of the particles radiating into radio, op-
tical, or X-ray bands are quite different, their rate of
energy loss and therefore their lifetimes change with
the observed band. If the X-rays arise from syn-
chrotron emission they would give us a window into
the extremely high energy electrons, with γ ≈ 107,
while if they arise from the IC/CMB process their
source is the otherwise unobservable electrons with
γ= 100 to 1000.

It is only with the sub-arcsecond angular reso-
lution of the Chandra X-ray Observatory that the
study of jets has become an important topic of X-
ray astronomy. Much of this paper will be based
on a survey for X-ray emission being carried out by
Marshall et al. (2005). The survey was designed
following the serendipitous discovery of a powerful
X-ray jet in the quasar PKS 0637-752, which was
being used as a target for the initial focusing of
the Chandra telescope (Schwartz et al. 2000). At
that time we had no good predictions for what radio
jets would have accompanying X-ray emission. We
planned short observations, 5 ks, of large numbers
of objects in order to establish some predictive crite-
ria and to find X-ray jets which would merit further
detailed followup study. We looked at radio maps
which had better than 2′′resolution, and for which
the jet was greater than 2′′ in extent. We selected
objects which would be detectable in 5 ks, if their
ratio of X-ray to radio emission was as large as ob-
served in PKS 0637-752. The parent objects were
from two samples of flat spectrum quasars (Murphy,
Browne, & Perley 1993; Lovell 1997), which biases
the sample toward relativistically beamed objects.

Figure 1 shows the resulting detections (crosses)
and upper limits (triangles) for some of the first
objects observed. The solid line of equal observed
and predicted flux density is the number scaled from
PKS 0637-752. Key conclusions from this figure are
that we see a distribution in the observed ratio of
X-ray to radio jet emission, that PKS 0637-752 may
have a higher X-ray flux than average, and that the
upper limits to the objects not detected still allow
them to be part of the same population distribution.
To date, 22 of 37 sources observed have detected X-
ray jets. A complementary survey by Sambruna et
al. (2002) has detected X-ray jets at a similar rate
of about 60%. That survey included Hubble Space
Telescope (HST ) observations of most objects, which
allowed a critical evaluation of the emission mecha-
nism in terms of IC/CMB.

Fig. 1. X-ray jet detections (crosses) and upper limits
(down-triangles) for 26 of the first Chandra observations
in the survey by Marshall et al. (2005). The solid line
represents an observed 1 keV X-ray to 5 GHz radio flux
density ratio equal to that of PKS 0637-752, which is the
basis of the predicted flux density.

1.2. Outline of This Paper

In Section 2 we will discuss the X-ray emission
mechanism. We present data on the broad band
spectral energy distributions, and present the hy-
pothesis that the X-rays arise from inverse Compton
scattering on the cosmic microwave background. We
review the X-ray jet morphologies in Section 3, and
in particular the ratio of X-ray to radio flux den-
sity along the length of the jets. In Section 4 we
derive magnetic fields, Doppler factors, and kinetic
flux of the jets under the IC/CMB hypothesis. The
IC/CMB mechanism predicts that the same jets seen
locally will maintain their surface brightness to large
redshift. Jets at large redshift are discussed in Sec-
tion 5. We give a brief summary in Section 6.

2. THE X-RAY EMISSION MECHANISM

Radio and optical emission from jets are well es-
tablished to be synchrotron radiation due to the ob-
servation of polarization. Synchrotron emission must
be considered in general for the X-ray emission, as
it is inferred to occur in Cen A (Schreier, Burns, &
Feigelson 1981), the innermost M87 knots (Harris et
al. 2003), and many FR I type jets (Worrall, Birkin-
shaw, & Hardcastle 2001). Thermal bremsstrahlung
can be ruled out due to the X-ray spectral shape,
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104 SCHWARTZ

Fig. 2. Broad band spectral energy distribution of two representative X-ray jets observed in the survey by Marshall et
al. (2005). The top traces (plus signs and crosses) show νfν (or its log) for the quasar core. Bottom symbols give the
SED for various regions within the jet. The optical flux densities and upper limit show that the X-ray emission is not
a simple extension of the radio synchrotron spectrum.

the large gas mass which would be required, and at
least for PKS 0637-752 from the rotation measure
upper limit (Schwartz et al. 2000). The remaining
candidate mechanism involves inverse Compton scat-
tering, where the target photons might be from syn-
chrotron self-Compton, from the quasar, or from the
cosmic microwave background.

2.1. Spectral energy distribution

Figure 2 shows the broad band SED for two
quasars, and for spatially distinct regions in their
jets. HST measurements of PKS 0208-512 (Perlman
et al. 2004) and Magellan data for PKS 1202-262
show that the radio synchrotron spectrum cannot
simply be extended to produce the X-ray emission.
This conclusion remains true even if we consider a
spectral break due to energy losses of the highest
energy electrons. This leads to the inverse Compton
scattering as being the next simplest explanation for
the X-ray emission, although models have been for-
mulated to retain a synchrotron origin of the X-rays
(Dermer & Atoyan 2002, 2004; Jester et al. 2001,
2005; Marshall et al. 2002; Stawarz et al. 2004; Perl-
man & Wilson 2005; Aharonian 2002). As had been
found for PKS 0637-752, (Schwartz et al. 2000), the
jet regions are not sufficiently compact to give signif-
icant X-ray emission via synchrotron self-Compton.
Furthermore, they are too far from the quasar for
photons emitted from the core to be the dominant

target for IC scattering, even in plausible scenarios
where such core photons are beamed along the jet
(Schwartz et al. 2000).

Figure 3 shows the SED for four sources from the
survey of Sambruna et al. (2002). They use Chan-
dra and HST data to detect the X-ray and optical
emission, respectively, for two knots in each of their
jets. Seven of these eight regions, knot A of 1135-135
being the exception, do not allow simple extrapola-
tion of the radio synchrotron spectrum to the X-ray
region. The heavy solid lines show fits to a model
where synchrotron radiation provides the radio and
optical emission, while the X-rays are from IC emis-
sion from electrons which are an extrapolation to
lower energies of those electrons emitting radio syn-
chrotron.

A prediction of the IC/CMB model is that the
X-radiation will extend up to the gamma ray region,
around 1023Hz. With the uncertainties in the spec-
tral slope of the X-rays, three of the sources might be
detectable by the GLAST mission, for which the ap-
proximate sensitivity for a two year survey is shown
by the thick up-arrows.

2.2. Inverse Compton scattering on the Cosmic
Microwave background

When Schwartz et al. (2000) attempted to ex-
plain the X-ray emission from the jet in PKS
0637-752 they realized that with the magnetic field
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CHANDRA OBSERVATIONS OF QUASAR JETS 105

Fig. 3. SED for four X-ray jets taken from Sambruna et
al. (2002). Solid lines model the emission as synchrotron
radiation in the radio band, with the high energy tail of
electrons producing optical synchrotron and a low energy
extension of the electrons producing X-rays via IC/CMB.

strength calculated via minimum energy or near
equipartition arguments (Moffet 1975), the corre-
sponding density of relativistic electrons was far too
low to give the measured X-ray flux. In fact they
gave no satisfactory explanation, listing gross depar-
ture from equipartition, inhomogeneous synchrotron
or an unlikely coincidence of a jet which was Doppler
diminished in our direction as possibilities. Tavec-
chio et al. (2000) and Celotti, Ghisellini, & Chi-
aberge (2001) resolved this dilemma by noting the
result of Dermer & Schlickeiser (1994) that the en-
ergy density of the CMB is enhanced by a factor Γ2

in the rest frame of a relativistic jet moving with
bulk Lorentz factor Γ.

Figure 4 illustrates this calculation for one of the
regions in the jet of PKS 0637-752. We use the for-
malism of Felten & Morrison (1966) to calculate the
magnetic field for which a single electron spectrum
of the form n(γ)=n0 γ−m electrons cm−3 per unit
γ, would produce the radio emission via synchrotron
radiation and the X-ray emission via IC/CMB. If we
assume non-relativistic motion of the jet then the
Doppler factor δ=[Γ(1 − β cos(θ))]−1 is unity, indi-
cated by the dashed line. In that case the magnetic
field would be as shown by the large solid dot marked
BIC. Similarly, the magnetic field calculated by as-
suming the synchrotron emission is produced by elec-

1 10 100 1000
0.1

1

10

100

Fig. 4. The dashed horizontal line assumes a non-
relativistic jet, with δ=1. In this case the magnetic field
calculated assuming equipartition, (the solid dot marked
Beq), and the field calculated assuming the X-rays arise
from IC/CMB, (the solid dot marked BIC), are incon-
sistent by a factor of ≈100. However, the solid lines
through each dot show how each calculation depends on
δ, and their intersection gives a solution with B=15 µG
and δ=11, for a region of the jet ≈ 8′′ from the quasar
PKS 0637-752.

trons radiating in a magnetic field under conditions
of minimum energy would be given by the large solid
dot marked Beq. The factor of ≈ 100 difference in
these two magnetic field values is resolved by consid-
ering the relativistic motion of the jet with respect
to the CMB. In that case, the value of the mini-
mum energy magnetic field in the jet rest frame, Bjet

=Beq/δ while the value of the jet frame field which
produces the observed ratio of radio synchrotron to
IC/CMB X-rays is given by Bjet = BIC × δ. These
two equations give a solution for the values of Bjet

and δ, shown in Figure 4 as the intersection of the
two diagonal lines at B=14.8µG and δ=11.2.

The uncertainty in those values is dominated
by the assumptions made in the model of near-
equipartition synchrotron and IC/CMB emission.
Figure 5 shows a range of values of B and δ which
might result for the region shown in Figure 4. The
greatest uncertainty is the assumption of minimum
energy. The energy density U increases ∝B−3/2 for
smaller magnetic fields, and increases ∝B2 for larger
fields. For energy 10 times the minimum, the crosses
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106 SCHWARTZ

Fig. 5. Estimate of the uncertainty of the calculation
shown in Fig. 4. The estimated values of B and δ are
dominated by the assumptions made in the minimum
energy and IC/CMB models of the source emission (see
text). These allow a range of about a factor of 2 in
either one of the parameters. Note that the uncertainty
is highly correlated for B and δ.

left and right of Beq in Figure 5 give the resulting
fields. In applying the minimum energy synchrotron
formalism, e.g., from Moffet (1975), we must assume
values of the radio spectral index, the lower and up-
per frequency cutoff of the observed radio spectrum,
the volume filling factor, and the ratio, k, of proton
to electron energy density, none of which are directly
observed. We have assumed an energy spectral in-
dex α=0.7, a radio spectrum range ν1=106 Hz to
ν2=1012 Hz, and unity for the volume filling factor
and for the ratio of proton to electron energy density.
The open diamonds give the results for a spectral in-
dex of 0.6 or 0.8, and the open triangles for ν1 = 105

or 107. We adopt an uncertainty region correspond-
ing to the smaller solid dots, which show the field
calculated for values of k=0 or k=10.

For the magnetic field calculated from IC/CMB
considerations, the spectral index error dominates
the uncertainty. We show the change due to the
Poisson errors in the numbers of X-ray counts by the
open circles. We can then estimate a range of about
a factor of two in which B or δ might fall: B= 9 to
21 µGauss and δ = 7.7 to 18. Note that these two
parameters are highly correlated, so one cannot in-
dependently assign each to the extreme value. Since

we cannot quantify the probability of the error in
our model assumptions, we cannot assign a numer-
ical confidence to this overall uncertainty. Schwartz
et al. (2006) give a more detailed discussion of these
uncertainties as applied to several sources in the sur-
vey of Marshall et al. (2005).

3. X-RAY JET MORPHOLOGY

Figure 6 shows X-ray images of nine of the jets
detected in our initial set of 5 ks observations (Mar-
shall et al. 2005). The X-ray jet emission is spatially
coincident with radio jet emission, and images of the
two correlate well although not perfectly. Some of
the jets appear to be continuous in X-rays; for ex-
ample, PKS 0208-512, PKS 1202-262, and the first
4′′ of PKS 0920-397. However, the 5 ks duration of
these observations gives a very limited contrast sen-
sitivity, and the “knotty” appearance in objects such
as PKS 0229+131, PKS 1030-357 and PKS 2101-490
are based on just a few counts, and need not repre-
sent contrast ratios greater than 2. PKS 0920-397 is
a case where the X-rays diminish with distance away
from the quasar, while the radio jet brightens, simi-
lar to the behavior of 3C 273 (Marshall et al. 2001).
The scale bars of 5′′ or 10′′ length on each image are
labeled with the corresponding distance in the plane
of the sky, at the redshift of the object. Since we will
deduce Doppler factors of 3 to 12 for these objects,
they must be no more than 5◦ to 20◦ from our line
of sight, so their intrinsic lengths are at least 3 to 10
times longer than the projections.

Figures 7 and 8 compare the X-ray and radio
profiles along two of the jets. In the left hand panels,
the crosses plot the number of X-ray counts, and the
circles the 8.64 GHz flux density in Jy per beam with
an arbitrary scaling so as to more closely overlay the
X-ray profile. The projections cover the identical
region of space, summing the flux in bins which are
2′′ perpendicular to the jet, and with the zero point
of distance starting about 2′′ from the core to avoid
scattered flux from the quasar. The ratio of X-ray to
radio flux does not vary by more than a factor of 2 for
a length of at least 3.′′5 along each jet. Considering
the maximum angles for the jets from our line of
sight (discussed in Section 4) these correspond to
physical lengths of about 250 kpc and 350 kpc for
PKS 0208-512 and PKS 1202-262, respectively.

The near constant ratio is quite difficult to un-
derstand. To produce the X-rays via synchrotron
radiation would require electron Lorentz factors γ ≈

107. The short lifetimes of such electrons, compared
to electrons of γ ≈ 103−4 emitting in the GHz band,
requires a quasi-continuous acceleration of electrons
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CHANDRA OBSERVATIONS OF QUASAR JETS 107

Fig. 6. X-ray images of 9 of the first 20 jet observations by Marshall et al. (2005). X-rays between 0.5 and 7 keV are
sorted into bins of 0.′′492, with the faintest level being one count. Background is of the order of 0.003 counts per bin.

0 1 2 3 4
0

10

20

30

40

50

Fig. 7. Comparison of the X-ray and radio profiles for the jet of PKS 0208-512. In the left panel, crosses are X-ray
counts per bin, and circles are 8.64 GHz flux density in Jy per beam multiplied by 125 to better compare with the
X-rays. Distance along the jet is measured from a point about 2′′ away from the quasar. Right panel plots νfν for both
bands in Jy-Hz, showing that the X-rays dominate the energy radiated by the jet.
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108 SCHWARTZ

Fig. 8. Comparison of the X-ray and radio profiles for the jet of PKS 1202-262. In the left panel, crosses are X-ray counts
per bin, and circles are 8.64 GHz flux density in Jy per beam multiplied by 350. Distance along the jet is measured
from a point about 2′′ away from the quasar. Right panel plots νfν in Jy-Hz for X-rays (crosses) 8.65 GHz (circles) and
4.8 GHz (triangles), showing that the X-rays dominate the energy radiated by the jet.

to TeV energies. In case that the X-ray emission is
IC/CMB, they arise from lower energy, longer lived
electrons with γ= 102−3. This gives much more flex-
ibility for constructing a near-constant X-ray to ra-
dio emission ratio, but carries the extra ad hoc as-
sumption that the magnetic field strength remains
relatively constant. Understanding the profiles will
require self-consistent modeling of the entire length
of the jet, including acceleration and transport of the
relativistic particles. Conversely, the X-ray profiles
provide critical data to test models of jets built to
match the radio morphology.

We observe similarly constant X-ray to radio flux
ratio over long distances in PKS 0637-752 (Schwartz
et al. 2001), and in 1354+19, as shown in Fig-
ure 9. The X-ray statistical fluctuations are rela-
tively larger in the latter source, but may indicate
a relatively constant flux ratio over a length of 11′′.
In the region around 13′′ to 15′′ along the jet, this
source may also be showing the behavior predicted
by the IC/CMB mechanism. We see both the X-ray
and radio increasing around 13′′ but then the radio
flux drops in the 15′′ to 17′′ region while the X-ray
emission remains steady, as qualitatively expected if
the X-rays are emitted by lower energy electrons via
IC/CMB. However, cases of the opposite behavior
have been cited (Stawarz et al. 2004), so such a sim-
ple argument probably cannot be used to diagnose

0 5 10 15 20
0

5

10

15

20

Fig. 9. Comparison of the X-ray (crosses) and 4.8
GHz radio (continuous line) profiles of the jet in
1354+195=4C19.44. The X-ray data is counts per bin,
while the radio is flux density per beam times 30.

the emission mechanism. Indeed, the fact that both
morphologies are observed must give a constraint to
any mechanism which might apply to large scale jets
in general.
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5 10 15 20 25 30

5

10

15

20

Fig. 10. Doppler factors and magnetic field strengths
deduced for distinct spatial regions of several jets:
triangles, PKS 0208-512; diamonds, PKS 0920-397;
squares, PKS 1030-357; circles, PKS 1202-262; solid dots,
PKS 0637-752. The results assume the radio arises from
electrons in near-equipartition with the magnetic field in
which they radiate synchrotron emission, and that the
X-rays arise from IC/CMB.

The right hand panels of Figures 7 and 8 plot
the radiated energy, νfν for the X-ray (crosses), 8.64
GHz (circles) and 4.8 GHz (triangles, PKS 1202-262)
bands in absolute physical units, Jy-Hz. This shows
that the X-rays are dominating the radiated emission
of the jets, at least in those regions where X-rays are
detected.

4. PHYSICAL PROPERTIES OF THE JETS

As discussed in Section 2.2, if the X-rays are pro-
duced by IC/CMB, then we can exploit the minimum
energy assumptions typically used to interpret radio
observations in order to estimate both the average
magnetic field strength in the jet and the Doppler
factor of the jet. This calculation was graphically il-
lustrated in Figure 4, a diagram first used by Tavec-
chio et al. (2000). Figure 10 shows the results for
spatially distinct regions of four jets from the Mar-
shall et al. (2005) survey, and for PKS 0637-752 from
Schwartz (2004). For these we see a range of rest
frame magnetic fields B = 5 to 25 µG, and Doppler
factors δ = 3 to 12.

Table 1, taken from Schwartz et al. (2006), gives
these and other quantities for spatially resolved re-
gions of four jets derived from our model assump-

100 1000
0.1

1

10

Fig. 11. Kinetic flux through distinct regions of five jets,
vs. the deprojected minimum distance of that region
from the quasar. Key to objects is the same as in Fig. 10.

tions. The first column gives the PKS B name of
the quasar, and the designation of the specific re-
gion along the jet. A question mark after the region
designation indicates less than 10 X-ray photons, so
that the identification with the radio emission is not
certain. The second column is the redshift of the
quasar. The next columns give the values of B and
δ derived from the X-ray and radio data. Column 5
gives the Lorentz factor of the low energy cutoff of
the electron spectrum, consistent with our assump-
tion that the observed radio spectrum extends down
to only 106 Hz. This is obviously quite arbitrary; see
Worrall & Birkinshaw (2006) for a formalism assum-
ing a γmin intrinsic to the source. From our value of
γmin we calculate the total electron volume density
by equating the particle energy density to that in the
magnetic field:

(1 + k1)

∫ γmax

γmin

n0mec
2γ1−mdγ ≈ B2/(8π) ,

where k1 is the ratio of proton to electron energy and
m is the spectral index of the electron distribution.
We have assumed k1=1 and m=2.4.

For any fixed Doppler factor, the jet cannot be
at an angle greater than arccos[(

√

(δ2
− 1))/δ] from

our line of sight, and which corresponds to the case
Γ = δ which we have assumed. This maximum angle
is given in Column 7, and gives a minimum physical
distance from the quasar of x/sin(θmax) where x is
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110 SCHWARTZ

TABLE 1

PROPERTIES OF THE X-RAY JETS

PKS Name B δ γmin
b ne θmax

c Minimum Kinetic Radiative

(region) Redshifta [µG] 10−8 cm−3 [deg] Lengthd Fluxe Efficiencyf

0208-512 0.999 · · · · · · · · · · · · · · · · · · · · · · · ·

(R1) 10.9 7.3 77 1.1 7.8 156 9.5 0.3

(R2) 13.5 7.5 69 1.8 7.7 262 3.6 1.2

(R3)? 10.1 5.7 91 0.78 10.1 246 3.8 0.5

0920-397 0.591 · · · · · · · · · · · · · · · · · · · · · · · ·

(R1) 12.1 8.3 61 1.7 6.9 322 1.0 1.0

(R2)? 20.8 4.7 62 4.8 12.3 356 3.8 0.2

1030-357 1.455 · · · · · · · · · · · · · · · · · · · · · · · ·

(R1)? 27.1 5.2 64 7.9 11.1 362 1.7 4.1

(R2) 22.3 9.2 53 6.5 6.2 1155 3.4 1.8

(R3) 20.9 6.7 65 4.7 8.6 1484 5.5 3.0

1202-262 0.789 · · · · · · · · · · · · · · · · · · · · · · · ·

(R1) 10.6 13.5 55 1.4 4.2 443 0.9 2.2

(R2) 12.0 11.8 55 1.8 4.9 568 4.0 0.6

aFrom the NED database, operated by JPL for NASA.
bCalculated from B so that electrons of γmin give 1 MHz synchrotron emission.
cCalculated assuming bulk Lorentz factor Γ equals Doppler factor δ.
dMinimum distance from quasar, deprojected by 1/sin(θmax), in kpc.
eKinetic power of jet, 1046 erg s−1.
fDe-beamed luminosity divided by kinetic flux, in 10−4.

the apparent distance in the plane of the sky at the
given redshift.

Among the most important information added by
the X-ray observations is the ability to estimate the
Doppler factor, and hence to calculate the power car-
ried by the jet. This is still dependent, of course, on
the validity of near-equipartition conditions, unifor-
mity of particle densities and magnetic field strength,
and assumed values for several parameters which are
not observed. The correct expression, as discussed
by Bicknell (1994), considers the enthalpy density
w=ε+ρ0c

2+p, where ε is the internal energy density,
ρ0 the rest mass density, and p is the pressure. For
β ≈ 1, the jet power, Pjet= A Γ2 (w-ρ0 c2/Γ), where
A is the cross sectional area. This quantity is tab-
ulated in Column 9 of Table 1. The kinetic fluxes
would be about 3 times lower if k1=0, and about 10
times larger if k1=10, instead of k1=1 as we have
assumed.

In Figure 11 we plot the kinetic power flowing
through any region, as a function of the (minimum)
distance of that region from the quasar. Considering
possible factors of two uncertainties in B or δ due to
the model assumptions, the results are probably con-

sistent with a constant power flowing the length of
the jet. This is a reasonable expectation, as there is
no source of energy at such distance from the quasar.
The radiative efficiency of the jet is extremely low,
indicated in Column 10 of Table 1, so there is also
no evident energy loss from the jet prior to a ter-
minal hot-spot. However, at such relatively large
redshifts and short exposure times we might not be
able to detect an inter-cluster medium with which
the jet interacts. If the data required an apparent
increase in power with increasing distance from the
quasar, we could invoke deceleration of the outer jet
(which might force an alternate to the IC/CMB X-
ray emission mechanism) or consider, for example,
different proton to electron energy ratios along the
jet, in order to model a constant kinetic power along
the jet. Alternately, the high power region could in-
dicate an epoch of higher than average activity from
the quasar.

We compare these fluxes with the quasar bolo-
metric radiative luminosity, estimated by fitting the
radio loud template of Elvis et al. (1994) to the op-
tical magnitude from the NED database, assuming
isotropic emission, and integrating over all wave-
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Fig. 12. The locus of magnetic field strengths for which
we have equal magnetic energy density and CMB energy
density at the given redshift. The solid line shows the
case where jets are all non-relativistic, while the dashed
lines show various Lorentz factors in the range deduced
by Chandra observations of quasar jets. The crosses give
magnetic fields calculated to produce radio emission via
the minimum energy formalism but ignoring the possi-
bility of relativistic motion. Data at low redshifts, z less
than 2, from Marshall et al. (2001, 2005) and Sambruna
et al. (2002, 2004), and at large z from Siemiginowska et
al. (2003) and Cheung, Wardle, & Lee (2004).

lengths. We obtain 9, 0.35, 1, and 0.6 × 1046

ergs s−1, respectively, for PKS 0208, PKS 0920,
PKS 1030, and PKS 1202. Those are all lower, or at
most equal, to the kinetic power being transported
out by the jet.

5. JETS AT LARGE REDSHIFT

Is inverse Compton scattering from the cosmic
microwave background the source of the X-ray emis-
sion from relativistic jets? We believe this is the best
assumption based on observations to date; however,
it is extremely important to verify if this is true. If
we are already observing IC/CMB X-rays, then be-
cause the CMB energy density increases as (1+z)4,
exactly compensating for the (1+z)−4 cosmological
diminution of surface brightness2 , objects intrinsi-
cally identical to any of the jets which we have stud-
ied will be easily detected at however large a redshift

2There is also an additional K-correction factor (1+z)1−α

which we do not include in the figures 12 and 13.

they might exist (Schwartz 2002). In this case, even
the non-detection of objects will give us information
on the evolutionary history of massive black hole for-
mation and activity in the early universe.

Figure 12 shows that IC/CMB is almost certain
to be operating for at least some objects. The ra-
tio of synchrotron to IC/CMB energy loss for elec-
trons is determined by the ratio of the target en-
ergy densities, B2/8π and ρCMB=Γ2(1+z)4ρ0 where
ρ0 = 4.19 ×10−13 ergs cm−3 is the local CMB en-
ergy density. The solid line shows equality in case of
non-relativistic motion, Γ=1. For magnetic fields be-
low that line, IC/CMB would dominate, while syn-
chrotron radiation would dominate when the mag-
netic field at any redshift were above the line. The
dashed lines show how progressively larger magnetic
fields are required to avoid significant IC/CMB radi-
ation, in cases when the jet is in relativistic motion
with the Γ value as labeled. The crosses in Fig-
ure 12 show the magnetic fields calculated assuming
only minimum energy, and no relativistic motion.
Assuming the relativistic electrons extend down to
energies of order 10 MeV, then the absence of X-
ray emission would imply there were no jets with
bulk Lorentz factors greater than about 3, or else
that the jets must have magnetic fields greatly in
excess of the minimum energy value. In fact, when
we model the X-ray emission as IC/CMB, we deduce
that magnetic fields in the jets are typically 5 to 30
µG, much weaker than the values plotted assuming
no relativistic motion.

Even in the case where Γ is no greater than 3,
whatever fraction of IC/CMB X-rays are being pro-
duced at the current redshift will be maintained as
a constant surface brightness source to larger red-
shift, and will eventually dominate the synchrotron
emission. For example, if we consider the jet at red-
shift about 0.3 with magnetic field 40 µG, it must be
emitting at least 10% of its X-ray flux via IC/CMB
if Γ=3 (since a magnetic field only 3 times weaker
would place it below the corresponding dashed line).
Because our 5 ks observations are photon limited, a
modest Chandra observation of 50 ks would detect
such an object at any redshift.

Do observations support the prediction that the
X-ray jets become predominant at larger redshifts?
The systematic surveys carried out by Marshall et al.
(2005) and Sambruna et al. (2004) have observed ob-
jects clustered broadly around a redshift of about 1.
These objects show a significant dispersion in their
X-ray to radio flux ratio (Figure 13), no doubt due
to both an intrinsic dispersion and to differences in
their bulk Lorentz factors and the angles of their
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Fig. 13. The crosses plot the measured ratios of inte-
grated X-ray to radio fluxes from jets measured by Chan-

dra, vs. their redshift. The dotted lines show how these
ratios would be expected to change if the identical jet
were at different redshifts, and for different bulk Lorentz
factors of 3, 7, 15. The dotted curves are normalized
to the observation of PKS 0637-752. Data sources as in
Fig. 12, plus 1745+624 and PMN 2220-33 from Cheung,
Wardle, & Lee (2004).

jets to our line of sight. At smaller redshifts we see
just a few special objects in our vicinity, e.g., Cen
A, M87, and 3C 273, while at larger redshifts the
jet detections are of just a few serendipitous objects
(Siemiginowska et al. 2003; Cheung, Wardle, & Lee
2004). Those few objects at redshifts above 3 in Fig-
ure 13 certainly do not show the dramatic increase
which we might expect. However, this is easily ex-
plained since we might expect the objects with lowest
Lorentz and Doppler factors to be most numerous,
and these may be undetectable in X-rays unless at
high redshift. In fact, GB 1508+57 at z=4.3 has the
highest fX/f5GHZ ratio, which is more than an order
of magnitude greater than the median for the survey
objects. Therefore, no conclusion on the validity of
the IC/CMB mechanism can yet be drawn from this
diagram.

6. SUMMARY

The systematic study of X-ray jets has only be-
come possible with the superb angular resolution of
the Chandra X-ray Observatory. The surveys to
date have made primarily short duration observa-
tions, but show that X-ray emission is a common

feature of relativistic quasar jets, and typically dom-
inates the radiative power of the jet. If the emis-
sion is due to inverse Compton scattering on the cos-
mic microwave background, then in conjunction with
the usual radio astronomy assumption of minimum-
energy synchrotron emission we can estimate the ef-
fective Doppler factors, the rest frame magnetic field
strength, the low energy cutoff of the relativistic elec-
tron spectrum, and the kinetic flux, all in numer-
ous spatially resolved regions extending up to 1 Mpc
from the parent quasar. By modeling the run of
these parameters along a jet, we can expect to learn
about acceleration sites, the deceleration of the bulk
motion of the jet, and perhaps the proton content.

From the direct estimates of kinetic power carried
by powerful quasar jets, we know that if such sys-
tems occurred within rich clusters of galaxies that
their jets would provide more than enough energy
to power the radio cavities discovered in clusters
(Birzan et al. 2004) and thus stop the cooling flows.
And since the quasar-jet phenomenon appears to in-
volve only massive black holes supplied by gas deep
within a galaxy, it would be very hard to understand
why such jets would not also occur in clusters.

We saw that in many cases the kinetic power is
comparable to or in excess of the quasar radiative
power. Since a jet is highly anisotropic, it is not
subject to an Eddington limit, and might be pro-
viding a clue that quasars can accrete mass much in
excess of the Eddington limit with the corollary that
massive black holes could grow very quickly in the
early universe.

The most significant implication is due to the fact
that a given IC/CMB jet would maintain a constant
surface brightness at any redshift. X-ray detection of
such objects might reveal some of the earliest activ-
ity in the universe. Some such objects must already
have been detected by ROSAT surveys, but would
be anonymous, unidentified sources. Bright ROSAT,
ASCA, or Einstein quasar identifications could have
substantial jet components, which those observato-
ries would not be able to resolve spatially from the
quasar core.

The IC/CMB mechanism gives clear predictions
for finding larger X-ray to radio flux ratios in objects
at large redshift, and for finding γ-ray jets in quasars
at the threshold of GLAST sensitivity. Precise mea-
surement of the X-ray spectra of the jets should give
slopes equal to, or flatter than, the GHz radio slope,
since the X-rays are emitted by electrons with lower
energies. Longer Chandra observations of the known
X-ray jets, and systematic surveys of kpc-scale radio
jets at large redshifts, will test these predictions.
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