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Outline

• Motivation: Why o(ptical) why?

• 3C273 with Spitzer and Chandra

• Support for synchrotron X-rays 
rather than IC/CMB (Uchiyama; Jester)

• Searches for new jets with Chandra/HST

• A few new optical jets, detailed data on 2

• Cen A with Spitzer (Hardcastle; Brookes)

• HST polarimetry of 6 low-power (FRI) jets 
(Perlman et al. 2006)

• Open Questions

• The future
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Motivation

• Optical synchrotron ⇒ local acceleration

• Low-power (FR I) jets:

• X-ray synchrotron common,
Optical synchrotron must be there, too

• High-power (FR II) jets:

• X-rays: IC-CMB or synchrotron?

• Constraints on bulk Γ and electron low-
energy cutoff from SEDs (AGN feeback!)

• Study B-field traced by highest-energy 
particles via optical polarisation

• Constrain particle acceleration mechanism
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3C273 with Chandra & Spitzer

• Text

• Text

• Text

Spitzer IRAC Image

Quasar 3C 273

Chandra X-ray

IRAC 3.6 micron

MJy/sr

       Clearly detected mid-IR light (3.6/5.8 micron)!!

Y. Uchiyama et al., ApJ accepted [astro-ph/0605530]
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490 S. Jester et al.: The radio–ultraviolet spectra of the jet in 3C 273

Fig. 12. Observed data points with fitted spectra for the points shown in Fig. 11. To account for the observed flattening of the spectrum towards
the ultraviolet, model A assumes a contamination in the infrared, so that the cutoff is determined by the optical–ultraviolet spectral index there,
while the cutoff in model B is determined by the infrared–optical spectral index. Those spectra which require an artificial high-frequency data
point to obtain a fit result are labelled “cut”; for these, models A and B are identical, and the artificially obtained value for νc is a lower limit to
the actual value. The spectrum may extend up to X-rays in those locations where an artificial cut is necessary (cf. Röser et al. 2000; Marshall
et al. 2001; Jester et al. 2002).

S. Jester et al.: The radio–ultraviolet spectra of the jet in 3C 273 491

Fig. 12. continued.

separated from each other. While previously only knot A
showed a spectrum without a cutoff, it is now seen that there
is no cutoff at the brightness peaks in B1 and B2, either. Not
only is there no cutoff, but the infrared–optical–UV spectrum

is harder than the radio–infrared spectrum in these locations,
as already inferred from the spectral indices (compare Fig. 8).
There is, however, a cutoff in the transition A-B1, between
these peaks. The presence of a cutoff in the southern part

VLA+HST SEDs from Jester et al. 2005

Interesting change to SEDs!
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L30 S. Jester et al.: The radio–optical–X-ray spectrum of 3C273’s jet

Fig. 3. Integrated high-frequency flux for regions A (left) and D2+H3 (right). Data are listed in Table 1. The UV flux in region
A rises above a power-law extrapolation from the radio to the near-infrared. The UV flux in D2+H3 lies slightly above a power
law extrapolation from near-infrared to optical, and clearly above a synchrotron cutoff (the shown spectrum merely illustrates
the expected shape; see Sect. 4 for details about the determination of the UV excess). In both cases, the UV excess is consistent
with the extrapolation of the X-ray flux at the X-ray spectral index (both determined by Marshall et al. 2001).

ultraviolet flux and the ultraviolet excess above the radio-
infrared power law for A and the fitted cutoff for D2/H3,
respectively (Table 1), and compare these with a power-
law extrapolation from X-rays. As evidenced by Fig. 3,
there is a surprisingly good match in both regions between
the UV excess determined here and the extrapolation of
the X-ray observations, suggesting a common origin.

We thus propose a two-component model for the emis-
sion of this jet: a “low-energy” synchrotron component
and a second “high-energy” component, which accounts
for the X-rays and is already noticeable at ultraviolet
wavelengths, either synchrotron emission (the observed
X-ray spectral index is in the typical range for synchrotron
emission from jets; Meisenheimer et al. 1997) or beamed
inverse Compton emission (microwave photons are upscat-
tered into the UV by electrons with Lorentz factors of 5–10
for jet Lorentz factors of 20–5). As synchrotron spectra
are necessarily convex in log Sν against log ν, the observed
high-frequency flattening implies the presence of a second
emission component in the UV even for different model
spectra from those assumed here. Only the magnitude of
the excess depends on the spectral shape, and hence the
proposed common origin of UV excess and X-rays. As evi-
denced by the small changes in the radio-infrared spectral
index, the shape of the “low-energy” electron energy dis-
tribution is kept constant within the entire jet by some
unknown physical mechanism.

With the present radio-optical data, no statements can
be made about the spectral shape of the “high-energy”
component beyond the plausibility argument presented
here. In order to confirm the reality of the UV excess and
to characterise its spectrum, it is both necessary to con-
strain the run of the optical synchrotron spectrum more
accurately by further observations in the near-infrared
and optical, and to characterise the spectrum of the UV
excess by far-ultraviolet observations. Deeper Chandra

observations are needed to establish the detailed X-ray
morphology of the outermost part of the jet and confirm
the tentative detection of X-ray spectral index changes
(H. Marshall, priv. comm.), and thus test our model of
a common origin for the ultraviolet excess and the jet’s
X-ray emission. Ideally, X-ray polarimetry would provide
the most stringent test for the X-ray emission mechanism
beyond our spectral studies. However, such a study will
have to await the construction of X-ray polarimeters with
sufficient sensitivity and resolution, which are currently in
the development stage.

Acknowledgements. We acknowledge fruitful discussions with
Herman Marshall. We thank the referee, Dan Harris, for rapid
and thorough criticism.
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3C273 with Chandra

X-rays too soft for 1-zone IC-CMB! [astro-ph/0605529]

ChandraHSTVLA ChandraHSTVLA
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3C273: all synchrotron?!

• Spitzer SED links optical & X-ray emission

• Röser et al. 1996:

• Optical polarisation is high ⇒ synchrotron

• Similar in radio & optical at 1.3”⇒ X-ray synchrotron, too

• Chandra SED: X-rays are (mostly) too soft 
for 1-zone CMB-IC⇒ Need inhomogeneous flow (shear layer)

• Synchrotron from shear acceleration?

• What about other jets? 

• More Spitzer!
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PKS 0637-752 with Spitzer
L114 UCHIYAMA ET AL. Vol. 631

Fig. 1.—IRAC images (false color) of the PKS 0637!752 jet at (left) and (right) in units of MJy sr!1. An angular scale of 1! corresponds to3.6 mm 5.8 mm
a 6.9 kpc projected size. Superposed on the IRAC images are ATCA 8.6 GHz radio contours (using a circular restoring beam with 0!.88 FWHM), starting at

with an increment of (Lovell et al. 2000). The emission east of WK5.7 in the image is confused by residuals from!1 !10.003 mJy beam 0.003 mJy beam 5.8 mm
wing cancellation.

Fig. 2.—Broadband SED for knot WK7.8. IRAC 3.6 and fluxes,5.8 mm
2.7 and , respectively, are shown as open circles. The radio flux at4.6 mJy
8.6 GHz, 44 mJy, is extracted from the ATCA map centered on WK7.8 with
a radius of 0!.8, while the 4.8 GHz flux is set to satisfy . The HSTa p 0.8r

optical ( at 697 nm) and Chandra X-ray data (6.2 nJy at 1 keV) are0.2 mJy
taken from the list of Kataoka & Stawarz (2005). The solid and dashed lines
represent the synchrotron"IC/CMB modeling (see text).

Fig. 3.—Bulk Comptonization spectra expected from the WK5.7 region (2!
long) assuming and (a) , v p 3!.5 (solid curve),46 !1L p 10 ergs s G p 12cold

(b) , v p 6!.5 (dashed curve), and (c) , v p 8!.3 (dotted curve).G p 12 G p 15
Also shown is a synchrotron spectrum (solid horizontal line) extrapolated from
the radio flux at 8.6 GHz with the spectral form of the dotted line in Fig. 2.
The upper limits on IRAC 3.6 and fluxes are shown as open circles.5.8 mm
The optical upper limit is obtained from the 696.9 nm HST image (Schwartz
et al. 2000).

and found that the results from the SSC template are consistent
with those from the field star templates. In our image,5.8 mm
on the other hand, there are no suitable stars for such compar-
isons. In what follows, we present both the 3.6 and 5.8 mm
results, making use of the SSC template alone. The infrared
fluxes from the core of PKS 0637!752 were measured as 5.0
and 9.6 mJy in the 3.6 and bands, respectively. These5.8 mm
values are below the saturation limits for a 30 s frame.
Figure 1 shows the IRAC images of PKS 0637!752 after

subtraction of the PRF wings of the core. The pixel size of the
projected images of both channels was set to be of 1!.22.1

4

Regions close to the quasar core are blanked out due to residuals
in the wing subtraction. Mid-infrared counterparts of the main
optical knots, WK7.8 and WK8.9 (Schwartz et al. 2000), which
are also the main X-ray features, are clearly visible in both
channels, located ∼8! west of the core. The two optical knots

L114 UCHIYAMA ET AL. Vol. 631

Fig. 1.—IRAC images (false color) of the PKS 0637!752 jet at (left) and (right) in units of MJy sr!1. An angular scale of 1! corresponds to3.6 mm 5.8 mm
a 6.9 kpc projected size. Superposed on the IRAC images are ATCA 8.6 GHz radio contours (using a circular restoring beam with 0!.88 FWHM), starting at

with an increment of (Lovell et al. 2000). The emission east of WK5.7 in the image is confused by residuals from!1 !10.003 mJy beam 0.003 mJy beam 5.8 mm
wing cancellation.

Fig. 2.—Broadband SED for knot WK7.8. IRAC 3.6 and fluxes,5.8 mm
2.7 and , respectively, are shown as open circles. The radio flux at4.6 mJy
8.6 GHz, 44 mJy, is extracted from the ATCA map centered on WK7.8 with
a radius of 0!.8, while the 4.8 GHz flux is set to satisfy . The HSTa p 0.8r

optical ( at 697 nm) and Chandra X-ray data (6.2 nJy at 1 keV) are0.2 mJy
taken from the list of Kataoka & Stawarz (2005). The solid and dashed lines
represent the synchrotron"IC/CMB modeling (see text).

Fig. 3.—Bulk Comptonization spectra expected from the WK5.7 region (2!
long) assuming and (a) , v p 3!.5 (solid curve),46 !1L p 10 ergs s G p 12cold

(b) , v p 6!.5 (dashed curve), and (c) , v p 8!.3 (dotted curve).G p 12 G p 15
Also shown is a synchrotron spectrum (solid horizontal line) extrapolated from
the radio flux at 8.6 GHz with the spectral form of the dotted line in Fig. 2.
The upper limits on IRAC 3.6 and fluxes are shown as open circles.5.8 mm
The optical upper limit is obtained from the 696.9 nm HST image (Schwartz
et al. 2000).
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4

Regions close to the quasar core are blanked out due to residuals
in the wing subtraction. Mid-infrared counterparts of the main
optical knots, WK7.8 and WK8.9 (Schwartz et al. 2000), which
are also the main X-ray features, are clearly visible in both
channels, located ∼8! west of the core. The two optical knots

Uchiyama et al. 2005: constraints on kinetic energy flux
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Searches for optical/IR jets

• http://home.fnal.gov/~jester/optjets/ lists 39 
confirmed objects; 2-3 more to be published 
soon (Gelbord/Perlman/Marshall)

• History:

Pre-HST
 B2/3C 

snapshots
HST/CXO 

surveys
Cheung 
archival

Other HST

11 9 12 2 7
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Could find 3C273 with SDSS...
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Some jets, old and new
V. Le Brun et al.: The nature of damped Lyα absorbers 743

Fig. 12. 8′′×8′′ field around PKS 1229−021, with the contours of the
radio jet (Kronberg, private communication), which shows the align-
ment of objects #2, 4 and 6 along the jet. North is up and east is to the
left

presence of the three radio/optical knots is closely connected
to the radio source morphology. At the brightest object #2, the
jet strongly interacts with some material and is deflected north-
ward while, further away from the central core, the jet is de-
flected southward in a more continuous manner until it joins the
south-west lobe. On the contrary, the (undetected) north-east
flow expands more freely. Regarding the origin of the absorp-
tion systems, it therefore appears that none of objects #2, #4
and #6 can be considered as candidate absorbers. However, the
emitting gas with which the jet interacts may be responsible
for the Faraday rotation observed by Kronberg et al. (1992),
especially since no galaxy-like object is seen towards the jet.
Blob #2, which is the closest (θ = 0.6′′ or D = 6.6h−1

50 kpc at
ze = 1.038) and the bluest object, could correspond to a cloud
belonging to the galaxy hosting PKS 1229−021 on which the
jet rebounds while the furthest away blobs could be associated
with gas entrained outside this galaxy by the jet. Assuming a flat
spectrum, these three blobs have absolute rest frame magnitudes
MB = −20.4, −19.6 and −18.7 for #2, #4 and #6 respectively.

The eastern compact blob #5 may cause either the za =
0.7568 system (as suggested by Steidel et al. 1994a; this Mg ii
absorber would then have a magnitude MB = −18.8), or the
za = 0.7005 C iv absorption system.

There are 28 objects brighter than m702,lim = 25.8 in this
field (Fig. 10 and Table 6). There is a 3σ level excess of galaxies
in the magnitude range 22 ≤ m702 ≤ 24, which may trace a
group or a cluster of galaxies at the quasar redshift (ze = 1.038).
This magnitude range corresponds to −24.1 ≤ MB ≤ −22.1
at this redshift. As for 3C 196, the analysis of the WFC2 data
will provide further information on this galaxy excess. We note
that Steidel et al. (1994a) also discovered several galaxies with

Fig. 13. Field of the PC2 around 3C 286. Objects are labeled as in
Table 7

optical and IR colors consistent with the assumption of a cluster
of elliptical galaxies at the quasar redshift.

In ground-based images, objects #9 and #10 are totally
blended (BB91; Steidel et al. 1994a), but are clearly separated
on the PC2 images. Object #10 is bright and compact, and object
#9 is fainter and very diffuse. It is most likely that the optical
emission lines detected at z = 0.199 by BB91 arise from the
brightest object, which would then have absolute magnitude
MB = −18.5. Its impact parameter is D = 37h−1

50 kpc, nearly
twice as large as the value predicted by the luminosity-halo ra-
dius scaling-law derived by BB91 for Mg ii absorbers, which is
consistent with the non-detection in the HST-FOS quasar spec-
trum of an associated Mg ii absorption (Boissé et al. 1996).
Object #11 is very red, m450 − m702 > 2.3, and could be an
elliptical galaxy at z # 0.2.

3.6. 3C 286 (ze = 0.849)

A 21 cm absorption line was detected at zd = 0.692 by Brown
& Roberts (1973), and shows a single, narrow (b = 5 km s−1)
component. The associated Mg ii and Fe ii lines have been ob-
served by Spinrad & McKee (1979). Using Pre-COSTAR FOS
observations, Cohen et al. (1994), have shown that the Lyα
line is damped, and their estimate of the H i column density is
# 2×1021 cm−2. Using this value and their own measurements
of Fe ii, Zn ii and Cr ii, Meyer & York (1992) derived a very low
metal abundances ofZ#/17, for a look back time comparable to
the age of our solar system. Steidel et al (1994a) have obtained
ground-based broad-band images of this quasar, and after PSF
subtraction, they detected a galaxy of low surface brightness,
µ(IAB) = 25.5 mag arcsec−2, 2.5′′ away from the quasar sight-
line. If at the absorption redshift, its linear impact parameter
would be D = 24h−1

50 kpc. Furthermore, Steidel et al. (1994a),

Le Brun et al. 1997 (3.6 ksec)
Re-found by C. C. Cheung

Gelbord/Perlman/Marshall
in prep. (+ 1-2 jets and 2-3 HS)

see poster!

PKS 0920-397

PKS 0812+020?
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1150+497

Follow-up of Sambruna survey

1136-135
Another 3C273?(Sambruna et al. 2006)
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Sambruna SEDs: 1136

Again, need Spitzer/ALMA to check IC-CMB
⇒ location of valley (cutoff and IC cut-on)

Mount
Synchrotron

Mount
Compton

in
cr

ea
si

ng
 r

“Cutoff conspiracy”
Valley always at

1015 Hz?
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Cen A with Spitzer (24μ)
3

Fig. 1.— Left to right: 3.6 µm IRAC image, 8 µm IRAC image and 24 µm MIPS image. These images show only a 15.′2 × 10.′5 portion of
the final mosaics. They are centred on 13 25 27.5 -43 1 8.5 (J2000). All are stretched to highlight the jet and show the increasing strength
of emission towards longer wavelengths. The IRAC images show the aperture used to measure the surface brightness, and the contours on
the 24 µm MIPS image describe the 21 cm emission and show how the IR emission coincides with the radio jet.
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Fig. 2.— Left: Mean counts per aperture as a function of angular position about the nucleus. 0 sr corresponds to the original aperture,
chosen by eye to fit the jet shape. The jet surface brightness is determined by subtracting an estimate of the background (fitted to
surrounding apertures and shown by the solid line) from the maximum surface brightness. Right: The spectral energy distribution of the
northern radio lobe of Centaurus A. The surface brightness was determined from a six-points aperture, as described in the text. Errors on
the photometry are smaller than the plotting symbols used.

is required for an exact evaluation of the break frequency,
an approximate limit may be gained. Following Miley
(1980), we calculate the magnitude of the magnetic field
on the assumption that the system is at its minimum
energy density. Using Equation 3 of Miley (1980) at
1.4GHz, we find B ≈ 3 nT. Using the highest IR fre-
quency observed (83THz), an upper limit of the lifetime
of the emitting electrons is 30,000yrs.

It is important to know how far the synchrotron spec-
trum extends without a break, since very high frequency
emission is produced by short-lived, high energy particles
and may imply in situ particle acceleration. In both the
near UV and far UV GALEX images there are two kinds
of emission: extended sources, likely associated with star-
formation sites; and diffuse emission which coincides with
the radio jet. Figure 3 shows the 1.4GHz radio contours
overlaid on the 8µm IRAC image in greyscale (left) and
the near UV GALEX image (right; smoothed with a
7.′′6 circular Gaussian for clarity). The UV emission is
seen only at the inner portion of the jet, whereas the
IR emission follows the jet to the north, consistent with
the idea that emission at all three wavelengths is syn-
chrotron emission. The synchrotron lifetime of the UV
emitting electrons is shorter than that of the IR emit-

ting electrons, so the latter live/emit long enough that
their emission traces bulk motion downstream. Also note
that the radio/infrared emission curves northward at this
point, indicative of interactions with the environment in
the region.

The surface brightness of the diffuse UV emission
is compared to that of the radio and IR emission in
Figure 2 (right). The UV points are significantly be-
low the extrapolation of the synchrotron emission based
upon the radio and IR data. Several explanations must
be considered. Firstly, the diffuse UV emission might
not be synchrotron at all. We consider this unlikely,
both for lack of a credible alternative and because the
jet emission extends all the way to X-ray frequencies
(Kraft et al. 2003). Secondly, we could be seeing the ef-
fects of extinction due to dust. Suppose that the best-fit
power law to the radio and infrared measurements ex-
tends without break to ultraviolet frequencies, but that
there is intervening dust. Assuming a Calzetti extinc-
tion law, only E(B − V ) = 0.56 is required to reduce
the ultraviolet emission from the level of the extrapo-
lated power law to the observed level. The hydrogen
column density in our own galaxy can account for only
about 20% of this extinction (NASA/IPAC Extragalac-

Brookes et al. 2006

L16 M. J. Hardcastle, R. P. Kraft and D. M. Worrall

Spitzer (MIPS) observations are available in the archive: the one that
we chose to use (AOR 4940288) covers a wide area around the centre
of Cen A. The data used are the post-basic calibrated data (PBCD)
files available from the archive. These include an automated, flux-
calibrated mosaic (‘MAIC’ file) of the numerous individual maps
that go to make up an observation. The PBCD files are stated in the
instrument data handbooks (http://ssc.spitzer.caltech.edu/irac/dh/
and http://ssc.spitzer.caltech.edu/mips/dh/) to be suitable at the time
of writing for basic scientific analysis for all IRAC channels and for
the 24-µm channel (channel 1) of the MIPS data. The low angu-
lar resolution and calibration issues of the longer-wavelength MIPS
channels meant that these were not suitable for our analysis in any
case. IRAC channel 1 (3.6 µm) was too dominated by starlight from
the host galaxy and from foreground objects to be useful in our anal-
ysis. Accordingly, the data that we use are from the three remaining
IRAC channels, at 4.5, 5.8 and 8.0 µm, and from MIPS at 24 µm;
Brookes et al. (2006) show a selection of images in these bands.
We carried out aperture photometry, using a local background and
excluding point sources from source and background regions, to
measure flux densities from components of the jet. Our photometry
is consistent with the independent analysis of Brookes et al.

2.2 Gemini data

The nuclear regions of Cen A were observed with the T-ReCS
instrument on Gemini South at N-band (10 µm) on 2004 March
6 and 11–12. We obtained these observations in an attempt to de-
tect the bright radio and X-ray components of the inner jet, and so
the T-ReCS field of view (28.8 × 21.6 arcsec2) was aligned along
the jet, with the active nucleus in one corner. The standard nod
and chop mode was used for background subtraction, and the base-
line calibration was used for photometry and point-spread function
(PSF) determination, using observations of standard stars. In total
the on-source exposure time was around 2.1 h.

2.3 VLA data

The 8.4-GHz Very Large Array (VLA) data that we have described
in earlier papers (Kraft et al. 2002; H03) were not ideal for com-
parison with the large-scale Spitzer jet because of the small pri-
mary beam of the VLA at this wavelength. We therefore re-reduced
the data described by Clarke, Burns & Norman (1992)at 1.5 and
4.9 GHz. These are well matched to the angular scales and reso-
lution of the Spitzer data. For smaller-scale mapping we used our
existing 8.4-GHz data. VLA data from different configurations were
calibrated and combined within AIPS, and a primary beam correction
was applied to all images.

2.4 GALEX data

The GALEX data that we have used are taken from the archive
(http://galex.stsci.edu/GR1/) and are derived from observations
made on 2003 June 7 as part of the Nearby Galaxies Survey, as
reported by Neff et al. (2003); Brookes et al. (2006) show an im-
age. Two broad bandpasses are available, with mean wavelengths
of 153 and 231 nm. We have used the background-subtracted in-
tensity map, with units of (corrected) count s−1, for our measure-
ments. Photometry was carried out in the same way as for the Spitzer
data, using ground-based calibration (http://galexgi.gsfc.nasa.gov/
Documents/ERO data description 2.htm), correcting for a Galac-
tic E(B − V ) of 0.114 mag using the extinction curves of Cardelli,
Clayton & Mathis (1989), which give correction factors of 0.94 mag
at both mean wavelengths. Since the photometric zero-point is not
yet well defined and the extinction correction varies significantly

over the bandpasses, there are potentially large systematic errors in
the conversion between GALEX count rate and flux density.

2.5 Chandra data

For the high-energy constraints on the spectrum of the jet we used
two Chandra data sets taken using the ACIS-S instrument: the ob-
servation taken on 2002 September 3 (obsid 2978) which was taken
as part of the HRC guaranteed time programme, and the observation
taken on 2003 September 14 (obsid 3965) which was taken by us
in guest observer time. These two observations are well matched
in position on the instrument and roll angle. The data were repro-
cessed and filtered using CIAO 3.2.2 and CALDB 3.1 (applying new
bad pixel files, removing afterglow detection, and removing the
0.5-arcsec pixel randomization) and were both aligned to the radio
core position. After filtering they had livetimes of 44 592 and 49 518
s respectively, giving a total effective on-source time of 94.1 ks.
Spectra were extracted from regions matched to those used at other
wavelengths, with local background subtraction, using the ACISSPEC

tool within CIAO and appropriate response matrices were generated
with MKACISRMF. Spectral fitting was done within XSPEC 11.3.

3 RESULTS

3.1 The large-scale jet

In the 24-µm data, extended emission from the jet is clearly de-
tected from about 2 arcmin (Fig. 1) and extends at least until the
end of the clearly defined radio jet. (Two strong infrared point
sources in the lobe to the north-west of the jet are probably un-
related to it.) The brightest region of the infrared jet, and the part
most clearly detected against the higher background in the shorter-

Figure 1. The Cen A jet at 24 µm, using a logarithmic transfer function,
with overlaid contours from a 6-arcsec-resolution 4.9-GHz radio map. Black
is the background level of 32.8 MJy sr−1 and the peak is 724 My sr−1. The
lowest contour is at 0.01 Jy beam−1; contours increase by a factor of 2. The
flare point (peak surface brightness 33.4 MJy sr−1) is marked with an arrow
and the regions used for flux measurement are shown as red boxes.

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 368, L15–L19

Hardcastle et al. 2006

Radio, IR, UV, X-ray synchrotron; multi-component spectra!
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New polarisation results

• Perlman et al. 2006 [astro-ph/0606119]:
HST/WFPC2, ACS optical polarimetry atlas 
of 6 nearby FRI jets

• 3C 15, 66B, 78, 264, 346 and 371

• High optical polarisation, 10%-50%

• M87 showed radio/optical differences 
(Perlman et al. 1999)

• Results: similar differences in new jets, 
but no universal patterns

• Compare Lyutikov et al, Laing et al. modeling
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High-polarisation regions I

• Polarisation maximum in jet interior; 
often upstream of flux maximum

No. 5, 1999 POLARIMETRY OF THE M87 JET 2191

termed HST-1 (1A from the nucleus), D from the(2A.5È4A
nucleus), E (6A out), F (8A out), and I (11A out). SigniÐcant
interknot emission is observed, although, as SBM96 have
noted, the knot-to-interknot contrast is much higher in the
optical than in the radio. We do detect polarized optical
emissions in some of the interknot regions, but at relatively
low signiÐcance (D2È3 p). In the ensuing discussion, we will
look at the characteristics we observe in each of the bright
knots.

In the PC image shown in Figure 1a, knot HST-1 is
characterized by a bright knot and fainter emission trailing
downstream from the bright knot. Even higher resolution
imaging and yearly monitoring by HST (B98 ; B99) resolves
the fainter emission into several components, each of which
appear to be moving superluminally with speeds up to 6c.
Variability on 1 yr timescales is also observed in these knots
(B98 ; B99). The resolution of our WF data (Fig. 3a) is not
adequate to resolve individual, superluminally moving
components. However, we clearly observe considerable
structure in the Ðrst 2A of the jet. These include low surface
brightness emission extending from the nucleus, aD0A.5
bright knot at the position of the superluminal components
(D1A out), and fainter emission farther downstream. Inspec-
tion of Figure 3 also reveals some radio-optical morpho-
logical di†erences. In particular, in HST-1, the component
at the upstream edge is brighter (relative to the rest of the
knot) in the optical than in the radio, whereas downstream
emission is brighter in the radio than in the optical. The
MFPA appears parallel to the jet direction over the Ðrst 0A.5
downstream from the nucleus ; however, the surface bright-
ness of the jet is low in this region, and galaxy subtraction is
almost certainly a dominant source of errors, as the galaxy
gradient is extremely steep within of the nucleus. Imme-0A.5
diately upstream of the HST-1 Ñux maximum, we observe

and an MFPA orientation approx-SPoptT \ 0.45 ^ 0.08
imately perpendicular to the jet direction. Near the Ñux
maximum, however, reaches a minimum of 0.14 ^ 0.05Popt(averaged over a 2 ] 2 pixel resolution element), i.e., we
detect of polarization at the Ñux maximum at only the D2.8
p level. Polarizations averaging appearPopt \ 0.41 ^ 0.08
to be present at the north and south edges of the Ñux
maximum region ; however, we caution that our resolution
is inadequate to resolve the width of this component, so the
origin of these Ðgures must await higher resolution data.
Immediately downstream from the Ñux maximum, Poptincreases to 0.45 ^ 0.08. The MFPA becomes parallel to the
jet about downstream from the optical Ñux maximum in0A.3
HST-1. In ° 5.1.1 we discuss this constellation of properties
(which also occurs in knots D, E, and F). The extremely
high polarizations that appear to be present about from0A.5
the nucleus are greatly a†ected by galaxy subtraction (the
surface brightness of the galaxy at this point is D3500 ADU
pixel~1, whereas the jet is only D150 ADU pixel~1 in I).

We turn next to knot D, another highly active region, in
which our HST monitoring (B98,B99) has revealed several
components moving at apparent speeds up to 5c. Our data
(Fig. 3a) reveal signiÐcant polarized structure in the knot D
complex. At the upstream end of D-East, SPoptT \ 0.30
^ 0.06, and the optical MFPA is perpendicular to the jet.
Similarly to knot HST-1, we detect very little polarized
optical emission is the 2 p upper limit) at the(Popt \ 0.1
position of the Ñux peak in D-East, and the polarization
remains low in other interior regions of D-East. However,
along the northern and southern edges of D-East, signiÐ-

cant polarization is seen, with varying from 0.15 toPoptabout 0.60 (typical 1 p error of 0.06), and the optical MFPA
is primarily parallel to the jet axis. There is a peak at the
southern edge of D-Middle where reaches 0.85 ; thisPoptvalue is likely a†ected by small number statistics and inter-
polation as this is a low surface brightness region of the jet.
Just upstream from the Ñux maximum in D-West, the
optical MFPA begins to rotate both at the edges and in the
center of the jet ; at the position of the Ñux maximum in
D-West the optical MFPA is rotated by D45¡ and appears
to remain roughly constant through the remainder of the
knot.

Knot E, D6A from the nucleus (Fig. 4a), is the faintest
knot in the inner jet. The knot is characterized by lower
surface brightness emission that begins about 1A down-
stream from the western edge of knot D. The region of the
Ñux maximum is unresolved in our WF observations (Fig.
4), but at the higher resolution of the PC image (Fig. 1) it is
resolved into a double structure. The optical and radio
emission (Fig. 3) are distributed somewhat di†erently, with
the radio image showing a somewhat brighter eastern edge.
Because of the low surface brightness of this feature, it is
difficult to determine an average polarization Ðgure for it.
We can therefore only describe its polarimetric character-
istics in more general terms. A few tenths of an arcsecond

FIG. 5.ÈTop : Contour map of the optical structure of the knots I, A,
and B, with magnetic Ðeld polarization vectors overlaid. A 1A vector corre-
sponds to 300% polarization. Bottom : Corresponding region in the radio.
North is at the top, and east is at the left. The optical and radio images are
contoured as in Fig. 3. The high and low optical polarization features in
this region are labeled to avoid confusion.

e.g. M87

Flux maximum

Pol. max.
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Comparison to radio: M87

No. 5, 1999 POLARIMETRY OF THE M87 JET 2191

termed HST-1 (1A from the nucleus), D from the(2A.5È4A
nucleus), E (6A out), F (8A out), and I (11A out). SigniÐcant
interknot emission is observed, although, as SBM96 have
noted, the knot-to-interknot contrast is much higher in the
optical than in the radio. We do detect polarized optical
emissions in some of the interknot regions, but at relatively
low signiÐcance (D2È3 p). In the ensuing discussion, we will
look at the characteristics we observe in each of the bright
knots.

In the PC image shown in Figure 1a, knot HST-1 is
characterized by a bright knot and fainter emission trailing
downstream from the bright knot. Even higher resolution
imaging and yearly monitoring by HST (B98 ; B99) resolves
the fainter emission into several components, each of which
appear to be moving superluminally with speeds up to 6c.
Variability on 1 yr timescales is also observed in these knots
(B98 ; B99). The resolution of our WF data (Fig. 3a) is not
adequate to resolve individual, superluminally moving
components. However, we clearly observe considerable
structure in the Ðrst 2A of the jet. These include low surface
brightness emission extending from the nucleus, aD0A.5
bright knot at the position of the superluminal components
(D1A out), and fainter emission farther downstream. Inspec-
tion of Figure 3 also reveals some radio-optical morpho-
logical di†erences. In particular, in HST-1, the component
at the upstream edge is brighter (relative to the rest of the
knot) in the optical than in the radio, whereas downstream
emission is brighter in the radio than in the optical. The
MFPA appears parallel to the jet direction over the Ðrst 0A.5
downstream from the nucleus ; however, the surface bright-
ness of the jet is low in this region, and galaxy subtraction is
almost certainly a dominant source of errors, as the galaxy
gradient is extremely steep within of the nucleus. Imme-0A.5
diately upstream of the HST-1 Ñux maximum, we observe

and an MFPA orientation approx-SPoptT \ 0.45 ^ 0.08
imately perpendicular to the jet direction. Near the Ñux
maximum, however, reaches a minimum of 0.14 ^ 0.05Popt(averaged over a 2 ] 2 pixel resolution element), i.e., we
detect of polarization at the Ñux maximum at only the D2.8
p level. Polarizations averaging appearPopt \ 0.41 ^ 0.08
to be present at the north and south edges of the Ñux
maximum region ; however, we caution that our resolution
is inadequate to resolve the width of this component, so the
origin of these Ðgures must await higher resolution data.
Immediately downstream from the Ñux maximum, Poptincreases to 0.45 ^ 0.08. The MFPA becomes parallel to the
jet about downstream from the optical Ñux maximum in0A.3
HST-1. In ° 5.1.1 we discuss this constellation of properties
(which also occurs in knots D, E, and F). The extremely
high polarizations that appear to be present about from0A.5
the nucleus are greatly a†ected by galaxy subtraction (the
surface brightness of the galaxy at this point is D3500 ADU
pixel~1, whereas the jet is only D150 ADU pixel~1 in I).

We turn next to knot D, another highly active region, in
which our HST monitoring (B98,B99) has revealed several
components moving at apparent speeds up to 5c. Our data
(Fig. 3a) reveal signiÐcant polarized structure in the knot D
complex. At the upstream end of D-East, SPoptT \ 0.30
^ 0.06, and the optical MFPA is perpendicular to the jet.
Similarly to knot HST-1, we detect very little polarized
optical emission is the 2 p upper limit) at the(Popt \ 0.1
position of the Ñux peak in D-East, and the polarization
remains low in other interior regions of D-East. However,
along the northern and southern edges of D-East, signiÐ-

cant polarization is seen, with varying from 0.15 toPoptabout 0.60 (typical 1 p error of 0.06), and the optical MFPA
is primarily parallel to the jet axis. There is a peak at the
southern edge of D-Middle where reaches 0.85 ; thisPoptvalue is likely a†ected by small number statistics and inter-
polation as this is a low surface brightness region of the jet.
Just upstream from the Ñux maximum in D-West, the
optical MFPA begins to rotate both at the edges and in the
center of the jet ; at the position of the Ñux maximum in
D-West the optical MFPA is rotated by D45¡ and appears
to remain roughly constant through the remainder of the
knot.

Knot E, D6A from the nucleus (Fig. 4a), is the faintest
knot in the inner jet. The knot is characterized by lower
surface brightness emission that begins about 1A down-
stream from the western edge of knot D. The region of the
Ñux maximum is unresolved in our WF observations (Fig.
4), but at the higher resolution of the PC image (Fig. 1) it is
resolved into a double structure. The optical and radio
emission (Fig. 3) are distributed somewhat di†erently, with
the radio image showing a somewhat brighter eastern edge.
Because of the low surface brightness of this feature, it is
difficult to determine an average polarization Ðgure for it.
We can therefore only describe its polarimetric character-
istics in more general terms. A few tenths of an arcsecond

FIG. 5.ÈTop : Contour map of the optical structure of the knots I, A,
and B, with magnetic Ðeld polarization vectors overlaid. A 1A vector corre-
sponds to 300% polarization. Bottom : Corresponding region in the radio.
North is at the top, and east is at the left. The optical and radio images are
contoured as in Fig. 3. The high and low optical polarization features in
this region are labeled to avoid confusion.

Pol. AND flux max.

Radio and optical polarisation peaks
and troughs often not in same place
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High-polarisation regions II

• Near edge of jet (also seen in radio)

• B aligned with jet edge

• Unpolarised valley in jet centre

• e.g. 3C15, 3C 346, 3C 371
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Fig. 7.— Optical polarimetry of the 3C 371 jet. At top left, Stokes I (total intensity) without

point source or galaxy subtraction, and at top right Stokes I with our model subtracted.
At bottom left, fractional polarization (colors) overlaid with contours of total flux - red

indicates >∼ 30% polarization. At bottom right, contours of total intensity superposed with
polarization (apparent B field) vectors; a vector 1′′ long represents 350% polarization; and
contours are spaced by

√
2. The apparent negatives surrounding the nucleus are residuals

from galaxy subtraction, combined with point-source mitigation techniques described in the
text. Note the rich polarization structure in this jet, with large variations in both degree and

direction of polarization. Perhaps most prominent is the large, low-polarization “channel”
that appears to extend down the length of the brightest jet component. See §3 for discussion.

frac. pol., red = high Apparent B
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What have we learned?

• 3C 273 with Spitzer/Chandra: 

• SED+Spitzer links X-ray and optical

• High optical polarisation implies 
synchrotron, hence X-ray synchrotron

• Flow is inhomogeneous, forget 1-zone 
models!!! (already Jester et al. 2002) 

• Beginning to get

• detailed optical SEDs for other jets

• good HST polarimetry for low-power jets

• Still need polarimetry for high-power high-z 
jets like 3C 273, 0637-752, 1229-021
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Open Questions

• Why are locations and sizes of “knots” 
mostly wavelength-independent?

• What creates polarisation features?

• Does IC-CMB work?

• Need more SEDs including Spitzer/ALMA, 
more comparisons radio↔X-ray spectrum

• Test bulk deceleration models using 
polarisation properties (Laing et al.)

• Cutoff conspiracy: why is Compton valley 
apparently always near optical?
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More questions

• Optical hot spots seem understood:

• Shock-accelerated particles (Fermi)

• Low-power hot spots have lower B-field, 
hence smaller losses and more optical em.  
(Meisenheimer et al. 1997, Prieto et al. 
2002, Brunetti et al. 2003)

• In jets:

• What is the acceleration mechanism?

• Is there a similar “Loss sequence”?

• Again: need more detailed SEDs!
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The future

• Post-HST space-based optical jet astronomy:

•  

• Instead:

• Ground-based AO polarimetry?

• A real optical/UV HST replacement?

• Do “X-ray polarimetry” in optical band!

• LOFAR: map low-energy end of electron 
population directly in radio band

• Test IC/CMB model predictions in optical 
(cutoff conspiracy)

www.astro.soton.ac.uk/~jester/3C273.html


