
Durham Research Online

Deposited in DRO:

04 July 2014

Version of attached �le:

Published Version

Peer-review status of attached �le:

Peer-reviewed

Citation for published item:

Smail, I. and Blundell, K.M. (2013) 'X-ray emission around the z = 4.1 radio galaxy TN J1338-1942 and the
potential role of far-infrared photons in AGN feedback.', Monthly notices of the Royal Astronomical Society.,
434 (4). pp. 3246-3251.

Further information on publisher's website:

http://dx.doi.org/10.1093/mnras/stt1240

Publisher's copyright statement:

This article has been accepted for publication in Monthly Notices of the Royal Astronomical Society c© 2014 The

Authors. Published by Oxford University Press on behalf of The Royal Astronomical Society. All rights reserved.

Additional information:

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in DRO

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full DRO policy for further details.

Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971

https://dro.dur.ac.uk

https://www.dur.ac.uk
http://dx.doi.org/10.1093/mnras/stt1240
http://dro.dur.ac.uk/12882/
https://dro.dur.ac.uk/policies/usepolicy.pdf
https://dro.dur.ac.uk


MNRAS 434, 3246–3251 (2013) doi:10.1093/mnras/stt1240
Advance Access publication 2013 July 29

X-ray emission around the z = 4.1 radio galaxy TN J1338−1942
and the potential role of far-infrared photons in AGN feedback

Ian Smail1‹ and Katherine M. Blundell2
1Institute for Computational Cosmology, Durham University, South Road, Durham DH1 3LE, UK
2University of Oxford, Astrophysics, Keble Road, Oxford OX1 3RH, UK

Accepted 2013 July 5. Received 2013 July 2; in original form 2013 May 7

ABSTRACT
We report the discovery in an 80-ks observation of spatially extended X-ray emission around the
high-redshift radio galaxy TN J1388−1942 (z = 4.11) with the Chandra X-ray Observatory.
The X-ray emission extends over a ∼30-kpc diameter region and although it is less extended
than the GHz-radio lobes, it is roughly aligned with them. We suggest that the X-ray emission
arises from inverse-Compton (IC) scattering of photons by relativistic electrons around the
radio galaxy. At z = 4.11, this is the highest redshift detection of IC emission around a
radio galaxy. We investigate the hypothesis that in this compact source, the cosmic microwave
background (CMB), which is ∼700× more intense than at z ∼ 0 is nonetheless not the relevant
seed photon field for the bulk of the IC emission. Instead, we find a tentative correlation between
the IC emission and far-infrared luminosities of compact, far-infrared luminous high-redshift
radio galaxies (those with lobe lengths of �100 kpc). Based on these results, we suggest that
in the earliest phases of the evolution of radio-loud active galactic nuclei at very high redshift,
the far-infrared photons from the co-eval dusty starbursts occurring within these systems may
make a significant contribution to their IC X-ray emission and so contribute to the feedback
in these massive high-redshift galaxies.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: individual: TN J1338−
1942.

1 IN T RO D U C T I O N

Deep X-ray observations with the Chandra X-ray Observatory
and the XMM–Newton satellite have detected spatially extended
X-ray emission around more than a dozen powerful radio sources at
z � 2 (Carilli et al. 2002; Fabian et al. 2003, 2009; Scharf et al.
2003; Blundell et al. 2006; Erlund et al. 2006; Johnson et al. 2007;
Erlund, Fabian & Blundell 2008; Smail et al. 2009, 2012; Laskar
et al. 2010; Blundell & Fabian 2011). This emission can extend
out to �0.1–1 Mpc and usually traces the morphology of the radio
emitting lobes in these systems (as well as more crudely the mor-
phology of the giant Lyα haloes often found around these galaxies,
e.g. Scharf et al. 2003). The spatial coincidence of the X-ray emis-
sion with the radio lobes in most sources, along with its typical
photon index of �eff ∼ 2 (Smail et al. 2012, hereafter S12), means
that this emission is usually interpreted as arising from inverse-
Compton (IC) scattering of cosmic microwave background (CMB)
photons by relativistic electrons with γ ∼ 1000 in the radio lobes
(e.g. Carilli et al. 2002).

� E-mail: ian.smail@durham.ac.uk

At high redshift, z � 1, the primary source of photons for the
IC emission from radio galaxies is expected to be the CMB, due to
its ubiquitous nature and its strongly increasing energy density at
higher redshifts, ρCMB ∝ (1 + z)4 (Jones 1965; Harris & Grindlay
1979; Nath 2010). However, at lower redshifts, z � 1, it has been
shown that far-infrared (IR) photons from nuclear starbursts and/or
hidden QSOs in radio galaxies can also provide an important contri-
bution to their X-ray emission through IC scattering (Brunetti, Setti
& Comastri 1997; Brunetti et al. 1999; Ostorero et al. 2010). IC
scattering of locally produced far-IR photons from dusty starbursts
has also been suggested as a component of the X-ray emission
from low-redshift ultraluminous IR galaxies (Colbert, Wilson &
Bland-Hawthorn 1994; Moran, Lehnert & Helfand 1999). Such a
far-IR-driven component of any IC X-ray emission may also occur
in the more distant sources, especially because many higher redshift
radio galaxies are also luminous far-IR emitters, with characteristic
luminosities which rapidly increase with redshift, LIR ∝ (1 + z)3

(Archibald et al. 2001). As Scharf et al. (2003) showed for 4C 41.17,
a radio galaxy with LIR ∼ 1013 L� at z = 3.8, such extreme far-IR
luminosities mean that the far-IR photons from the dust-obscured
starburst can potentially exceed the CMB photon density on scales
of �100 kpc. Thus, it is possible that the luminous IC X-ray
emission around compact radio sources at very high redshifts is

C© 2013 The Authors
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in fact arising from a combination of two locally produced com-
ponents: γ ∼ 100 electrons in the radio lobes and far-IR photons
(λ ∼ 100 µm) from the intense starburst occurring within these sys-
tems. The resulting IC X-ray emission is then sufficient to ionize
the gas around these galaxies, helping to form the extended Lyα

haloes which are frequently observed (e.g. van Breugel et al. 1998).
As noted by S12, this process would represent a highly effective
feedback mechanism, with the active galactic nuclei (AGN) and star-
burst activity in these galaxies combining to boost their influence on
cooling gas surrounding them, and in doing so affecting evolution
of the most massive galaxies seen in the local Universe. However,
thus far, much of the evidence for the role of starburst-derived far-
IR photons in the IC X-ray emission around high-redshift radio
sources is circumstantial (see the discussion in S12). Hence, further
observations are essential to test the claimed links between far-IR
and IC emission and between IC X-ray emission and the formation
of extended Lyα haloes.

In this paper, we analyse an 80-ks archival Chandra observation
of TN J1338−1942, a powerful radio galaxy at z = 4.11, which
is a luminous far-IR source and exhibits a striking extended Lyα

halo. We detect faint X-ray emission over a ∼30-kpc region which is
roughly aligned with the radio lobes of this asymmetric radio source.
This is one of the highest redshift detections of X-ray emission
around a radio source and the highest redshift detection for a radio
galaxy (extended IC X-ray emission has been reported around radio-
loud quasars at z = 4.3 and 4.7; Siemiginowska et al. 2003; Yuan
et al. 2003; Cheung 2004; Cheung et al. 2012). As such this system
provides a potential test of the competing sources of IC production
photons: either the CMB or local far-IR photons, and their influence
on the gas surrounding the radio galaxy.

For our analysis, we adopt a cosmology with �m = 0.27,
�	 = 0.73 and H0 = 71 km s−1 Mpc−1, giving an angular scale
of 7.0 kpc arcsec−1 at z = 4.11, a luminosity distance of 37.7 Gpc
and an age of the Universe at this epoch of 1.5 Gyr.

2 O B S E RVAT I O N S A N D A NA LY S I S

The radio source TN J1338−1942 (RA: 13 38 26.11,
Dec.: −19 42 32.0, J2000, hereafter TN J1338) was reported by
de Breuck et al. (1999) as having redshift z = 4.11. This makes
it one of the highest redshift radio galaxies known in the South-
ern hemisphere and as a result it has been the subject of extensive
multiwavelength studies (Pentericci et al. 2000; Venemans et al.
2002; de Breuck et al. 2004; Reuland et al. 2004; Zirm et al. 2005;
Intema et al. 2006; Overzier et al. 2008, 2009). These studies have
demonstrated that TN J1338 is a massive, far-IR luminous galaxy
surrounded by a Lyα halo with an extent of 150 × 40 kpc and
that it resides in the core of an overdense structure of Lyα emitters
and Lyman-break galaxies which have formed just ∼1.5 Gyr after
the big bang. The radio galaxy is compact, with a lobe diameter
of ∼35 kpc and a very asymmetric distribution, with the brighter
northern lobe lying close to the faint core emission (Fig. 1).

Using the 850-µm flux of 6.9 ± 1.1 mJy from Reuland et al.
(2004), along with their 450-µm limit, we estimate a 8–1000 µm
IR luminosity of (7.4 ± 1.1) × 1012 L� assuming a modified black-
body spectral energy distribution with β = 1.5 and a characteristic
dust temperature of Td = 45 K (see S12). We also determine a
408-MHz luminosity of (6.5 ± 0.4) × 1044 erg s−1 from the ob-
served 365-MHz flux of 0.72 ± 0.14 Jy, assuming a radio spectrum
with frequency, ν, which is proportional to να with α ∼ −1 (the
average spectral index between 74 MHz and 1.4 GHz is −0.97 ±
0.06; Condon et al. 1998; Cohen et al. 2007).

The field of TN J1338 was observed for 82.4 ks with Chandra
during 2005 in FAINT mode using the ACIS-S with the target
placed on the nominal aim point on the back illuminated S3 chip.
The target was observed on three occasions for 32.4 ks on 2005
August 29 (ObsID: 5735), 25.2 ks on 2005 August 31 (ObsID:
6367) and a further 24.8 ks on 2005 September 3 (ObsID: 6368).
We retrieved these data from the Chandra archive and analysed

Figure 1. Three multiwavelength views of the region around TN J1338: (left) the 1.4-GHz VLA map from de Breuck et al. (2004) contoured over the Chandra
0.5–8 keV X-ray observations. This shows that the X-ray emission extends southwards from the core (which is merged with the northern lobe in this relatively
low-resolution radio map) to a radius of ∼20 kpc, which is somewhat smaller than the southern radio lobe size and the X-ray emission is also misaligned
with the lobe axis. The lowest contour is 4σ (1σ is 15 µJy per beam) and the increments are factors of 10 times, the VLA beam is 2.3 arcsec × 1.3 arcsec
at a PA = 0◦. The X-ray map has been smoothed with a 1 arcsec full width at half-maximum Gaussian kernel to better match the radio resolution. (Centre)
the Lyα distribution (blue contours) and 8.3-GHz VLA map (red contours) plotted on the smoothed 0.5–8 keV X-ray observations. We see that the Lyα is
both significantly more extended than the X-ray emission (especially to the north, where the Lyα emission extends to �100 kpc, Venemans et al. 2002). The
Lyα map is from Venemans et al. (2002) and we truncate the highest surface brightness regions to better show the 8.3-GHz emission from the core and radio
lobes in the central regions of this compact radio source. (Right) A ‘true’ colour image of the field constructed from the HST ACS F775W and Spitzer IRAC
4.5 and 8-µm images, with the contours showing the smoothed Chandra 0.5–8-keV emission. Note the very red (8-µm peaker) source which lies ∼50 kpc in
projection to the west of TN J1338. Similarly, very red companions are seen around other high-redshift radio galaxies which exhibit luminous far-IR emission,
suggesting a possible association with the triggering of the combined AGN and starburst activity through interactions (Ivison et al. 2008, 2010, 2012).
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them in the same manner as Scharf et al. (2003) and S12. We used
version 7.6.11 of the Chandra X-ray Center pipeline software for
the initial data processing. We derived light curves for all three
observing sets, having masked all bright sources in the field, and
found no significant flaring events in any of the data sets. We then
register each set of observations by running WAVDETECT to generate
a list of sources and matching these to the archival 4.5-µm Spitzer
Space Telescope IRAC images of the field (Fig. 1) which are aligned
to FK5. In this manner, we confirm that the absolute astrometry of
the resulting image is ∼0.4 arcsec. The final analysis step was then
to merge the observations and construct images and exposure maps
using the standard ASCA grade set (ASCA grades 0, 2, 3, 4, 6) for
three bands: 0.5–8.0 keV (full band), 0.5–2.0 keV (soft band) and
2–8 keV (hard band).

The resulting effective on-source exposure time for the com-
bined observations was 77.5 ks and, after masking the emission
from the core of the radio source (Fig. 1) by interpolation, we
measure a total background-corrected count of 13+4

−3 cts in the 0.5–
8-keV band within a 30-kpc diameter aperture (4 arcsec) centred
on the radio galaxy nucleus. The appropriate background was de-
termined from randomly placed apertures across the field. This
corresponds to a net count rate of (1.7 ± 0.5) × 10−4 cts s−1.
Converting this count rate we determine an observed, unabsorbed
0.5–8-keV flux of (1.3 ± 0.4) × 10−15 erg s−1, assuming �eff = 2
as expected for IC emission1 and a Galactic H I column density of
7.1 × 1020 cm−2. The corresponding observed-frame 0.5–8-keV lu-
minosity is (2.2 ± 0.7) × 1044 erg s−1. We estimate a 2–8 keV/0.5–
2 keV flux ratio of 1.1 ± 0.3, indicating a photon index for the
emission of �eff ∼ 1, with a 30 per cent uncertainty. Adopting this
photon index to derive the observed flux would increase the esti-
mated flux by ∼60 per cent and we discuss the influence of this on
our results below.

3 R ESULTS

We show the smoothed full-band (0.5–8 keV) X-ray map of
TN J1338 in Fig. 1. This figure also compares the X-ray emission to
the radio and optical/mid-IR morphology of the radio galaxy, using
the 1.4-GHz radio map from de Breuck et al. (2004), a 8.5-GHz
radio map retrieved from the Very Large Array (VLA) archive and
archival Spitzer Space Telescope IRAC mid-IR imaging and Hub-
ble Space Telescope (HST) F775W ACS optical imaging (the latter
has been smoothed to match the resolution of the IRAC imaging
data with which it is combined). Finally, Fig. 1 also illustrates the
relationship of the extended X-ray emission to the morphology of
the Lyα halo around TN J1338 (Venemans et al. 2002).

As Fig. 1 shows, we detect X-ray emission coincident with the
core of the radio galaxy, which is merged with the northern radio
lobe in the relatively low-resolution VLA 1.4-GHz map (but re-
solved at 8.5-GHz). In addition, we see very faint extended X-ray
emission around TN J1338 extending out to a radius of ∼20 kpc and
aligned within ∼20◦ with the axis of the radio lobes. The brightest
X-ray emission lies to the south of the core and we estimate the
likelihood that this represents a chance alignment of an unrelated
X-ray source as 0.001, which along with the absence of a coun-
terpart in the optical or mid-IR (Fig. 1) suggests that this extended
X-ray emission is associated with the radio source.

1 The weighted mean photon index for the IC emission in a sample of 10
high-redshift radio sources derived by S12 is 1.98 ± 0.07.

The X-ray emission could arise from thermal bremsstrahlung
emission from gas in a deep potential well (cluster) around the
radio galaxy. However, a cluster with such a high X-ray luminos-
ity, ∼2 × 1044 erg s−1 (60 per cent higher if we use a photon in-
dex of �eff ∼ 1) similar to Coma, would be, by a large margin,
the highest redshift luminous X-ray cluster: at nearly three times
the redshift of the currently furthest X-ray confirmed clusters, at
z ∼ 1.5. We view this as unlikely and so discard this explanation,
although it remains possible that this is thermal X-ray emission
driven by the growth of the radio source into the clumpy intergalac-
tic medium surrounding the galaxy. Although comparably extended
X-ray emitting jets have been found around some high-redshift
radio-loud quasars (e.g. Schwartz et al. 2000; Siemiginowska et al.
2007), we rule out a synchrotron origin for the X-ray emission as
there are no compact structures (resembling the shocks of jet knots
and hotspots) in the GHz-frequency radio maps (Fig. 1).

Instead, we suggest that this extended X-ray emission arises from
the IC scattering of lower energy photons by relativistic electrons
associated with lobes of synchrotron plasma that have (recently
or previously) been fuelled by the collimated jets from the radio
galaxy central engine. This explanation is the same as has been
proposed for extended X-ray emission around similarly luminous
radio galaxies at z ∼ 2–3.8 (see Section 1), although, we note that in
this example the X-ray emission is not well aligned with the radio
lobe (as in the case of the precessing jet source 3C294; Erlund et al.
2008) and in addition it extends to a shorter distance than the lobe
(as in the case of, e.g., 6C 0905; Blundell et al. 2006). However,
this may simply reflect the challenge of detecting faint emission
from relic-synchrotron plasma around this very distant source and
we return to this point in the discussion.

One particularly noteworthy feature of TN J1338 is the small
size of the radio source and its asymmetric morphology (best seen
in the higher resolution 8.5-GHz map – Fig 1; see also de Breuck
et al. 1999). TN J1338 is more compact than any of the other high-
redshift radio galaxies which exhibit IC X-ray emission in S12,
likely reflecting the youth of the radio source (Blundell & Rawlings
1999). High asymmetries are seen more frequently in compact,
young sources (e.g. Saikia et al. 2002) and this asymmetry may
have an environmental origin (McCarthy, van Breugel & Kapahi
1991), although orientation and beaming effects are also possible.

4 D I SCUSSI ON

We propose that the extended X-ray emission around the z = 4.11
powerful radio galaxy TN J1338 arises from IC emission and we
now discuss the insights this observation can provide into the photon
and electron populations on which the IC process depends.

4.1 Which seed photons are up-scattered by the relativistic
photons?

In principle, there are two candidate seed photon fields that could
be playing a role in producing IC scattered X-ray emission: CMB
photons and far-IR photons from the starbursts within the host
galaxy. The former would require relativistic electrons with Lorentz
factors of γ ∼ 1000 while the latter would require electrons with
Lorentz factors of γ ∼ 100 to produce KeV X-ray emission.

To assess the prevalence of these two contributions, we first fol-
low S12 and consider the variation in LX/L408 MHz with redshift,
which in a naive model of a non-evolving radio galaxy should de-
pend only on the photon density and the magnetic field in the lobes.
If the X-ray emission were predominantly driven by an increasing
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Figure 2. Two plots showing the variation of the X-ray to radio luminosity ratio, LX/L408 MHz, of the IC emission around high-redshift radio galaxies as a
function of either their redshifts (left-hand panel) or far-IR luminosities (right-hand panel), using the literature compilation and data from S12. We differentiate
the radio galaxies in terms of their radio lobe lengths (see S12) and in the right-hand panel, also in terms of redshift. In the left-hand panel, we plot a toy-model
track illustrating the behaviour expected for a fixed-energy bath of relativistic electrons if the IC emission is being driven by the CMB photon field, whose
density rises as (1 + z)4. As can be seen, the data from S12 shows little evidence of such a trend and the inclusion of the new highest redshift detection for
TN J1338, with a low LX/L408 MHz ratio, does not change this conclusion. In contrast, adding TN J1338 to the data plotted in the right-hand panel does appear
to strengthen the weak correlation which S12 claimed between the IC emission and the total IR luminosity of the radio galaxies, especially if we remove the
larger radio sources. We plot a linear fit (1σ limits shown as the grey region), derived from a Monte Carlo median absolute deviation fitting routine, to the six
radio sources with lobe lengths of <100 kpc, obtaining a gradient of 0.92 ± 0.18, consistent with unity. These plots are adapted from S12.

CMB photon field, this ratio would increase with redshift (in the
absence of systematic evolution in the magnetic fields or electron
populations in radio galaxies with similar powers, sizes and ages).
In Fig. 2, we plot LX/L408 MHz versus redshift and include our new
observations of TN J1338 along with the sample of IC-detected
high-redshift radio galaxies compiled by S12. Adding TN J1338, at
the highest redshift, to the S12-compilation does not change their
earlier conclusion: that there is no evidence of a correlation between
LX/L408 MHz and redshift (as expected from the analysis of Mocz,
Fabian & Blundell 2011). This allows us to reject a very simple
model where the IC emission is driven by the CMB and all the
sources have comparable powers and ages. We also see that, if we
separate the sources on the basis of lobe size, in the expectation
that the X-ray emission in the very largest systems cannot feasibly
be driven by far-IR emission from the radio galaxy (Laskar et al.
2010), there is still no obvious trend with redshift. We conclude that
either the CMB-driven component of the IC emission is not domi-
nant, or if it is, then any evolving contribution to the IC scattering
from CMB photons is being masked by differences in the electron
populations and magnetic field strengths of the lobes in different
sources (e.g. Mocz et al. 2011) at the different epochs in their life
cycles at which we observe them.

In Fig. 2, we also plot LX/L408 MHz against LIR to discern any po-
tential contribution from the far-IR emission from the radio galaxy
to the IC emission. In contrast to the plot versus redshift, this shows
a modest correlation, which is more obvious in the smaller, higher
redshift radio galaxies. If we fit a linear relation to the more com-
pact radio sources, those with <100-kpc diameter lobes, we derive
a gradient of 0.92 ± 0.18, consistent with unity. The median ab-
solute dispersion around the best-fitting linear trend reduces by
∼35 per cent when TN J1338 is included in the fit. We also use
a simple Monte Carlo simulation to assess the significance of the
correlation, finding a ∼0.5 per cent chance that the observed corre-

lation of LX / L408 MHz and LIR arises by random chance. As noted
earlier, our constraint on the photon index of the X-ray emission
around TN J1338 is weak, if we instead adopt �eff ∼ 1 then the
ratio of LX/L408 MHz will increase by ∼60 per cent, but this has no
significant effect on the correlation in Fig. 2. As suggested by S12,
we therefore conclude that in the majority of more compact high-
redshift radio galaxies, their luminous, dusty starbursts may be a
significant source of the photons driving their IC emission.

4.2 What is the relationship of the IC X-ray, radio
and Lyα emission?

A comparison of the structures of the radio, X-ray and Lyα emission
around TN J1338 shows up some striking differences, especially
when compared to other previously studied z � 2 radio galaxies
with IC X-ray emission (e.g. Carilli et al. 2002; Scharf et al. 2003;
Blundell et al 2006; Erlund et al. 2006, 2008; Johnson et al. 2007;
Smail et al. 2009; S12) and Lyα haloes (Knopp & Chambers 1997;
Pentericci et al. 1997; van Breugel et al. 1998). These three emis-
sion components usually have similar size scales, but they can show
morphological anticorrelations in their detailed structure. For ex-
ample, the small-scale IC X-ray structure around the z = 3.8 radio
galaxy 4C 60.07 appears to be anticorrelated with the structure of its
Lyα halo (Smail et al. 2009) and a similar situation appears to hold
for 4C 23.56 at z = 2.48 (cf. Knopp & Chambers 1997; Blundell &
Fabian 2011).

We also see only the broadest correlation between the X-ray
and radio structures in TN J1338 (Fig. 1): the misalignment and
smaller extent of the X-ray compared to the GHz radio emission
indicates that, if the X-ray emission is IC driven, then the current
(GHz-radiating) synchrotron-plasma lobes are not the source of the
electrons responsible for the IC scattering. This then requires that
relic synchrotron plasma, no longer radiant at GHz frequencies,
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provides the relevant reservoir of relativistic electrons for the IC
scattering process, such as predicted by episodic models of jet ejec-
tion in quasars and radio galaxies (Nipoti, Blundell & Binney 2005;
Blundell & Fabian 2011). If this speculation is correct then it sug-
gests in turn that lower energy (γ ∼ 100) rather than higher energy
(γ ∼ 1000) electrons are plentiful, which is in accordance with
the picture that far-IR photons dominate the upscattering process
(rather than CMB photons which must scatter from the rarer, higher
energy electrons with γ ∼ 1000).

There are also mismatches between the compact scale of the
radio and X-ray emission and the much more extended northern
Lyα ‘lobe’ which spans over 15 arcsec (100 kpc) from the radio
core (Fig. 1; Venemans et al. 2002). We have searched for extended
X-ray emission associated with the Lyα lobe in the hard and soft
band Chandra images and find no emission above the background
in this region. Given the short cooling time-scale expected for the
Lyα halo (Geach et al. 2009), it appears unfeasible that it represents
cooling associated with the current radio lobe or its direct IC X-ray
emission, as proposed for other high-redshift radio sources (Scharf
et al. 2003; S12). Very speculatively, we suggest that the Lyα halo
could represent cooling associated with heating by IC scattering
from an even older synchrotron plasma produced by an earlier
phase of activity, whose Lorentz factors of �100 could upscatter
CMB photons into UV photons. Long-baseline (�1000-km) low-
frequency radio observations, similar to those made possible by the
most extended configurations of LOFAR, including LOFAR-UK,
would be needed to search for this electron population and compare
its distribution to that of the Lyα emission to test this suggestion.
Until such observations are available, the lack of correspondence
between the Lyα halo and the radio and X-ray emission in this
system remains a puzzle.

5 C O N C L U S I O N S

We analyse a deep archival Chandra X-ray observation of the pow-
erful radio galaxy TN J1338−1942 at z = 4.11 and detect faint
X-ray emission extending over a ∼30-kpc region around the radio
core. We propose that the X-ray emission most likely arises from IC
scattering, by relativistic electrons in the synchrotron plasma lobes,
of submillimetre photons from the CMB or far-IR photons from the
dusty, starburst in this galaxy. This is one of highest redshift detec-
tions of IC X-ray emission around a radio source and the highest
known for a radio galaxy.

We compare the relative strength of the X-ray and radio emission
in this system to other high-redshift, IC-emitting radio sources from
the literature. On the basis of this and other evidence we find support
for the claim that the IC emission in the majority of these systems
(those with radio lobes with sizes less than ∼100 kpc) may be
enhanced by the far-IR photons from the dusty starbursts occurring
in these active high-redshift galaxies.

It has been proposed that the luminous IC X-ray emission around
compact, high-redshift far-IR-luminous radio galaxies represents a
significant feedback process (Scharf et al. 2003; S12). The particle
and photon emission from the lobes and starburst in these massive,
radio-loud composite AGN and starbursts, would combine to pro-
duce intense X-ray emission distributed across 10–100 kpc scales,
encompassing the densest regions of the gas reservoir surrounding
these galaxies. The heating from these X-rays can help create an
ionized halo of gas and as a result reduces the amount of mate-
rial available to cool on to the galaxy and subsequently form stars.
However, we stress that in TN J1338 we see little correspondence
between the very extended Lyα cooling halo around the galaxy and

its more compact KeV X-ray and GHz radio emission, which argues
for a more complex origin for this feature.
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