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Chapter 3

Onthe X-rayemissionofz ∼ 2 radio
galaxies:ICscatteringofthe CMB&no
evidenceforfully-formedpotential

wells

Abstract.Wepresentthe resultsof20ks Chandraobservationsfor eachof5 radiogalaxies inthe red-
shiftrange 2.0 < z < 2.6. The goals were to(i) studythenatureoftheir non-thermalX-rayemission,
(ii) investigate the presence andamountofhotgas, and(iii) lookfor active galacticnuclei(AGN)
overdensities infields aroundhighredshiftradiogalaxies. For 4 ofthe 5 targets we detectunre-
solvedX-raycomponentscoincidentwiththe radionuclei. Fromspectralanalysisofoneofthecores
andcomparisontothe empiricalradiotoX-rayluminosityratio(LR/LX) correlationfor AGN, we
findthatthecores are underluminous intheX-raysindicatingthatobscuring material(n(HI) ∼1022

cm−2) maybe surrounding the nuclei. We detectX-rayemissioncoincidentwiththe radiohotspots
or lobes in4 ofthe 5 targets. This extendedemissioncanbe explainedbythe Inverse Compton(IC)
scattering ofphotons thatmake upthe cosmicmicrowave background(CMB). The magneticfield
strengths of∼ 100− 200 µG thatwe derive agree withthe equipartitionmagneticfieldstrengths.
The relative ease withwhichthe lobe X-rayemissionis detectedis a consequence ofthe (1+ z)4

increaseinthe energydensityoftheCMB.Foroneofthelobes, theX-rayemissioncouldalsobepro-
ducedbya reservoir ofhot, shockedgas. AnHSTimage ofthe regionaroundthis radiocomponent
shows brightopticalemissionreminiscentofa bow-shock. Byco-adding the 5 fields we createda
deep, 100 ks exposure tosearchfor diffuse X-rayemissionfromthermalintra-cluster gas. We detect
nodiffuse emissionandderive upper limits of∼1044 erg s−1, therebyruling outa virializedstruc-
ture ofcluster-size scale atz ∼ 2. The average number ofsoftX-raysources inthe fieldsurrounding
the radiosources is consistentwiththe number densityofAGNinthe Chandra DeepFields, with
onlyone ofthe fields showing a marginallystatisticallysignificantfactor 2 excess ofsources with
f0.5−2keV > 3×10−15 erg s−1 cm−2. Analysis ofthe angular distributionofthefieldsources shows no
evidence for large-scale structure associatedwiththe radiogalaxies, as was observedinthe case of
PKS1138–262byPentericcietal. (2002).

R. A. Overzier, D. E. Harris, C. L. Carilli, L. Pentericci, H. J. A. Röttgering&G. K. Miley
Astronomy& Astrophysics, 433, 87(2005)

41



42 CHAPTER 3. ON THE X-RAY EMISSION OF z ∼ 2 RADIO GALAXIES

3.1 Introduction

Radio galaxies can be used to trace the forma-
tion and evolution of the most massive galaxies
known at high redshift. They usually have con-
tinuum morphologies suggestive of the merg-
ing of L∗ systems (e.g. Pentericci et al. 1999,
2001), and are surrounded by large reservoirs of
line emitting gas (e.g. van Ojik et al. 1997) that
are comparable in size to cD galaxy envelopes.
High redshift radio galaxy (HzRG) fields tar-
geted by broad and narrow band imaging and
spectroscopy have been found to locate ’pro-
toclusters’. They have large excesses of Lyα
and/or Hα emitters, Lyman break galaxies and
extremely red objects (e.g. Pentericci et al. 2000a;
Kurk et al. 2000;Kurk et al. 2003;Venemans et al.
2002;Miley et al. 2004). Thus, HzRGs act as bea-
cons to the progenitors of present-day galaxy
clusters (see also e.g. Windhorst et al. 1998;Ivi-
son et al. 2000;Brand et al. 2003;Smail et al.
2003;Stevens et al. 2003). Finding these distant
(i.e. z & 2) protoclusters is important for con-
strainingmodels of structure formation and cos-
mology.

Radio continuum polarimetric observations
of HzRGs have revealed large rotationmeasures
(RM) and large RM gradients. At z & 2 the
typical RM observed is several hundreds rad
m−2, but extreme values of > 1000 rad m−2

are not uncommon (Carilli et al. 1997;Athreya
et al. 1998;Pentericci et al. 2000). It is be-
lieved that RM arises from ’Faraday screens’in
our galaxy (i.e. the interstellar medium, ISM),
in intervening galaxies and clusters, or near
the source itself. At low redshifts, most ra-
dio galaxies have relatively small RM values
that can be attributed to the local ISM (Simard-
Normandin & Kronberg 1980;Leahy 1987, and
references therein). However, RM values ob-
served towards HzRGs are significantly larger,
and are believed to be due to Faraday screen-
ing of extra-galactic origin somewhere along the
line of sight. Athreya et al. (1998) show that the
chance superpositions of distant radio sources
and intervening systems such as foreground
Abell clusters and damped Lyα absorbers are
too small to explain the fraction of high RMs ob-

served. Likewise, the expected RMs from such
intervening systems are too small to account
for the high values seen towards distant radio
sources. Hence, the large RM values may oc-
cur in a medium close to the source, although it
is unclear whether they are caused by extended
cluster-sized media or smaller gas distributions
on scales comparable to the radio sources (e.g.
Carilli et al. 2002). Some radio galaxies at
low redshift have extremely large values of RM
that are caused by Faraday rotation in so-called
’cooling flow’cluster atmospheres (e.g. 3C 295;
Perley & Taylor 1991, see Carilli & Taylor (2002)
for a review on cluster magnetic fields). There
is evidence that the strength of cooling flows is
correlatedwith RM, indicating that RM is an in-
dicator of the fields in the intracluster medium
rather than the radio cocoon (Taylor et al. 1994;
Eilek & Owen 2002;Ensslin et al. 2003, but see
Rudnick & Blundell (2003)).

X-ray observations are also a powerful tool to
find deep, gravitational potential wells in the
early Universe. Diffuse X-ray emission caused
by thermal bremsstrahlung from a hot ICM, is
evidence for a bound system in which the gas is
in dynamical equilibrium with the galaxies and
the cold dark matter. Deep X-ray surveys have
uncovered significant numbers of rich galaxy
clusters out to z ∼ 1.2 (e.g. Rosati et al. 1999;
Stanford et al. 2001;Rosati et al. 2004). Remark-
ably, the diffuse ICM in these distant objects
traces the galaxy distribution, and their surface
brightness and temperature profiles are similar
to those of lower redshift clusters, indicating
that clusters formed very early in the history
of the Universe. The study of thermal emission
from HzRGs is important because of their sug-
gested linkage to cluster formation. However,
if an ICM is present in such structures at z >
1.5, the extreme cosmological surface brightness
dimming makes their detection very difficult.

So far only a handful of distant radio sources
has been studied with Chandra. Fabian et al.
(2003) performed a very deep (200 ks) study
of the radio galaxy 3C 294 at z = 1.79. They
observed a 100 kpc region of diffuse emission
bounded by sharp edges. Although some ther-
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mal component from the ICM could not be
ruled out, most of the emission was ascribed to
Inverse Compton (IC) scattering of the cosmic
microwave background (CMB) by an older pop-
ulation of electrons tracing out an hourglass-
shaped region around the radio source. Belsole
et al. (2004) foundweak cluster luminosities and
IC scattering among a sample of three bright
HzRGs. Carilli et al. (2002) found diffuse X-ray
emission around the radio galaxy PKS 1138–262
at z = 2.16, which is believed to be the form-
ing, massive galaxy at the center of a protoclus-
ter (Pentericci et al. 2000a; Kurk et al. 2000; Kurk
et al. 2003). However, the extended emission
is seen only along the radio axis, and is there-
fore believed to be associated with shocked ma-
terial inside the radio source. The upper limit
that Carilli et al. (2002) derive for the X-ray lu-
minosity of the ICM (∼ 40%of the luminosity
of the Cygnus A cluster, see e.g. Smith et al.
(2002)) is not unexpectedly low because there
has not been enough time since the big bang
for these structures at z ∼ 2 to form a suffi-
ciently deep potential well. Scharf et al. (2003)
detected extended X-ray emission around 4C
41.17 at z= 3.8 roughly following the radiomor-
phology. They conclude that the X-ray emis-
sion arises from ’Inverse Compton scattering
of far-infrared photons from a relativistic elec-
tron population probably associated with past
and current activity from the central object’, in
addition to a lesser contribution from the up-
scattering of CMB photons.

It is clear that the nature of the X-ray emis-
sion mechanisms operating in radio galaxies is
diverse. Better sample statistics are required to
enlarge our current understanding of e.g. the
dominant X-ray emission mechanisms, the role
of magnetic fields on galaxy and cluster-size
scales, the origin of the hot gas observed in X-
ray luminous clusters, and large-scale structure
associated with HzRGs. Here we present ob-
servations with the Chandra X-ray observatory
of five additional radio galaxies at z ∼ 2. The
sources were selected from a compendium of
z > 2 HzRGs, focusing on the lower end of the
redshift distribution in order to minimize sur-

face brightness dimming effects, while still be-
ing at high enough redshift to allow for cos-
mological evolution effects in source properties.
Sources were further selected on the presence
of one or more of the various characteristics:
distorted radio morphology, large rotation mea-
sure (≥ 1000 rad m−2), evidence for interaction
between Lyα and radio structure, and extended
Lyα absorption features.
Throughout this paper we assume H0 = 70
km s−1, ΩM = 0.3, and ΩΛ = 0.7. The resulting
scale factors range from 8.0 to 8.4 kpc arcsec−1

from z = 2.6 to z = 2. We will use power-law
spectra defined as Sν ∝ ν−α, where αisthe spec-
tralindex.

3.2 Observations

3.2.1 Observationsanddatareduction

Eachofthe 5 sources was observed for 20
ks withthe back-illuminated ACIS-S3chipon
Chandra, usingthe standard 3.2 s readouttimed
exposure mode and the fainttelemetryformat.
Sources were positioned atapproximately20′′

awayfrom the aimpoint. The data were pro-
cessed and analysed inJune 2003usingthe
Chandra data analysis package CIAO 2.31 to-
getherwithCALDB2.22. We appliedthe’ACIS-
ABS’scriptthatcorrects the Chandra auxiliary
response files for a continuous degradationin
the ACISquantumefficiency. We did notapply
the ’tgain’correctionthathas become standard
practice onlyinthemostrecentrelease ofCIAO
to correctfor the driftinthe effective detector
gaindue to anincrease inthe charge transfer
inefficiencyover time. However, for ACIS–S3
the resultingeffectonthe measured photonen-
ergies was ofthe order ofonly∼ 0.3%near the
end of2002 whenthe datawere taken.
A logofthe observations is giveninTable
1. 0156–252 was observed on2 separate dates,
because the initialobservationwas interrupted
after 11.5 ks bya highradiationshutdownof
the system due to anexcess ofsolar wind par-
ticles. To ease the analysis ofthese observa-
tions, the two exposures were merged into a

1
http://cxc.harvard.edu/ciao/
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Table3.1— Logofobservations. The last columnliststhe average galactic HI columndensityinthe directionofeach source
asgivenbyDickey& Lockman(1990).

Source R.A. Decl. z Datesofobservation Exposuretime n(HI)
(J2000) (J2000) (s) (×1020 cm−2)

0156–252 01h58m33.5s −24◦59′32.26′′ 2.09 2002-11-09 11477 1.34
2002-12-20 8401

0406–244 04h08m51.5s −24◦18′16.8′′ 2.44 2002-12-07 20179 3.30
0828+193 08h30m53.4s +19◦13′15.7′′ 2.57 2002-11-05 19212 3.72
2036–254 20h39m24.5s −25◦14′30.4′′ 2.00 2002-09-01 19660 4.92
2048–272 20h51m03.6s −27◦03′02.1′′ 2.06 2002-11-11 19555 6.29

single event file by ’reprojecting’ the events. A
lightcurve analysis of the other sources indi-
cates no further periods of significant fluctu-
ations in the count rates of source and large,
source-free background regions.

Radio images at 5 and 8 GHzwhere ob-
tained by Carilli et al. (1997) andPentericci et al.
(2000a) using the VLA in A configuration. The
noise is 50 µJy/beam at 5Ghzand 25 µJy/beam
at 8 GHz. The resolution of the observations
is 0.′′43 for the 5 GHzmaps and 0.′′23 for the
8 GHzmaps. Analysis of the radio data was
performed using the Astronomical Image Pro-
cessing System (AIPS) and theMultichannel Im-
age Reconstruction, Image Analysis and Dis-
play (MIRIAD) software.

We will also make use of observations ob-
tained with the Wide-Field Planetary Camera 2
(WFPC2) on HST. 0156–252 and 2048–272 were
observed as part of Program 8183 (PI:Miley),
and an image of 0406–244 was retrieved from
the HST archive (program 8338, PI:Lehnert).
0156–252 was observed for 4800 s and 2048–
272 for 7200 s, both through filter F555W. This
filter has a central wavelength of 5443 Å. 0406–
244 was observed for 2000 s through filter
F675W which has a central wavelength of 6718
Å. Measurements from these images were made
using the conversion from counts to flux den-
sity as given in the PHOTFLAM header key-
word of each image. To get to the flux den-
sity Sν (erg s

−1 cm−2 Hz−1) we calculate Sν =

(λ2/c)× (counts/texp)×PHOTFLAM (see Pen-
tericci et al. 1999, for a description of proce-

dures).

3.2.2 Image registration

To recover the inherent resolution of the Chan-
dra mirror/detector system, we removed the
pixel randomization added in the pipeline pro-
cessing and regridded our maps to 1/10 na-
tive ACIS pixel size. After applying a suitable
smoothing function, we were able to find the
position of the X-ray core to an accuracy of bet-
ter than 0.′′1 provided the core had sufficient sig-
nal to noise (S/N). We then shifted the images
to align the X-ray core with the radio core. The
typical shift needed was one half of an original
Chandra pixel in right ascension and/or declina-
tion, consistent with the known astrometric ac-
curacy. In the case of 2048–272 no shift was ap-
plied, because the nucleus was not detected in
either the radio or the X-rays.

3.2.3 Analysis

The Chandra images are shown in Fig. 3.1,
where yellow contours indicate the 4.7GHzra-
dio maps from Carilli et al. (1997) and Penter-
icci et al. (2000). We measured the X-ray counts
from the distinct radio components (e.g. cores
and lobes) using boxed or circular extraction re-
gions. The counts are background-subtracted
by using a large, point source free, annular re-
gion centered on the radio source. We restrict
our measurements to counts in the energy range
of 0.2–6 keVfor which the contribution of the
background is minimal. We calculate the total
net (i.e. background subtracted) counts N =
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S − B, where S and B are the counts in the
source region AS and the background region
AB, respectively. We consider a radio compo-
nent detected in the X-rays when N is greater
than its formal error, σN = [(σS)

2
+ (σB)2]1/2,

where σS = 1+ (S+ 0.75)1/2 and σB = [1+ (B+

0.75)1/2](AS/AB)fromGehrels(1986). Forunde-
tectedcomponentswecalculate 2σupper limits
inthe 0.2–6keVband usingthe above expres-
sionfor σN. Theupperlimitonfluxisestimated
by assumingapower-lawspectrumwithaspec-
tralindexof0.8 usingthe onlinetoolPIMMS2.
The procedure to convertcountsinto fluxes
isasfollows:we create exposure mapsfor the
soft(0.5–2 keV) and hard (2–6keV) band at
nominalenergies, and dividetheimagesineach
bandbythecorrespondingexposure mapto ob-
tainfluxed images. Whenextractingthe flux
for a givenregion, we calculate weightfactors
defined by the ratio ofthe average energy of
countsinthatregionto the nominalenergy of
eachexposure map. The totalfluxina region
isthencalculated by summingthe weighted
fluxesinthe two bands. We remarkthatour
method isslightly differentcompared to the
usualprocedure ofcalculatingfluxesfrom ex-
posure mapsusinga conversionfactor thatis
based onthe spectralresponse withinthegiven
band aswellasanassumedspectralenergy dis-
tribution. Our method ispreferred because it
allowsusto measure fluxes, withouthavingto
assume a specificspectralshape.
The measurementsare giveninTable 3.3.
Where indicated, fluxesare corrected for galac-
ticabsorptionusingPIMMS, assumingapower-
lawspectrum witha spectralindexof0.8 and
takingtheHIcolumndensityinthe directionof
eachsource from Dickey & Lockman(1990) in-
dicatedinTable 3.1. Allenergy rangesareinthe
observed frame, unlessstated otherwise.

3.3 Results

3.3.1 Sourcedescription

We willbriefly summarize some ofthe main
characteristicsofeachsource. Detailsonradio

2
http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html

Table3.2— Rotationmeasures, RMint = RMobs×(1+ z)2,
for the Northern(N.) andSouthern(S.) lobes ofeach source
takenfromthe literature.

Source RMint (rad m
−2) Refs.†

N. lobe S. lobe
0156–252 1528± 296 – 1
0406–244 880± 19 −705± 30 1
0828+193 – – 2
2036–254 3± 227 −3321±429 1
2048–272 590 – 3

† References:(1) Athreya etal. (1998), (2) Carilli
etal. (1997), (3) Pentericcietal. (2000).

observations, ground-based imagingand spec-
troscopy, andHubbleSpaceTelescope(HST) obser-
vationscanbe found inMcCarthy etal. (1996),
Carillietal. (1997), Pentericcietal. (1999), Pen-
tericcietal. (2001),Iwamuro etal. (2003) and ref-
erencestherein. Table 3.2summarizestheintrin-
sicrotationmeasures, RMint = RMobs× (1+ z)

2.

• 0156–252 atz = 2.09hasseveralcharacteris-
ticsreminiscentofthewell-studied radiogalaxy
PKS1138–262 (Carillietal. 2002;Pentericcietal.
2000a). Near-infrared continuum showsa host
galaxy extended over ∼ 2′′ parallelto the ra-
dio axis, and narrow-band Lyαshowsemission
line gasextended over the entire regionencom-
passed by the northernand southernradio hot
spots. The Lyα brightnessisata minimum
atthe positionofthe hostgalaxy and peaks
atthe locationwhere there isa sharpbend in
the (northern) radio jet, probably due to shock-
induced ionizationofthe gaswhere the radio
jetisdeflectedby denser material. Thenorthern
hotspothasanintrinsicRM of∼ 1000 rad m−2.
• 0406–244atz = 2.44consistsoftwo mainop-
tical/infrared continuum featuresaligned with
the radio axis(see Rushetal. (1997) for a de-
tailed study). The continuum componentslie
embeddedinalarge Lyαhalowithaspatialex-
tentof∼ 8′′ alongthe radio axis. Bothradio
lobeshave anintrinsicRM of∼ 1000 rad m−2

withopposite signs.
• 0828+193 atz= 2.57isthelargestradiosource
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in our sample (∼ 100 kpc). It has a jet-like fea-
ture north of the radio core. The northern lobe
contains several hot spots with a peculiar 90 de-
gree bend. The southern radio hotspot is unre-
solved. Pentericci et al. (1999) have identified
the radio core with the brightest optical compo-
nent of several clumps in a ∼ 2′′ region seen by
HST.
No RM is given for this source in Table 3.2,
since the fractional polarization at 8.2 GHz for
both lobes was below the 4σ sensitivity limit of
the observations (Carilli et al. 1997).
• 2036–254 at z = 2.00 is the only source in our
sample for which no optical/near-infrared data
are available. The radio core is most likely the
faint, compact component close to the southern
lobe. There is a pair of hot spots parallel to the
radio axis in the north. The southern lobe has a
RMint of ∼ 3500 rad m

−2.
• 2048–272 at z = 2.06 is among the ∼ 30% of
sources in the sample of Carilli et al. (1997) for
which the core is undetected. However, a bright
near-infrared object seen in between the lobes
is presumed to be the galaxy hosting the radio
source. The northern hot spot has a RMint of
∼ 590 rad m−2.

3.3.2 X-rayCores

We have detected X-ray cores in 4 of the 5 tar-
gets. No core was detected in the case of 2048–
272, and we note that the core was also not de-
tected in the radio maps indicating that nuclear
activity may have ceased. The core X-ray lu-
minosities are in the range LX[0.5−6keV] = 1.3×
1044− 2.3× 1045 erg s−1. 0156–252 has > 4× the
luminosity of the other cores. We place an up-
per limit on the core luminosity of 2048–272 of
7 × 1043erg s−1. Hardcastle & Worrall (1999)
and Brinkmann et al. (2000) presented a correla-
tion between the X-ray and radio luminosity of
radio-loudquasars from the cross-correlation of
ROSAT and radio sources. It has been suggested
that this correlation implies a physical relation-
ship between X-ray and radio cores, which can
be explained by models in which e.g. the X-
ray emission originates from the base of the jet

(Hardcastle&Worrall 1999). In Fig. 3.2we show
objects from the Brinkmann et al. (2000) sam-
ple classified as narrow-line AGN, as well as the
best-fit correlation for their subsample of radio-
loud quasars, logLX = 11.22+ 0.483×logLr. We
have also indicated several other z > 2 radio
galaxies (1138–262 at z = 2.16, B0902+343 at z =

3.395, 4C41.17 at z = 3.798) and the local source
Cygnus A for comparison (see Carilli et al. 2002;
Scharf et al. 2003; Fabian et al. 2002, and refer-
ences therein).

As shown in Fig. 3.2, three out of four sources
in our sample agree with the Lr/LX relation if
we use the observed 2–6 keV (rest-frame 6–18
keV) flux with a power-law spectrum (α = 0.8)
to calculate the luminosity at rest-frame 2 keV
(observed 0.7 keV). This result is virtually inde-
pendent of the amount of intrinsic absorption,
since it is of negligible effect at rest-frame 6–18
keV. Calculating the 2 keV luminosity from the
0.5–2 keV observed flux (rest-frame 1.5–6 keV)
yields values that are significantly lower, but
for 0156–252, 0828+193 and 2036–254 this can
be explained by an intrinsic absorption column
density of n(H I) ∼ 1023cm−2. Interestingly, the
core of 0406–244 seems highly underluminous
in Fig. 3.2, a discrepancy that cannot be ex-
plained away by invoking a large amount of ab-
sorption. However, this may be a S/N issue:
we have detected only 2 photons in the hard 2–
6 keV band, compared to 62, 10 and 15 for the
other 3 sources. If we instead calculate the 2 keV
luminosity from the 0.5–2 keV observed flux (8
photons detected) with n(H I) = 1023cm−2 we
find log(L2keV)≈ 26.4 compared to∼ 25.9 for the
earlier method, and note that its deviation from
the Lr/LX relation is now comparable to that of
4C41.17.

0156–252 is the only source in our sample for
which the core is detected with sufficient S/N
to carry out a (crude) spectral analysis. The X-
ray spectrum is shown in Fig. 3.3. Assuming a
power-law spectrumwith absorption at the red-
shift of the source, we find αX = 0.8± 0.2 and
n(H I) = (1.6± 0.7)× 1022 cm−2. The fit has a
reduced χ2 of 0.34, and is indicated in Fig. 3.3.
The error bars for the fit parameters correspond
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Figure 3.1— Chandra images of0156–252, 0406–244,0828+193, 2036–254and2048–272, showing the0.2–6keVX-rayimages in
colorscales, and the4.7GHzVLA radio contours inyellow (fromCarilli et al. 1997;Pentericci et al. 2000a). The20′′ × 20′′ Chan-
draimageshave beensmoothedusinga Gaussiankernelofwidth2′′ (FWHM). Radiocontoursare 1.0×(0.2,0.4,0.8,1.6, ...)
mJybeam−1.

to achange of1inthe reduced χ2. Repeatingthe
fitusingusingthe Cashstatisticvalidfor thelow
countsregimewefind n(H I)= (1.5± 0.8)× 1022

cm−2 withα unchanged. The galacticH I col-
umndensitytowardsthissource is1.34× 1020

cm−2 (see Table 1). For completeness, we note
that the spectrum canbe fitted bya Mewe-
Kaastra-Liedahl(Mekal) thermalplasma model

withkT =23± 8 keV(reduced χ2 of0.50).

The signal-to-noise ofthe 3 other coresisin-
sufficient to make spectra. However, ifwe as-
sume that theyare a genericclasswe might
estimate the amount ofintrinsicabsorptionby
stackingthe data. The hardnessratio HR ≡

(H− S)/(H+ S) (where H and S are thenumber
countsobserved inthe hard and soft bands) is
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Table3.3— X-ray measurements.

Source θe Countsa Softb Hardb f c
0.5−2keV

f c
2−6keV

log(L0.5−6keV)
(′′) (0.2–6 keV) (0.5–2 keV) (2–6 keV) erg s−1cm−2 erg s−1cm−2 erg s−1

0156–252
Total 4.2 275± 18 200± 14.2 69± 8.3 (310± 20) (490± 60) 45.42
Core 1.1 249± 17 181± 13.5 62± 7.9 (280± 20) (440± 60) 45.37
NE 1.6 7± 4 4.9± 2.2 1.0± 1.0 (7.4± 3.4) (3.9± 4.7) 43.56
SW 1.2 4± 3 1.9± 1.4 1.9± 1.4 (4.6± 3.4) (16± 12) 43.82

0406–244
Total 4.8 21± 6 18± 4.4 0.5± 1.4 (29± 7) (3.6± 9.3) 44.19
Core 0.9 10± 4 8.0± 2.8 2.0± 1.4 (14± 5) (13± 9) 44.11
SE 1.8 9± 4 6.9± 2.6 1.0± 1.0 (10± 4) (5.2± 6.5) 43.88
NW 2.0 ...d ... < 24 < 44.05

0828+193
Total 7.0 32± 7 17± 4.4 13.3± 4.0 (32± 8) (120± 40) 44.91
Core 1.0 23± 6 12± 3.5 9.9± 3.2 (21± 6) (87± 28) 44.78
NE 1.4 ...d ... < 19 < 44.00
SW 1.0 ...d ... < 16 < 43.93

2036–254
Total 4.1 35± 7 14± 3.9 18.5± 4.4 (26± 7) (120± 30) 44.65
Core 0.6 22± 6 7.0± 2.6 15.0± 3.9 (14± 5) (96± 25) 44.51
NE 1.3 ...d ... < 20 < 43.76
SW 1.4 6± 4 5.9± 2.5 0.0± 0.0 (10± 4) ... 43.47

2048–272
Total 4.3 8± 4 4.1± 2.2 4.0± 2.2 (6.0± 3.3) (29± 16) 44.05
Core 0.8 ...d ... < 21 < 43.82
NE 1.7 6± 4 2.8± 1.7 1.8± 1.4 (4.5± 2.8) (12± 10) 43.73
SW 1.5 ...d ... < 17 < 43.72

a Errors are calculated usingGehrels (1986) inthelow-countregime.
b Errors are

√
counts.

c Observedfluxes inunits of10−16 erg s−1cm−2 (notcorrectedfor galacticabsorption).
d Undetected. We give a 2σ upper limitfor the totalfluxat0.2–6 keV.
e Circular extractionradius.

0.0± 0.2, consistent with a TypeIIAGNat z∼ 2
with an obscured (n(H I) ≈ 1023 cm−2) power-
law spectrum with a photon indexof Γ = 1.8
(Tozzi et al. 2001).

3.3.3 X-ray emissionfromlobes/hotspots

We obtainedpositive detectionsofX-raycom-
ponentscoincidentwiththe northeastern(NE)
andsouthwestern(SW)radiolobesof0156–252,
the southeastern(SE)lobe of0406–244,the SW
lobe of2036–254,andthe NElobe of2048–272.
Belowwe willevaluate the likelymechanisms

forthese detections. Giventhe generallylow
signaltonoise ofallfeatureswe detected,we
willfocusonthe X-rayemissionthatisidenti-
fiedwiththeradiolobes3.

•Synchrotronradiation
InFig. 3.4weplotspectraforthelobesthathave
a detectioninthe X-ray. The spectra were con-
structedby(i)extrapolatingthe radiofluxden-
sitiestoX-rayfrequenciesusingthe radiospec-

3Our radiodataare inadequate toconfidentlyidentify
radiofeaturesaslobesorhotspots. We adopttheterm lobesto
meananyradioemissionnotassociatedwiththecore.
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Figure 3.2— Monochromatic X-ray luminosity versus ra-
dio luminosity. The four detected cores from our sample
are indicated by filled stars. Their X-ray luminosities were
corrected for galactic absorption only. Narrow line AGN
from the FIRST/ROSAT sample of Brinkmann et al. (2000)
are indicated by circles. The dashed line indicates the cor-
relation for radio-loud quasars of Brinkmann et al. (2000).
Open stars indicate several low (Cygnus A at z = 0.06)and
high redshift (1138–262 at z = 2.16,B0902+343 at z = 3.395,
4C41.17at z = 3.798)radio galaxies from the literature (see
Carilli et al. 2002;Scharf et al. 2003;Fabian et al. 2002,and
references therein). The X-ray luminosities of these sources
were all corrected for intrinsic absorption.

tral index α
8.2

4.7
, and (ii) using the 4.7 GHzto X-

ray spectral index, αX
4.7
. The results of our analy-

sis are indicated in Table 3.4. In the first method
(indicated by dotted lines in Fig. 3.4), we can
directly compare the observed X-ray flux den-
sity to the predicted synchrotron flux density
based on the radio spectrum. Except for the NE
lobe of 0156–252, the predicted flux densities are
several orders of magnitude lower than that ob-
served. This seems to rule out a synchrotron
origin for the X-ray emission from these lobes.
However, Sν is a strong function of the spec-
tral index, since we are extrapolating over∼ 108

decades of frequency. Only a small offset in α
8.2

4.7

can lead to a significant under- or overpredic-
tion of the X-ray flux density. The radio spectral
indices used were measured over a relatively

Figure3.3— Spectrum of the core of 0156–252,fitted with a
power-law spectrum modified by absorption at the source.

narrow frequency range, and may be subject to
errors. We estimate that the typical error in α

8.2

4.7

is ∼ 0.2, based on the comparison with a spec-
tral index α

8.2

1.4
determined by combining our

data with data (not shown here) from the pub-
licly available NRAOVLASky Survey (NVSS)4,
albeit at much lower resolution. Therefore, we
attempt the second method (indicated by solid
lines in Fig. 3.4). We slightly modify the above
procedure and now estimate the radio flux den-
sity expected at 8.2 GHz, assuming a priorithat
the spectrum is synchrotron with a radio to X-
ray spectral index α

X

4.7
. The ratio of predicted

to observed 8.2 GHzflux densities is 1.0 for the
NE lobe of 0156–252 and ranges from 1.2 to 1.5
for the other lobes. This indicates that the ob-
served X-ray flux densities are consistent with
synchrotron radiation, provided that the error
in the integrated flux densities at 8.2 GHzare
& 20%. Typically, errors in the integrated radio
flux densities are of the order of ∼ 5%. Fur-
thermore, the extrapolation from the radio to
the X-ray using the radio spectral index under-
predicted the observed X-ray emission in all

4
http://www.cv.nrao.edu/nvss/
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Figure 3.4— Synchrotron model predictions. We indicate
the observed radio, optical and X-ray flux densities for all
components that have a positive X-ray detection. Solid
lines represent synchrotron spectra constructed using the 4.7
GHzradio to X-ray spectral index, αX

4.7
. Dotted lines indi-

cate spectra constructed using a radio spectral index, α8.2
4.7
.

For each component, the data and models were offset for
clearer visibility of the results. The multiplicative factors for
0156–252 NE, 0156–252 SW, 0406–244 SE, 2036–254 SE and
2048–272 NE were 1.1, 1.4, 0.03, 0.001, 0.0003, respectively.

cases. If there were to be a large, random error
in the integrated radio flux densities, we might
have expected to see some of the spectra over-
predict the X-ray flux as well. The fact that this
is not observed may indicate that the typical er-
ror in the radio flux densities is indeed only a
few percent.

To further test our synchrotron models, we
have extracted flux densities in the optical (∼
6000Å) using the HSTWFPC2 observations of
0156–252, 0406–244, and 2048–272 (see Sect. 3.2).
In Fig. 3.4 we have indicated 1σ upper limits
on the optical emission of the SW lobe of 0156–
252, the SE lobe of 0406–244 and the NE lobe of
2048–272. Although the flux densities in the op-
tical are consistent with the synchrotronmodels,
they are unfortunately not deep enough to rule
them out.

Interestingly, the optical flux density of the

NE lobe of 0156–252 is about 1 order of magni-
tude higher than predicted. We suspect that the
optical emission in this lobe is most likely not
continuum emission, but line emission. The NE
lobe coincides with the peak of the Lyα inten-
sity, and several strong emission lines common
to HzRG spectra fall within the filter. More-
over, the HSTWFPC2 image (Fig. 3.5) shows
a bright component roughly following the mor-
phology of the radio lobe, reminiscent of a shell
of shocked gas. We will treat this feature in a
separate discussion below.

• Synchrotron self-Compton (SSC) emission
SSC emission arises due to IC scattering of local
synchrotron photons. This process dominates
over other IC mechanisms when the local syn-
chrotron photon energy density is higher than
that of the external (e.g. CMB) photon field,
and has been found to explain the Chandra hot
spots of radio sources such as 3C 295 (Harris
et al. 2000) and Cygnus A (Wilson et al. 2000).
We calculate the energy density of the local syn-
chrotron photon field, us, by integrating the ra-
dio flux density over 1 decade of frequency (1–
10 GHz) and assuming a cylindrical geometry
for the radio lobes. The results are listed in Ta-
ble 3.5.
A detailed calculation of SSC (see e.g. Band &
Grindlay (1985) for the theoretical framework)
would require knowledge of the full radio spec-
trum and the geometry of lobes and hot spots.
However, we can roughly estimate the SSC flux
density in the X-ray from the ratio of the en-
ergy losses in the IC and synchrotron channels
R=us/uB ≈ LIC/LS, where uB is the energy den-
sity of the magnetic field B, and LIC and LS are
the IC and synchrotron luminosities (see Harris
et al. 2000;Donahue et al. 2003). We calculate
uB from the magnetic field strength Beq that will
make the energy densities of fields and particles
approximately equal. We use the formula given
by Miley (1980):

Beq = 5.69×10−5 (3.1)

×





(1+ k)

η

(1+ z)3+αr Srν
αr

r

θ2 ssin
3

2 φ

ν
1

2
−αr

2
− ν

1

2
−αr

1

1

2
− αr





2

7

,

where Beq isinGauss,kisthe ratioofenergyin
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Table3.4— Synchrotronmodels.

ID Sa
4.7GHz Sa

8.2GHz α
8.2

4.7

b ScX,model SdX,obs α
X
4.7

e S
f
8.2GHz,model S

g

5000̊A,model

(mJy) (mJy) (Jy) (Jy) (mJy) (Jy)
0156–252
NE 89 47 1.15 5.0×10−11 0.9 1.13 48 16
SW 7 3.5 1.25 6.4× 10−13 1.5 0.96 4.1 9.2

0406–244
SE 31 11 1.86 4.8× 10−17 1.2 1.05 17 14
NW 72 32 1.46 1.5× 10−13 <1.8 >1.07 <40 <24

0828+193
NE 7 2.0 2.25 1.0× 10−20 <1.4 >0.96 <4.1 <8.7
SW 9 3.6 1.65 6.0× 10−16 <1.2 >0.98 <5.2 <8.6

2036–254
NE 51 29 1.01 3.7× 10−10 <1.5 >1.06 <28 <19
SW 37 15 1.62 4.2× 10−15 0.8 1.08 20 11

2048–272
NE 83 34 1.60 1.4× 10−14 1.3 1.10 45 20
SW 6 1.1 3.05 (2.2) 2.1× 10−20 <1.3 >0.96 <3.5 <7.7

a Integrated radiofluxdensityat 4.7and 8.2 GHz. The typicalerrorisassumed tobe∼5%.
b Radiospectralindex. The typicalerrorisassumed tobe ∼ 0.2.
c Predictedfluxdensityat 2 keVfor a radiosynchrotronmodel.
d Observedfluxdensityat 2 keVinunitsof10−10 Jy.
e X-rayto(4.7GHz)radiospectralindex.
f Predictedfluxdensityat 8.2 GHz.
g Predictedfluxdensityat 5000Å inunitsof10−8 Jy.

heavyparticlestothatinelectrons, η the filling
factor, θ2 (arcsec2) the areatakenupbythe radio
lobe (assumedtobe a cylinder viewedbroad-
side), s the pathlengththroughthe lobe (kpc),
andν1 andν2 (GHz) are the lower andupper
cut-off frequenciesofthesynchrotronspectrum.
Wetake φ = π/2, k= 0 andfilling factorunityso
astoobtaina realminimum, andnote thatthe
resultsare onlyweaklydependentonthese pa-
rametersgiventhe 2/7power. R, Beq andSX,SSC

are giveninTable 3.5,where Beq∼ 100− 200µG.
Inallcases,the ratioofpredictedX-raySSCflux
toobservedX-rayfluxislessthan0.4.

•Inverse-Compton(IC) scatteringof theCMB
Another possibilityisthe up-scattering of CMB
photonsbyrelativisticelectronsinthe radio

source. Thiseffectisexpectedtobecomesignifi-
cantlymoredominantathigher redshiftsdueto
the (1+ z)4increaseinthe energydensityof the
CMB(uCMB ∼ 3.4× 10

−11 erg cm−3 atz ∼ 2).

The scattering electronsare assumedtobe-
longtothesamepower lawdistributionof elec-
tronswhichisresponsible for the radiosyn-
chrotronemission. Therefore, the X-rayflux
maybe usedtoconstrainthe magneticfield
strength: sincethe energydensityoftheCMBis
fixedatanygivenz, lessobservedX-rayfluxim-
pliesfewer electrons, sothe magneticfieldpro-
ducing the observedradiosynchrotronemis-
sionmustbe stronger. Using the formalismof
Harris& Grindlay(1979) we calculate the mag-
neticfieldstrength, BIC:
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Table3.5— PredictionsforSSCandIC/CMBemission,andtheequipartitionandIC/CMBmagneticfieldstrengths.

ID areaa ubs us/ucCMB Rd f e
0.5−6keV,SSC

f0.5−6keV,SSC
f0.5−6keV,obs

f
B
g
eq BhIC/CMB

0156–252
NE r = 0.′′35, l = 1.′′0 2.8 0.7 0.04 4.4 0.4 129 104
SW r = 0.′′4, l = 0.′′7 0.3 0.1 0.02 0.2 0.01 67 30

0406–244
SE r = 0.′′3, l = 1.′′2 5.6 0.9 0.05 2.7 0.2 169 179
NW r = 0.′′3, l = 1.′′2 6.0 1.0 0.05 5.1 > 0.2 170 > 130

0828+193
NE r = 0.′′2, l = 0.′′7 7.9 1.2 0.04 0.7 > 0.04 213 > 152
SW r = 0.′′2, l = 0.′′7 3.3 0.5 0.03 0.4 > 0.03 162 > 93

2036–254
NE r = 0.′′3 2.9 0.9 0.04 2.1 > 0.1 139 > 44
SW r = 0.′′3, l = 1.′′0 2.7 0.8 0.04 2.0 0.2 135 135

2048–272
NE r = 0.′′5, l = 1.′′1 3.4 0.9 0.04 6.7 0.4 126 154
SW r = 0.′′6, l = 2.′′4 0.3 0.1 0.02 0.3 > 0.02 61 > 117

a Cylinder of length l and radius r (r along the line ofsight), ora sphereofradius r.
b Synchrotron energydensity, uS, in units of10

−11 ergcm−3.
c Ratioofthe synchrotrontocosmicmicrowave background energydensities.
d Ratioofthe synchrotrontoequipartitionmagneticfield energydensities, R = uS/uB.
e Predicted synchrotron self-Compton (SSC) fluxinthe 0.5–6keVband inunits of10−16erg s−1 cm−2.
f RatioofpredictedSSCfluxtoobservedX-rayflux.
g Equipartitionmagneticfield strengthin µG.
h IC/CMBmagneticfield strengthin µG.

B
1+αr

IC =

[

(5.05×104)αrC(αr)G(αr)(1+ z)3+αr Srναr

r

1047SXν
αr

X

]

,

where BIC is inGauss, αr is the radiospectral
index, Sr andSX are the radioandX-rayflux
densities (erg s−1 cm−2 Hz−1) atνr andνX (both
inHz), respectively. C(αr), which is wellap-
proximatedbythe value 1.15× 1031, andG(αr),
which is a functionthatis slowlyvarying with
αr, canbe foundinHarris & Grindlay(1979).
Fromthe radioandX-rayfluxdensities listedin
Table3.4 wederivefieldstrengths of∼30− 180
µG for the components thatare detectedinthe
X-ray. The results are listedinTable 3.5, where
we alsogive lower limits onBIC for the unde-
tectedlobes.

We cancompare BIC toBeq, which is anesti-
mateofthemagneticfieldthatis solelybasedon
theobservedradiosynchrotronflux(see expres-
sionabove). The Beqfieldstrengths aretypically
∼ 100− 200µG, remarkablyclose tothe field
strengths derivedfor the IC/CMBmechanism.
The generalagreementthatwefindbetweenthe
magneticfieldstrengths usingthetwoindepen-
dentfieldestimatorsisconsistentwiththeX-ray
fluxbeingproducedbythe IC/CMBprocess.

The (observed) 1–10GHZsynchrotronflux
inHzRGs is producedbyrelativisticelectrons
thathave γ ∼ 103.4−3.9 for B ∼ 100µG (νsyn =

4.2(B/1µG)γ2 Hz, see Bagchietal. 1998). The
number densityofrelativisticelectrons with en-
ergiesbetweenγ andγ + dγcanbe expressedas
apower-law, N(γ)dγ = Nγ−sdγ with s= 2α+ 1.
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The up-scattering of CMB photons to X-ray fre-
quencies isprovidedby electronswitha Lorentz
factor γ ∼ 103, since νout ≈ γ2νin, and the fre-
quency forwhichthe energy densityoftheCMB
peaks is ∼ 1.6 × 1011 × (1 + z) Hz. Electrons
havingsuchLorentzfactors are highly abun-
dant, giventhe extrapolationof N(γ) toγ ∼

103. Note thatinthe SSCprocess described
above, the X-ray emissionmustbeproducedby
the up-scatteringof synchrotronphotons off a
populationof relativisticelectrons havingγ ∼

104−4.5. Since N(γ) decreases strongly within-
creasingγ and α > 1 for allour sources, N(104.5)
willbe severalorders of magnitude lower than
N(103). Together withthe factthatus/uCMB , is
around unity (see Table 3.5) this implies that
the IC/CMBprocess willbe a far more efficient
process for producingX-rays atthese redshifts.
WhilethecontributionofSSCtotheobservedX-
ray fluxmightstillbe inthe range of ∼ 1−40%
as detailed above, the SSCoutputis expectedto
peakaround 1015 Hz, or inthe UVpartof the
spectrum.

•Other mechanisms
The ambientmedium inwhicha radiosource
expands is expected tobe very differentfor
HzRGs compared toradiosources atlowred-
shift. Lowredshiftsourcesoftenlie ina smooth,
virialised (T ∼ 108 K) atmosphere. For HzRGs
sucha smoothmedium does probably notex-
istbecause the necessary potentialwellhas
notyetformed. Instead they lie ina multi-
phase medium, consistingof cold (104 K), high
density clouds embedded inlow density re-
gions approachingvirialtemperatures (106−7).
The passage of a radiojetthroughthe multi-
phase canlead tointerestingphenomena, such
as jet-induced star formationinthe highden-
sity clouds and shockheatingof lower den-
sity regions. Whenintermediate density regions
are shocked they may cooloff, emittingstrong
emissionlines suchas Lyα. The lower density
gas withhighfillingfactor willbe shockheated
totemperatures where the gas starts producing
X-rays. Canthe X-ray emissioncoincidentwith
the NElobe of 0156–252be producedby shocks
inthis thermalgas?Interestingly, the NEradio

lobe of 0156–252 coincides withthe peakof the
Lyα emission, and the HST WFPC2 image (see
Fig. 3.5) shows evidence for a shellof shocked
(emission-line) gas thatfollows the bend of the
radiolobe.

For 1138–262,Carilli etal. (2002)propose that
muchof the extended X-ray emissioncomes
fromambientgasthatis shockheatedbythe ex-
pandingradiosource. Forthisgasthey estimate
a density of 0.05 cm−3 and a pressure of 10−9

dyncm−2. This pressure is comparable tothe
opticalline emittinggas and tominimumpres-
sures inthe radiosource, witha totalgas mass
of about2.5× 1012 M�. Carilli etal. hypoth-
esize thatthe highfillingfactor X-ray emitting
gas may confine boththe radiosource and the
line emittingclouds. The extended X-ray lumi-
nosity associated withthe NElobe of 0156–252
is a factor 5 or soless thanin1138–262, imply-
inga factor 5 lower totalgas mass (for a fixed
density) if the X-rays representshocked gas.

Sofar, the discussionhas beenlimited tothe
X-ray emissiondirectly coincidentwiththe ra-
diolobes and hotspots. Brunetti (2000) de-
scribes a mechanism inwhichICscatteringof
(mostly infrared) AGNphotons by relativistic
electrons canalsoproduce X-ray brightemis-
sion. Sucha mechanism, if itexists, may con-
tribute significantly tothe radio/X-ray align-
menteffect. Under the Brunetti mechanismthe
X-ray luminosity is expected todecrease with
increasingdistance fromthe source (i.e. thehid-
denquasar) producingthe photons. This will
resultinopposite gradients inthe X-ray and ra-
dioluminosities, and entails (inour case) the
presence of aninner, undetected partof the ra-
diolobe. Brunetti (2000)predictsthatthe reced-
ingradiolobewillproducebrighterX-ray emis-
sionthanthe approachinglobe, because time
delaymakes itclosertothenucleus andbecause
backward scatteringis more effective thanfor-
ward scattering. In0406–244(and possibly in
oneor severaloftheother sources as well)there
is X-ray emissioninbetweenthecore andtheSE
lobe. The nature of this emissioncouldbe simi-
lar tothe aligned emissionseeninseveralother
high-redshiftquasars and radiogalaxies (e.g.
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Figure 3.5— HST WFPC2F555W image of0156–252with
4.7GHzVLA radiocontourssuperimposed. We have de-
tectedextendedUVline emission(mostlikelyC III]) atthe
positionoftheNElobe(boxregion). Anelongatedfeaturein
the extendedemissionresemblesa bow-shockthatfollows
the radiolobe(arrow).

Yuan et al. 2003;Fabian et al. 2003;Scharf et al.
2003) for which the Brunetti model is among
the possible scenarios. However, the proposed
mechanism relies on a (suggested) supply of
electrons with γ . 100. Given the highly specu-
lative amplitudes at these low energies, we will
not pursue this mechanism quantitatively.

3.3.4 Thermalemissionfromhot(cluster)gas

An important driver for observing powerful
HzRGs in the X-ray is to search for traces of ther-
mal emission from an ICM. To test whether our
data show any evidence for the presence of ex-
tended, diffuse X-ray emission we will attempt
two methods:

• Smoothed fields

To obtain upper limits on the luminosity of
extended regions in each field, we place 10 cir-
cles of 12′′ diameter (corresponding to ∼ 100
kpc at z ∼ 2) around each radio source in re-
gions without visible point sources. We calcu-

Figure3.6— X-rayimageofthefieldaround0156–252. The
image wassmoothedbya Gaussian(10′′ FWHM),after re-
placingthe X-raycountsdue tothe radiosource andpoint
sourcesinthe fieldbya Poissonianbackground. A large
regionofdiffuse emission(indicatedbythe dashedellipse)
isfoundjustnortheasttothe radiogalaxy(indicatedbyits
radiocontours).

late the average background count in these re-
gions and the 1σ deviation from the mean. We
use the resulting 5σ countrates to calculate 5σ
upper limits on the X-ray flux of typical 100
kpc-sized areas. We assumed a Raymond-Smith
thermal spectrumwith kT = 1 keV, and used the
galactic nHI for each source to produce the un-
absorbed flux at 0.2–6 keV. We derive an upper
limit on the flux of (4–9)×10−15 erg cm−2 s−1,
corresponding to luminosities of (1.5–4)×1044

erg s−1 (for a uniform sphere).

A 5σ deviation from the background coun-
trate over a 12′′ region would easily stand out
from the X-ray maps after smoothing with a
large kernel. Therefore, we create smoothed
images of diffuse emission. First, we remove
counts that are associated with the radio galaxy
by replacing all counts in a circular region en-
compassing the entire radio structure by the
background using the taskDMFILTH thatmain-
tains the Poissonian nature of the background.



CHAPTER 3. ON THE X-RAY EMISSION OF z ∼ 2 RADIO GALAXIES 55

The background was estimated from a large an-
nular region around the radio source. We then
run the WAVDETECT algorithm (Freeman et
al. 2002) within CIAO to identify the remain-
ing point sources and replace them by the back-
ground. The images were smoothed by a 10′′

(FWHM) Gaussian. The images were then vi-
sually inspected to look for regions of diffuse
emission. We found a single detection of an ex-
tended X-ray component in the smoothed map
of 0156–252 shown in Fig. 3.6. In an ovally
shaped region that can be approximated by an
ellipse of 10′′ × 17′′ (83× 142 kpc if it were to be
located at the same distance as the radio galaxy),
we find 14.4± 5 net counts (3σ) in the energy
range (0.2–6) keV with an average energy of 1.2
keV. The centroid of the region is situated ap-
proximately 12′′ to the northeast of the core of
the radio source. The (observed-frame) 0.5–2
keV unabsorbed flux is 2.3× 10−15 erg cm−2 s−1.
If this emission were to come from a sphere of
thermal gas at the redshift of the radio source, it
would correspond to a luminosity of 7.4× 1043

erg s−1 and a mass of 1011 M� (assuming a uni-
form sphere). We could not identify this X-ray
region with objects in any of our optical and
near-infrared imaging data. Therefore, in this
particular case the true nature of the emission
remains highly obscure, and we cannot rule out
it being due to noise. However, it illustrates the
kind of emission that might be detectable in the
search for high redshift cluster gas, provided a
proper identification can be made.

• Stacked fields
To further search for emission from thermal
gas in an annular region surrounding the ra-
dio sources, we stacked the five 20 ks exposures
to obtain a single 100 ks exposure of a typical
HzRG field. Each field was cleared of point
sources before stacking them. In the stacked im-
age, we then replaced the entire region inside
a circle encompassing the largest of the radio
sources by the background to ensure that we
are not measuring extended X-ray emission as-
sociated with the radio structures. The stacked
image was smoothed by a 10′′ (FWHM) Gaus-
sian. The stacked image and the smoothed im-

age are shown in Fig. 3.7. The region used for
the background determination is indicated by
the large, dashed annulus. The small circle in
the center of the field indicates the size of the
largest radio source. From the smoothed image,
where the scales run from 2σ below the mean
to 2σ above the mean, we see no evidence for
diffuse, extended emission in the vicinity of the
radio source(s). We obtained a radial profile of
surface brightness from the stacked image using
the annuli as indicated in Fig. 3.7. The radial
profile out to 1′ is consistent with zero contri-
bution from diffuse, extended X-ray emission,
as shown in Fig. 3.8. Out to a radius of ∼ 75′′

(∼ 625 kpc) we measure 25± 85 counts. Assum-
ing a 1 keV thermal spectrum and correcting for
galactic absorption, the 3σ upper limit on the
(observed) 0.2–6 keV flux inside this radius is
1.2× 10−14 erg cm−2 s−1, corresponding to a lu-
minosity of < 4× 1044 erg s−1. We derive a cen-
tral electron density of < 7× 10−3 cm−3 and a
total enclosed gasmass of< 4×1013M�, assum-
ing an isothermal sphere with a cluster β-model
surface brightness profile with β = 0.67 and a
core radius of 200 kpc.

3.3.5 SerendipitousX-raysources

Pentericci et al. (2002) found evidence of an ex-
cess of Chandradetected X-ray sources in the
vicinity of radio galaxy PKS 1138–262 at z =

2.16. They found 16 sources in the soft band
(0.5–2 keV) with a minimum flux of 1 × 10−15

erg cm−2 s−1, compared to 10.3 (11) calculated
from theChandraDeep Field South (North) for a
similarly sized region, and 8 sources with fluxes
≥ 3× 10−15 erg cm−2 s−1 compared to 4 (5.1) for
theChandraDeep Fields. Although this may not
be considered a substantial overdensity in an-
gular space (an excess of ∼ 50% compared to a
typical cosmic variance of 20− 30%), it is very
significant in redshift space given that six of the
serendipitous X-ray sources could be identified
with previously discovered Lyα or Hα emitting
galaxies in the protocluster surrounding PKS
1138–262 (Pentericci et al. 2002). Therefore, ob-
serving overdensities of X-ray sources may pro-
vide evidence for the existence of galaxy over-
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Figure 3.7— Left:Stacked image of the five HzRG fields, after subtraction of point sources. Indicated are the annuli from
which a radial surface brightness profile was extracted. The innermost circle encompasses the total extent of the largest radio
source in the sample. Counts inside this region due to the radio sources have been replaced by the background, estimated
from the large, dashed annular region. Right:Stacked image smoothed by a 10′′(FWHM) Gaussian. Scales run from 2σ below
(white) to 2σ above (black) the mean. The background region and the maximum size of the radio sources are indicated. The
distinct peaks in this summed image are not traced back to significant features in any of the individual images.

Figure 3.8— Radial surface brightness profile extracted
from the stacked image shown in Fig. 3.7.

densities associated with radio sources (see also
Cappi et al. 2001).
Following Pentericci et al. (2002), we use
WAVDETECT to investigate the presence of

serendipitous sources in our 5 fields. Because
the 2 separate observations of 0156–252 were
taken at different roll angles, the corners of the
ACIS-S3 chip only have half of the total 20 ks
exposure time. We specify a circular region
covering the maximum area having the full 20
ks depth. The circle has a radius of 3.852′,
thereby covering an area of 46.62 arcmin2. For
consistency we use this region in all the fields.
We limit the energy range for source detection
to a maximum of 2 keV (cf. Pentericci et al.
2002) to improve the S/N (the background is
lower at lower energies). For each field, we ex-
clude the radio source, and we only consider
sources that are detected with S/N > 3, where
we define S/N as the number of background-
subtracted counts divided by the root of the to-
tal counts. The net count rates of the detected
sources were converted into fluxes assuming a
power-law spectrum with Galactic absorption
along the line of sight, and a photon index of
Γ = 2.0 for the soft band. Table 3.6 lists the
number of sources in each field that have soft
(0.5–2 keV) fluxes of > 1.5 and > 3× 10−15 erg
cm−2 s−1. Besides the number of sources found
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Table 3.6 — The number of X-ray sources detected in the
fields of z ∼ 2 radio galaxies, and comparison with the field
population expected based on theChandradeep fields.

Field Numberofsourcesa

f b
0.5−2keV

> 1.5 f b
0.5−2keV

> 3.0
0156− 252 7 (541) 5 (386)
0406− 244 7 (541) 7 (541)
0828+ 193 5 (386) 4(309)
2036− 254 7 (541) 5 (386)
2048− 272 2 (154) 1 (77)
averageoffields 6(463) 4 (309)

1138− 262c 7 (541) 6 (463)
1138− 262d 11 (715) 7 (541)
CDFse 6/7 (470/540) 3/4 (260/330)

a Number ofX-raysources sources foundinthe field(per
deg2)
b Minimum source fluxinunitsof10−15 erg s−1 cm−2

c Comparison1:A 20ks subsample ofthe full40ks
observationof1138–262
d Comparison2:The full40ks exposure of1138–262
(Pentericcietal.2002)
e Comparison3:The Chandra DeepFieldSouth/North
(Mushotzkyetal.2000;Giacconietal.2001)

in each46.62 arcmin2 area we give the number
densityper square degree between parenthe-
ses. We also listthe number ofsources in each
bin averagedover the 5 fields. For comparison,
we have run the same detection procedure on
the observations ofPKS1138–262 using (i) the
full40ks exposure, and(ii) a 20ks subsample.
We have also indicatedthe number ofsources
foundin the Chandra DeepFields (Mushotzky
etal. 2000;Giacconi etal. 2001).

The number ofbrightsources in the fieldof
0406–244 is twice as highcomparedtothe Chan-
draDeepFields, andsimilarlyhighasPKS1138–
262. The number ofsources in the fieldof2048–
272 is less than halfofthe number ofsources in
the CDFs in bothfluxbins. On average we find
6 and4 sources in the > 1.5 and> 3× 10−15erg
cm−2 s−1 fluxbins, respectively, in goodagree-
mentwiththe CDFs. Basedon these number
counts ofserendipitous sources, we findno evi-
dencethatthe radio sourceslie in the sameclus-
ter environments as is observedin the case of

PKS1138–262 byPentericci etal. (2002). How-
ever, as indicatedin Table 3.6 the factor ∼ 2 ex-
cess offaint, > 3σ sources in the fieldofPKS
1138–262 onlybecomes apparentinthefull40ks
exposure, whichmayindicate thatour expo-
sures are notdeepenoughtomake a goodcom-
parison.
Tofurther studywhether there is a preference
for fieldsources to lie in the vicinityofhigh-
redshiftradio sources, we register thefivefields
using the radio source positions as centroids,
andwe rotate the fields aroundtheir original
center so thatthe area ofoverlapis maximized.
This is shown in Fig. 3.9. The number density
ofsources foundwithin 1 Mpc(atz ∼ 2) from
the radio sources is 0.77arcmin−2, compared
to 0.4 arcmin−2 for the densityofsources out-
side this region and0.6 arcmin−2 for the aver-
agedensityofthe entirefield. However, thecos-
micvariance offieldX-raysources is significant
(25%, e.g. Cappi etal. 2001), making itimpossi-
ble to conclude ifserendipitous sources cluster
aroundradio sources on the basis ofthecurrent
data. Spectroscopymayconfirmwhether some
ofthese sources are associatedwiththe radio
galaxies.

3.4 Summaryandconclusions

We have studiedX-rayobservations offive ra-
dio galaxies at2 < z < 2.6, therebysignificantly
increasing the number ofChandra studies on
highredshiftradio galaxies. The main conclu-
sions fromour analysis are the following.
The X-rayemission thatwe detectfromthe
nuclei are consistentwithobscuredpower-law
spectra as observedfor powerfulradio galax-
ies over a wide redshiftrange (e.g. Harris etal.
2000;Carilli etal. 2002;Young etal. 2002;Hard-
castle etal. 2002;Scharfetal. 2003), andcan
be explainedbythe unifiedmodelin whichthe
broad-line region ofradio galaxies is obscured
bya dustytorus surrounding the nucleus. For
0156–252, this conclusion is confirmedbythe
factthatthe best-fitcore spectrum is an ab-
sorbedpower-lawwithn(HI) ∼ 2× 1022cm−2.
ExtendedX-rayemission coincidentwiththe
radio lobes was detectedfor severalofthe
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Figure 3.9— The positions of serendipitous X-ray sources
with flux > 1.5× 10−15 erg cm−2 s−1 in the five HzRG fields
combined. Different symbols indicate the sources in the 5
individual fields. The five images are aligned so that the ra-
dio sources (indicated by large diamond) all coincide with
the position of 0156-252,and rotated to maximize the over-
lapping areas of the different pointings (indicated by dotted
circles). The full circle indicates an area of 1 Mpc in radius
around the radio source.

sources, albeit at low S/N. For all but one
source, the straight extrapolation from the ra-
dio to the X-ray using the radio spectral index
rules out a synchrotron origin of the emission,
unless there are large errors in the radio spec-
tral indices measured between 5 and 8 Ghz. Al-
though the predicted X-ray synchrotron flux in
source 0156–252 is close to the observed value,
we have found evidence for the X-ray emission
being likely associated with shocked, line emit-
ting gas. Our observations confirm that the ra-
dio lobes of these high redshift sources may in-
teract with the surrounding (forming) IGM.

We interpret the X-ray emission of the re-
maining sources as being due to the IC scatter-
ing of CMB photons off radio synchrotron elec-
trons. This conclusion is supported by the fact
that our estimates of theIC/CMB and equiparti-
tion magnetic field strengths are in good agree-
ment. Although IC/CMB is usually dominated
by other processes (e.g. SSC) at low redshift, the

relative ease with which it is detected in these
HzRGs may be ascribed to the (1+ z)4 increase
inthe energy densityoftheCMB.

This researchwas partly motivated by the
large RM observed for a significantfraction
ofHzRGs. Canthe large RM be caused by
cluster-sized atmospheres surrounding the ra-
diosources? Taking reasonable estimates for
thepathlength(∼ 100kpc) andthecluster mag-
neticfield strength(∼ 10µG), anintrinsicRM
of∼ 1000rad m−2 would require anICM elec-
trondensity of∼ 1 × 10−3 cm−3. The exis-
tenceofcores muchdenser thanthis is unlikely,
since they would have anX-ray luminosity of
& 1044 erg s−1 whichhas notbeenobserved in
any ofthe HzRGs observed tothis date. Al-
thoughhigher density material(ne ∼ 200cm

−3)
is presentinmany HzRGs inthe form of104

K emissionline clouds, the filling factor ofthis
gas ( fe ∼ 10

−6) usually implied makes ithard
toreproduce the highvalues ofRM (e.g. Pen-
tericci1999). Alternatively, the large RM can
arise from the radioemissionpassing through
a sheathofshocked gas surrounding the ra-
diolobes (e.g. Athreya etal. 1998;Carillietal.
2002,and references therein). The increased gas
density implied canthenexplainthe large RM
ifthe magneticfieldis ordered onscales ofonly
a fewkpc. Ifthe X-ray emissionfrom the NE
lobe of0156–252 is from shocked gas (as sug-
gestedbythebowshockfeature seenintheHST
WFPC2 image, see Fig. 3.5), thenB ∼ 13µG
giventhe RM from Table 3.2 and the derived
densityof0.05cm−3.

The existence ofprotoclusters around several
HzRGs atz∼ 2 andhigherhasbeenestablished,
mainly throughnarrow-band, Lyαimaging ob-
servations and spectroscopy. However, such
studies have notyetbeencarried outfor the
sources presented inthis paper. Anoverden-
sity ofX-ray sources associated withthe well-
knowngalaxy protocluster around the radio
source 1138–262 atz = 2.2 was found by Pen-
tericcietal. (2002). We have analysed the num-
ber density ofX-ray sources ineachofthe five
Chandrafields. None ofthe fields showed ev-
idence oflarge-scale structure associated with
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the radio sources. This may suggest that these
HzRGs are not found in the same, overdense en-
vironments as 1138–262. Similarly, employing
several differentmethods we found no evidence
for virialised gas, although the upper limits that
we derive on thermal gas are not inconsistent
with a direct, no-evolution extrapolation of lo-
cal X-ray luminous clusters out to z ∼ 2. Based
on the X-ray observations presented in this pa-
per alone, the current standing is that these five
HzRGs are not in galaxy overdensities. How-
ever, we remark that X-ray observations are not
the most effectiveway to search for galaxy over-
densities given the relatively small number frac-
tion of AGN expected at each particular epoch.

Recent observations of some of the most dis-
tant, X-ray luminous clusters made with theAd-
vanced Camera for Surveysaboard HST, show a
color-magnitude relation comparable to that of
local clusters, indicating that early-type galax-
ies were already well-established by z ∼ 1
(Blakeslee et al. 2003). Thus, the epoch in which
the global relations that exist in clusters today
are shaped must probably be sought at signif-
icantly higher redshifts than currently probed
(i.e. z & 1.3). About a dozen high redshift
galaxy overdensities or protoclusters have now
been found at z & 2, either around HzRGs and
quasars or in wide-field surveys. In the near fu-
ture we may expect several candidates suitable
for a detailed study with Chandra that could de-
termine exactly at what redshift the virialised
gas was established. However, the sensitivity
requiredmay be of the order of that of the Chan-
dra deep fields, due to the extreme cosmologi-
cal surface brightness dimming. While HzRGs
have so far presented the best evidence of being
associated with massive, forming clusters, they
usually come with a plethora of non-thermal X-
ray mechanisms. Especially if the radio sources
lie at the bottom of the potential well that coin-
cides with the peak of the bremsstrahlung lumi-
nosity, they may not be ideal targets for trying
to detect this extremely low surface brightness
emission from the ICM.
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ApJ, 135, 63



60 CHAPTER 3. ON THE X-RAY EMISSION OF z ∼ 2 RADIO GALAXIES
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