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Highest z Radio Galaxy (z=5.2)

Traditional 
“fishing pond” 

for HzRGs

The Radio Galaxy Population 
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Why High-z Radio Galaxies (HzRGs)?

1) Among the most luminous galaxies at any redshift

2) Associated with the most massive systems

4) Track proto-cluster environments 

3) Progenitors of brightest cluster ellipticals

5) May show large amounts of dust, and sub-mm detections imply 

violent SF (~1000 M⊙/yr, Reuland+03, 04, Seymour+12)

6) May show large gas reservoirs (Ly-𝜶 halos)

 All this at z ~ 2-5…

The Radio Galaxy Population 
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The Radio Galaxy Population 

Highest z Radio Galaxy (z=5.2)

Traditional 
“fishing pond” 

for HzRGs
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The ins and outs of HzRGs at μJy levels

Need to seep through a 
huge number of lower z 
sources (common at µJy 
levels);

The µJy level is not 
necessary to reach 
high z’s...

...but necessary to be 
sensitive to more 
numerous objects;
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1) Sources non-detected in the optical to very deep levels

How to “avoid” the “low”-z radio population?

(eg, CDFS, Afonso et al 2006)
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1) Sources non-detected in the optical to very deep levels

2) Infrared Faint Radio Sources

– 15 –

Fig. 4.— The ratios of 20 cm to 3.6µm flux densities as a function of redshift, for a represen-

tative selection of models. The greyed area represents the range of ratios for the individual

IFRSs discussed in this paper. The dots within that area are the high-redshift radio galaxies

studied by Seymour et al. (2007). The solid lines indicate the expected loci of star form-

ing galaxies (using the template from Rieke et al. 2009) and the dotted (dot-dashed) line

indicates the loci of a classical radio-loud (radio-quiet) QSO (from Elvis et al. 1994). The

location of classical sub-millimetre galaxies is indicated by the grey dots. The star represents

the z = 4.88 radio galaxy discovered by Jarvis et al. 2009, and the error bar on the right

marks the likely range of the stacked image (obtained by dividing the range of radio flux

densities of the IFRS by the flux density of the marginal detction in the stacked 3.6 µm

image). The filled circle in the error bar represents the median radio flux density divided by

the median 3.6 µm flux density.

(Norris+11, Seymour+)
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1) Sources non-detected in the optical to very deep levels

2) Infrared Faint Radio Sources

(a z=4.88 radio galaxy, Jarvis+09)

The discovery of a typical radio galaxy at z = 4.88 3
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Figure 2. The Spitzer-3.6µm image (greyscale) overlaid with ra-
dio contours from the FIRST survey. Contour levels are 0.8, 1.6,
3.2, 6.4 and 12.8 mJy/beam. One can see the faint source at the
centre of the radio emission at 16 39 12.11 +40 52 36.5 which we
identify as the host galaxy.

3 A RADIO GALAXY AT Z = 4.88

J163912.11+405236.5 is detected in the FIRST survey with
a flux-density of 22.5 mJy and is unresolved at the 5 arcsec
resolution of this survey. This source is also identified in the
Northern VLA Sky Survey (NVSS; Condon et al. 1998) with
S1.4GHz = 21.8±0.8 mJy and is therefore consistent with be-
ing point like. There is also a source detected in the 325 MHz
Westerbork Northern Sky Survey (WENSS; Rengelink et al.
1997) at 16 39 12.17 +40 52 40.3 (J2000) which is 3.6 arcsec
away from the FIRST centroid, therefore we associate this
source with the FIRST source. The WENSS catalogue gives
a flux-density of 67 ± 5 mJy for this source. Assuming a
power-law spectral index between 325 MHz and 1.4GHz the
spectral index of the source is therefore α = 0.75 ± 0.051.
Thus this source would not fall into the category of ultra-
steep spectrum sources which have been used to search for
high-redshift radio galaxies in recent years. In Fig. 2 we show
the 3.6µm image from the Spitzer-SWIRE survey overlaid
with the radio image from the FIRST survey. There is a
very faint source in the 3.6µm image at the centre of the
radio position which we identify as the host galaxy. As this
object is on the SWIRE survey area there are also a wealth of
imaging data from the INT at optical wavelengths which al-
low us to constrain the continuum emission from this object.
We also use the SWIRE data to constrain the brightness of
the source from 3.6-24µm. Photometry of the host galaxy is
presented in Table 1.

3.1 The Lyman-α emission

We observed the radio source J163912.11+405236.5 on the
27th April 2009 with the ISIS spectrograph on the William
Herschel Telescope. We used the standard 5300Å dichroic to

1 We use the convention for spectral index Sν ∝ ν−α

reflect the blue light to an EEV12 4096 × 2048 pixel2 CCD
using the R300B grism. The red light was dispersed through
the R158R grism on to RED+ 4096× 2048 pixel2 CCD. We
used a slit width of 2 arcsec which gave a resolution of 8.6Å
in the blue arm and 16.5Å in the red arm.

The data were bias subtracted, illumination corrected
and flat-fielded using standard IRAF tasks. Wavelength cal-
ibration was carried out using CuNe+CuAr lamps and flux-
calibration was done using the spectrophotometric standard
Feige 34.

In Fig. 3 we show the 1D-spectrum of the radio galaxy
J163912.11+405236.5 which displays a strong emission line
at 7149Å, which we identify as Lyman-α due to its blue cut-
off and broader red wing, at a redshift of z = 4.88. The
line has a flux of 1.85 × 10−19 W m−2, which at this red-
shift corresponds to a luminosity of LLyα = 4.7 × 1036 W
and a rest-frame full-width half maximum of 1040 km s−1,
i.e. a narrow-line AGN. There are no other emission lines
in our spectra which also suggest that the line is indeed
Lyman-α rather than other common emission lines in ra-
dio galaxies. However, one possibility is that the emission
line is [OII]λ3727 at z = 0.92. If this were indeed [OII]
from a narrow-line AGN then we would expect to see the
CII]λ2326 and the CIII]λ1909 emission line in the blue end
of the spectrum, for which we find no evidence, in addition
to a much brighter host galaxy. Another possibility is that
it is a starburst galaxy. Using the relation of Kewley, Geller
& Jansen (2004) the [OII] luminosity would correspond to a
star-formation rate of SFR ∼ 11 M" yr−1. The radio emis-
sion one would expect from this starburst galaxy is greater
than three orders of magnitudes fainter than what we ob-
serve. We are therefore confident that the line is Lyα at
z = 4.88.

This is the second highest redshift radio galaxy
known to date and demonstrates the promise of our
new survey in finding high-redshift radio sources. Given
the redshift, the radio luminosity of the source at
325 MHz is log10(L325MHz/ W Hz−1 sr−1) = 26.94 and
log10(L1400MHz/ W Hz−1 sr−1) = 26.47 at 1.4 GHz. This
is very close to the break luminosity in the radio luminosity
function of Willott et al (2001) which is where the bulk of
the luminosity density arises, and can therefore be classed
as a typical radio source at this redshift. We also see hints
of associated absorption redward of the line centre. This
is reminiscent of the associated absorption found in other
powerful radio galaxies (van Ojik et al. 1997; Jarvis et al.
2003; Wilman et al. 2004) and, given the compact nature of
the radio source, may also reinforce the idea that small and
young HzRGs may be surrounded by a shell of neutral gas
which is linked to the fueling of the AGN (e.g. Emonts et
al. 2007), although higher resolution spectroscopy is needed
to confirm this.

3.2 The host galaxy

At z = 4.88 the IRAC channels on Spitzer sample longward
of the 4000Å break and the emission is presumably domi-
nated by an old stellar population. Using the flux-density at
3.6µm and assuming a K − 3.6µm colour of 2.25 from the
models of Bruzual & Charlot (2003), we find that the host
galaxy would have a K−band magnitude of KAB = 24.2. Us-
ing KAB −KV ega = 1.9, we are able to determine where this

4 Jarvis et al.

Figure 3. 1-dimensional spectrum of the radio galaxy
J163912.11+405236.5. One can see the bright Lyman-α emission
line at λ = 7149Å, which corresponds to a redshift of z = 4.88.

Table 1. Photometric data for the radio galaxy.The quoted limits
are 3σ limits for a 2 arcsec diameter aperture for the INT data,
4 arcsec diameter aperture for the channels 1-4 IRAC data and a
10.5 arcsec diameter aperture for the 24µm limit. All are in the
AB magnitude system. The radio galaxy is unresolved in both
the FIRST and WENSS survey data and as such the radio flux
densities are integrated flux over the synthesized beam area.

Photometric Band AB Magnitude
u’ > 24.8
g’ > 25.5
r’ > 25.1
i’ > 24.1
z’ > 23.2

3.6µm 21.97 ± 0.13
4.5µm > 21.7
5.8µm > 20.0
8.0µm > 19.9
24µm > 18.1

325 MHz 67 ± 5 mJy
1.4 GHz 22.5 ± 0.4 mJy

source would lie on the radio galaxy K−z relation. Using the
relation from Willott et al. (2003) for z = 4.88, we find that
the expected K−band magnitude is KV ega = 20.34, whereas
we find a K−band magnitude of KV ega = 22.3. Thus this is
around 2 magnitudes fainter than the K − z relation deter-
mined at low redshift. This is not unexpected as the 4000Å
break lies between the K and 3.6µm bands at z = 4.88, thus
if there is little ongoing star formation in the host galaxy
it would be extremely difficult to detect at K−band even
if the host galaxy is relatively massive. If we compare the
measured 3.6µm flux with the radio galaxies in the study of
Seymour et al. (2007) the only source which is at compara-
ble redshift, and where the 4000Å break would be redshifted
beyond the K−band, is TN J0924-2201 at z = 5.195. This
has a reported flux density of 11.3 ± 1.8µJy at 3.6µm, a fac-
tor of two brighter than J163912.11+405236.5. TN J0924-
2201 has a radio luminosity that is approximately 1.5 dex
brighter than our source, thus this is possibly related to the
fact that the brightest radio galaxies seem to reside in more
massive host galaxies (e.g. Eales et al. 1997; Willott et al.
2003; McLure et al. 2004), both of which may be related to
the central supermassive black hole. Unfortunately the lack

of a detection at the longer wavelength IRAC channels pre-
cludes us from carrying out SED fits to estimate the mass
of the object. Furthermore, at z = 4.88 the Hα line falls
within the 3.6µm filter and we cannot be sure whether the
emission is indeed due to the stellar continuum emission or
a strong emission line. If we assume case B recombination
we expect the flux ratio Lyα/Hα = 8.7 (Brocklehurst 1971)
which would then lead to a magnitude in the 3.6µm band of
AB ∼ 26, therefore this does seem unlikely. However, much
lower flux ratios have been found in radio galaxies (see e.g.
McCarthy et al. 1993) and our measured Lyα flux is possi-
bly an underestimate of the true emission if there is indeed
a large amount of associated absorption and/or obscuration
by dust. Therefore, we cannot completely rule out significant
line emission in the 3.6µm band from Hα.

4 CONCLUSIONS

We have devised a new survey to find the most distant radio
sources with the aim of detecting a source suitable for 21 cm
absorption studies with the LOFAR. Initial spectroscopy of
this survey has resulted in the discovery of the second most
distant radio galaxy known at a redshift of z = 4.88. This
source has a spectral index, measured between 325 MHz and
1.4 GHz, of α = 0.75 and therefore does not belong to the
class of ultra-steep spectrum sources, samples of which have
been used to find the majority of the highest redshift radio
sources thus far (but see Waddington et al. 1999).

Its luminosity is very close to the break luminosity in
the radio luminosity function of Willott et al. (2001) and
can therefore be described as a typical radio galaxy at these
early epochs. This differs from the other known high-redshift
radio galaxies, which are generally towards the extreme lu-
minosities and are thus considerably rarer than the more
typical population.

Using the IRAC photometry from the SWIRE survey
we are able to determine where this radio galaxy would lie on
the K − z relation, and find that it is approximately 2 mag-
nitudes fainter than that inferred from the K − z relation
if one uses a simple extrapolation of the relation found by
Willott et al. (2003). This can be explained by the fact that
the 4000Å break is redshifted beyond the K−band and as
such is no longer sampling the bulk of the stellar emission
from older stars. We therefore conclude that it is possible
that this high-redshift radio galaxy is similarly massive to
radio galaxies at lower redshifts. We note however that the
3.6µm filter would contain the Hα emission line at this red-
shift and the detected emission could be at least partially a
result of this.

The discovery of such a distant radio source from our
initial spectroscopic observations demonstrate the promise
of our survey for finding the most distant radio sources.
We did not observe all of our candidates HzRGs in this
observing run due to poor weather, as a consequence
the effective area surveyed was only ∼4.5 square degrees.
With further observations over the rest of the SWIRE and
UKIDSS DXS regions, we will certainly be able to make the
most accurate measurements of the space density of radio
sources at z > 3 and hopefully discover the first radio source
appropriate for 21 cm absorption studies within the epoch
of reionization. This discovery also shows that samples
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1) Sources non-detected in the optical to very deep levels

2) Infrared Faint Radio Sources

3) Radio spectral index: Ultra Steep Spectrum sources (𝛂≾-1, S∝𝝂𝜶)
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1) Sources non-detected in the optical to very deep levels

2) Infrared Faint Radio Sources

2 Carlos De Breuck et al.: A sample of 669 USS sources

Fig. 1. α325
1400 against z for 2 samples without spec-

tral index selection (3CR, Spinrad et al. 1985 and
MRC, McCarthy et al. 1996), and 2 USS samples (4C,
Chambers et al. 1996a and our new WN/TN samples, as
defined in this paper). Note that the correlation is present
in the spectrally unbiased 3CR and MRC, and that the 4C
and our new USS samples are finding three to five times
more z > 2 radio galaxies than the MRC. The horizontal
dotted line indicates the α325

1400 < −1.3 cutoff used in our
USS sample.

Furthermore, samples of radio sources designed to find
large quantities of quasars require additional optical se-
lections (e.g. Gregg et al. 1996, Hook & McMahon 1998,
White et al. 2000).

Considerable effort has been spent over the last decade
to find these high redshift radio galaxies (HzRGs), which
has lead to the discovery of more than 140 radio galax-
ies at redshifts z > 2 (see e.g. De Breuck et al. 1998a
for a recent summary). However by z > 3, their num-
bers become increasingly sparse, and using flux lim-
ited radio surveys such as the 3CR (S178 > 10 Jy;
Laing, Riley & Longair 1983), or the MRC strip (S408 >
0.95 Jy; McCarthy et al. 1996), the highest redshift ra-
dio galaxy found so far is at z ∼ 3.2 (Fig. 1;
Rawlings, Eales, & Warren 1990; McCarthy et al. 1996).
This redshift limit arises because radio power is correlated
with redshift in bright flux limited samples, and an up-
per limit exists in the radio luminosity. Lowering the flux
limit would not only substantially increase the number of
sources in these samples, but at the same time the fraction
of luminous very high redshift radio galaxies would de-
crease (Blundell et al. 1998, Jarvis et al. 1999). This frac-
tional decrease would arise even if there is no decrease

in co-moving space density at z ∼ 2.5. Such a redshift
cutoff has been suggested by Bremer et al.(1998), but re-
cently Jarvis et al.(1999) rule out a break at z ∼< 2.5. To
efficiently find large numbers of HzRGs in acceptable ob-
serving times, it is therefore necessary to apply additional
selection criteria, at the expense of completeness.

By far the most successful selection crite-
rion has been the ultra steep spectrum criterion
(e.g. Röttgering et al. 1994; Chambers et al. 1996a;
Blundell et al. 1998). Selecting sources with very steep
radio spectra increases dramatically the chance of finding
z > 2 radio galaxies (Fig. 1). This technique is based
on the results of Tielens et al. (1979) and Blumenthal
& Miley (1979), who found that the identification frac-
tion on the POSS (R ∼< 20) decreases with steepening
spectral index, consistent with the steeper sources being
at higher redshifts. It is now getting clear that this
correlation can be explained by a combination of a K-
correction of a concave radio spectrum and an increasing
spectral curvature with redshift (Krolik & Chen 1991,
Carilli et al. 1998; van Breugel et al. 1999a). To further
investigate the z − α correlation, we have calculated
spectral indices using the flux densities from the WENSS
(Rengelink et al. 1997) and NVSS (Condon et al. 1998)
catalogs for four different samples: the flux den-
sity limited 3CR (Spinrad et al. 1985) and MRC
(McCarthy et al. 1996) surveys, and the USS samples
from the 4C (Chambers et al. 1996a) and the one pre-
sented in this paper. The results (Fig. 1) show a trend
for steeper spectral index sources to have higher redshifts
in flux limited, spectrally unbiased samples, confirming
the empirical relation out to the highest redshifts. The
efficiency of the USS criterion is clearly illustrated by the
fact that the 4C USS sample (Chambers et al. 1996a)
contains 50% z > 2 sources, and by the early spectroscopic
results on the USS samples presented in this paper, which
indicate that ∼2/3 of our sources have z > 2. It is even
more impressive to note that 13 of the 14 radio galaxies
at z > 3.5 we know of have been found from samples
with a steep spectral index selection1! The limitation of
this technique is that the steepest spectrum sources are
rare, comprising typically only 0.5% (at α < −1.30) of a
complete low frequency sample; therefore, large and deep
all sky surveys are needed to obtain a significant sample
of USS sources.

With the advent of several new deep all-sky surveys
(§2), it is now possible for the first time to construct a
well defined all-sky USS sample with optimized selection
criteria to find large numbers of z > 3 radio galaxies. In
this paper, we describe the construction of such a sam-
ple, and present high resolution radio observations needed
to determine accurate positions and morphologies. This

1 The only exception is VLA J123642+6213
(Waddington et al. 1999), which has been identified in the
HDF, but it does have a steep spectral index (α8500

1400 = −0.94).

(De Breuck+2000)

4 Carlos De Breuck et al.: A sample of 669 USS sources

Fig. 2. Limiting flux density plotted for all major radio
surveys. Lines are of constant spectral indices of −1.3.
Note that WENSS, NVSS and FIRST have flux density
limits ∼ 100 times deeper than previous surveys at com-
parable wavelengths.

Fig. 3. Fraction of sources with ’+++’ flag in the Texas
catalog (see text) as a function of Texas S365 flux density.
Note that the selection of ’+++’ sources excludes primar-
ily sources with S365 ∼< 700 mJy.

’+++’ flag in the catalog). This selection excludes pri-
marily S365 ∼< 700 mJy sources (Fig. 3), but even at
S365 ∼> 700 mJy, one out of three sources is excluded
by this criterion. Douglas et al. 1996 have calculated the
completeness above flux density S of the Texas catalog
(defined as the fraction of sources with true flux density
greater than S which appear in the catalog) by comparing

Table 2: Completeness of the Texas survey

Limiting flux density all sources ’+++’ sources
250 mJy 0.8 0.2
350 mJy 0.88 0.28
500 mJy 0.92 0.40
750 mJy 0.96 0.51
1 Jy 0.96 0.50

Fig. 4. Ratio of integrated Texas over WENSS flux den-
sity against integrated WENSS flux density. Only Texas
’+++’ sources are plotted. The horizontal line is the ex-
pected ratio 0.865 due to the 40 MHz difference in cen-
tral frequency, and assuming a spectral index of α1400

365 =
−0.88. The curved line indicates a 150 mJy flux density
limit in the Texas catalog. Note the increasing amount
of overestimated Texas flux densities with decreasing flux
density SWENSS < 400 mJy.

the Texas with the MRC (Large et al. 1981) and a vari-
ety of other low-frequency catalogs. They found that the
completeness varies with declination (because the survey
was done in declination strips over a large time span), and
an expected increase in completeness at higher flux den-
sities. In Table 2, we reproduce their completeness table,
extended with the values after the ’+++’ selection.

To examine the reliability of the listed flux densities,
and to check to what extent the ’+++’ selection has re-
moved the spurious sources from the catalog, we have cor-
related the Texas ’+++’ sources with WENSS, NVSS and
FIRST. In Figure 4, we compare the Texas flux densities
with those of the WENSS. At S325 ∼> 500 mJy, the ratio
of the flux densities is closely distributed around 0.9. This
ratio is what we expect due to the 40 MHz central fre-
quency difference between the two surveys and assuming
a spectral index α1400

365 = −0.879 (the median of the Texas-
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USS radio sources in the Lockman Hole

- Extremely deep radio surveys available: 1.4 GHz (VLA) reaching 6 µJy 
rms and 610 MHz (GMRT) reaching  15 µJy rms; 0.6 sq deg (Ibar+09).

- Extensive multiwavelength coverage: includes IR coverage, in 
particular with Spitzer Extragalactic Representative Volume Survey 
(SERVS). 

- Extensive spectroscopy coverage.
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➔  48/58 reliable 3.6 µm IDs (to [3.6]~22-23 mag)

➔  14 sources with a spect-z; 34 further with a photo-z

➔  58 (faint) USS sources (sub-mJy at radio freqs)

(Afonso+11)



USS radio sources in the Lockman Hole

USS Redshift Distribution:
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USS [3.6]-band Distribution:



USS radio sources in the Lockman Hole

SKADS Simulated Skies simulations (Wilman+08):
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USS radio sources in the Lockman Hole

SKADS Simulated Skies simulations (Wilman+08):

J. Afonso ・ The environments of faint USS Radio sources ・ 2012 Sept 13



What about the environments?

Can faint USS sources still be used to trace proto-clusters?
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What about the environments?
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• [3.6]-[4.5]>-0.1 mag suitable 
for z>1.2 (Papovich+08)

• Use [3.6]<22.5 (~m*+2 @ 
z~1.2-2) and mr>22.5

• Detection of overdensities 
within 1’ (~0.5 Mpc @ 1<z<3)



What about the environments?
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What about the environments?
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- 5 (in 20) USS’s in fields with overdensities (>2𝛔)

- Very similar to MIR environments of HzRGs - 11 (in 48) in overdense 
environments (Galametz+12) 

- Interestingly, all 5 already detected at [3.6]<21.3 (but see Dominika’s 
talk)

Not only the USS criteria appears highly efficient to 
select high-z galaxies even at the faintest radio fluxes...

So...

... but also the clustering properties seem similar to the 
traditional HzRG population.



The Future looks Bright
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Evolutionary Map of the Universe 
(ASKAP); Norris+2011

What today is an ultra deep (pencil-beam) observation will soon become full sky.

The Future looks Bright Faint
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Lower frequencies even sooner...

Westerbork Observations of the Deep 
APERTIF Northern-Sky; Rottgering+11

=> FULL SKY @ 1.4GHz, 10-15” resolution, 10 µJy rms (2013++)
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