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Hide and seek
>:: The search for high redshift galaxies

High redshift radio galaxies –
the fathers of modern day
galaxies – hold the key to
unlocking many secrets of our
Universe. But to study them, we
first need to find them.
Enoch Lau takes us on a
journey to the dawn of time.
Figure 1
Radio image of
Cygnus A, showing
the distinctive double
lobe structure of
radio galaxies

“All truths are easy to understand
once they are discovered; the point is to
discover them.” Galileo shocked the
world with his discoveries, uprooting the
then prevailing geocentric model of the
universe. Every since then, humans have
been extending their horizons, seeking to
know more, wanting to escape the
confines of the Earth.
It was only relatively recently that
Edwin Hubble – whose name lives on in
the renowned Hubble Space Telescope
(HST) – managed to prove that spiral
nebula were in fact separate galaxies
outside the Milky Way. Now, with the
fusion of radio astronomy and
observations at other bands in the
electromagnetic spectrum, we can go far
beyond that – we can reach for the stars…
no wait, high redshift radio galaxies, or
HzRGs (the z comes from the symbol
astronomers use for redshift).
But the question remains: why do
we care about objects with high redshift?
Redshift is our intergalactic measuring
tape (see inset Redshift). The higher the
redshift of the emitted electromagnetic
radiation into longer wavelengths, the
further away it is, and the further away it
is, the further back in time we look, due
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Redshift

in relation to each other (for
example, some galaxies close are
actually blue-shifted because they
are moving towards us), but for
more distant galaxies, redshift is
the dominant factor.

When light is emitted from a distant
object, the light, as observed on
Earth, has been red-shifted; that is,
the frequency of the observed light
is lower than the frequency at which
it was emitted. Astronomers denote
redshift by z:
z =

Although different principles, this is
quite similar to that of the Doppler
Effect. Remember that light goes
towards you at c = 300,000 km/s
regardless of your motion!

λobserved − λrest
λrest

How do we know the observed
wavelength? We need to use an
optical telescope to measure the
spectrum at various frequencies,
and then look for key emission or
absorption features, in particular
the Lyman series for neutral
hydrogen, quite important because
of the abundance of neutral
hydrogen in the early universe.

As the universe is expanding,
carrying galaxies further and further
away from each other, the
expansion of space between the
point of emission and the point of
detection causes the change in
wavelength. Hence, we can use
redshift as a measure of the
distance to the galaxy and lookback time. Galaxies move randomly

to the finite speed of light. In fact, with a
redshift of z = 5, we can see some of the
first galaxies that formed – about a
billion years after the Big Bang (see
Table 1). Although that might seem like
a very long time, it is a mere blip in the
lifetime of the universe.
However, there is a bigger
question to ask: why do we want to find
these objects? What can high redshift
radio galaxies tell us? What are radio
galaxies?
Radio galaxies are galaxies that
have strong emissions in the radio
spectrum, about 1041 to 1046 erg.s‐1,
which is about 1015 times stronger than
the radio output of a normal spiral
galaxy like our own. At the centre, it is
believed that there is a black hole, with
an accretion disk that supplies the hot
gas to feed the black hole. The “fuel” for
these galaxies comes from the
tremendous gravitational potential
energy of the gas.
When you view these with an
optical telescope, you will typically see
a giant elliptical galaxy. However, the
pressures are so great towards the
centre that matter is expelled along two
oppositely directed jets that end in lobes
(see Figure 2), visible in the radio

Figure 2 Overlaid picture of Cygnus A taken at radio and
optical wavelengths. Note how small the optical counterpart is
compared with the two lobes.

Redshift z

Age of Universe (Gyr)

0

13.7

1

5.9

2

3.3

3

2.2

4

1.6

5

1.2

10

0.5

Table 1 Relationship between observed redshift and the age of
the Universe (using the best cosmological parameters from the
WMAP satellite (Bennett et al., 2003))
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image. The jets consist of high‐energy
electrons that are funnelled along
magnetic field lines, and they are
oriented along the common rotation
axis of the accretion disk and the black
hole.
The radiation emitted from these
jets is synchrotron emission – which is
still electromagnetic radiation. However,
instead of a hot gas glowing because it
is hot, these emissions come from those
electrons that spiral along the magnetic
field lines; because they are accelerating,
they continuously emit radiation whose
wavelength is related to their energy
and the strength of the magnetic field
(Figure 3).

Now, the amazing thing is that even
our Milky Way Galaxy is suspected of
having a black hole at its centre! However,
this black hole is far smaller (only about 3
million times the mass of the Sun!) and
much less active than those found in
distant radio galaxies, which are thought
to be in the order of up to a billion solar
masses in a space just the size of the solar
system.
HzRGs are therefore incredibly
large, and the quest is on to find out how
they were able to form in such a short
period of time. There is another
interesting phenomenon with these black
holes; a black hole seems to “know” the
mass of the central bulge in the galaxy;
this mysterious correlation between the
two factors that would benefit from
further investigation by observing these
distant galaxies.

Using Sky Surveys

Figure 3 Electrons spiralling around magnetic field lines emit
synchrotron radiation

Determining the redshift of a galaxy
may not be possible if we cannot find an
optical counterpart for the radio source.
Furthermore, finding HzRGs is
fundamentally a matter of data mining,

Figure 4 The eastern arm of the Molonglo Radio Observatory, which is run by the
School of Physics at The University of Sydney, runs for about 800 metres.
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Radio Spectra
Radio spectra are usually plotted
with logarithmic axes, with flux density
against frequency. Spectral index is
simply the gradient of the line joining
two points on one of these graphs. In
our analysis, we used two, α1 and α2
(see inset Spectral Index & Radio
Spectra).
The rapid decline in the flux
density towards the higher frequency of

4 | Hide and seek: the search for high redshift galaxies

log(Flux density/mJy)

408

843

1400

log(Frequency/MHz)
Figure 5(a) Linear Spectrum

log(Flux density/mJy)

scanning the sky for suitable candidates;
however, we cannot work out the
redshift for all radio sources because it
would be too costly and take too long!
Because these objects are very faint,
obtaining a spectrum requires a large
amount of telescope time, which
assignment committees are unlikely to
grant without a strong case that it is
likely to be at a very high redshift.
So wouldn’t it be nice if we could
increase the chance of selecting a high
redshift galaxy after only observing a
few parameters? For example, we could
use data from sky surveys conducted at
particular frequencies instead of getting
data at all frequencies. This is the
question being explored by the high
redshift group at the School of Physics
of The University of Sydney.
The data that we worked with was
taken from three sky surveys. The
lowest frequency one was data taken
during the 1980s at the Molonglo Radio
Observatory near Canberra operated by
the University. At 408 MHz, the survey
was conducted using both the east‐west
and north‐south arms of the telescope;
and the data was recently salvaged from
tape and transformed into a digital
format for everyone to use. The second,
the Sydney University Molonglo Sky
Survey (SUMSS), is a newer sky survey
conducted at 843 MHz at the same
telescope using only the east‐west arm
(Bock, D., Large, M. and Sadler, E.). The
third sample used is the NRAO VLA
Sky Survey (NVSS) at 1400 MHz (J. J.
Condon, W. D. Cotton, E. W. Greisen,
and Q. F. Yin).

408

843

1400

log(Frequency/MHz)
Figure 5(b) Curved Spectrum

Spectral Index & Radio Spectra
Spectral index, denoted by α, simply refers to the
gradient of the line joining two points on a logarithmic
plot of flux density against frequency. Mathematically,
d(log S)
. In our analysis, α1 refers
this is given by α =
d(log f )
to the gradient of the green line, joining the 408 MHz
point to the 843 MHz point, and α2 refers to the
gradient of the red line, joining the 843 MHz point to
the 1400 MHz point.
A spectrum is classified as curved if the 1400 MHz point
is 1.2 times higher than what it would have been if the
spectrum were linear.

Figure 6 Radio spectrum of Cygnus A. The numbers on the graph show the spectral
index value at that particular point.

log(Flux density/mJy)

a typical radio source, such as Cygnus
A (Figure 6), is indicative of a loss of
high‐energy electrons. This can be
attributed to the inverse Compton Effect,
where the electrons, possessing much
more energy than the photons they
encounter, give these photons energy.
However, their supply, in this case, is
not replenished indefinitely, and
because they lose energy, the frequency
of the radiation they emit decreases
correspondingly.

log(Frequency/Hz)
Figure 7 Red-shifting a curve shifts a steeper part
of the curve into the observed frequency range

Changing the α1 cut-off
One of the parameters that we
wanted to investigate was α1, the slope of
the line joining the 408 MHz point to the
843 MHz point. In the past, the α1 cut‐off
was chosen arbitrarily at ‐1.3. Now, we
want to see whether there is any
difference to the proportion of high
redshift galaxies in our samples if we
used a cut‐off of ‐1.2 instead. The reason
is simple: with a less steep α1 cut‐off, if
the chance of getting an HzRG is the
same as ‐1.3, we will have a larger sample
size and hence, more sources that are
high redshift.
In Figure 7, we can see that by
shifting the curve towards the left, which
is the effect of redshift, the observed
spectral index becomes steeper. Hence,
would the steeper α1 cut‐off (that is,
choosing ‐1.3, and thereby removing the
radio sources with a shallowed spectral
cut‐off) result in a higher proportion of
HzRGs? If it does, then we should keep
using ‐1.3 as the cut‐off instead of going
up to ‐1.2.
How do we know whether we have
a higher proportion of HzRGs? We infer
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Blank Fields & the Lyman α Break
Figure 8(a) Optical ID

Blank fields are generally a good indicator
of distance and one of the reasons is the
redshift of the Lyman α break.

Flux Density

There are clouds of neutral hydrogen gas
along the line of sight from us to the
galaxy. So, the Lyman α transition of
hydrogen will absorb all the emission
from the galaxy blue-ward of the Lyman α
line at 121.6 nm, and then re-emit it in all
different directions. This Lyman α break,
when red-shifted, will move into the
optical region lowering the flux density
readings in the optical range.

Figure 8(b) Blank Field

Visible

Redshift

Figure 9 The Lyman α break can be redshifted into the visible region, reducing flux
density readings using optical telescopes

Figure 8(c) demonstrates a

source that has been classified as
Nearby Source; these galaxies are
awaiting higher resolution radio
observations in December to determine
whether to classify them as Blank Fields
or Optical IDs, as their status is
currently unknown. So that our analysis
is valid after December, we analysed
our data twice; the first time, we
excluded all the Nearby Sources, and
the second time, we included all the
nearby sources as Optical IDs, as this is

Figure 8(c) Nearby Source

what we expect to find most of the
Nearby Source objects to be.
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SUMSS radio contour overlays on superCOSMOS images provided by Julia Bryant

by looking at the proportion of sources
classified as Optical IDs (that is, there is
an optical counterpart coincident with
the radio source – Figure 8(a)) and the
proportion classified as Blank Fields
(there is no corresponding optical
counterpart – Figure 8(b)). Hence,
because we do not have the redshift
numbers, we can use the proportion of
blank fields instead, to see whether any
such changes are significant (see inset
Blank Fields & the Lyman α Break).

Proportion of Optical Counterparts
at different values of α1
[408 MHz cut-off = 200 mJy]

Optical IDs
Nearby Sources
Blank Fields
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α1 (408 MHz to 843 MHz spectral index)

Figure 10 Proportions of Optical IDs, Nearby
Sources and Blank Fields for sources with spectral
index α1 values of -1.2 and -1.3.

Statistical Analysis of Proportions
The test of proportions tells us whether
the change in the proportion of objects
in a particular type (such as blank
fields) has changed in a statistically
significant way from one sample to
another.
We calculate the normalised observed
statistic z =

p1 − p2
⎛1
1 ⎞
⎟
+
p(1 − p )⎜⎜
⎟
⎝ n1 n2 ⎠

, and find

the P-value (the probability of this
occurring by chance) using a normal
distribution table. If the P-value is low
(that is, this is unlikely to be a fluke),
say less than 0.05 (5%), we can say
that it is likely that the proportions did
change from one sample to the other.

Our initial analyses were done using
graphs. As shown in Figure 10, the
proportion of sources classified as blank
fields at with an α1 value of ‐1.3 is
somewhat higher than for a value of ‐1.2.
Hence, by removing the sources with a
shallow α1 value (the second column),

we should expect to see an increase in the
proportion of blank fields.
However, is this decrease
significant? Here, we turn to statistical
analysis (see inset Statistical Analysis of
Proportions), and from the P‐values (the
probability of the difference in
proportions of blank fields from one
sample to the next) we were able to
determine that there was not an
appreciable change. For example, when
the flux cut‐off was changed from ‐1.2 to ‐
1.3, and with the Nearby Sources
discarded, the P‐value was 0.32, and with
the Nearby Sources treated as Optical IDs,
the P‐value was 0.62, even less of a trend.
It is important to note that this is true
whether or not the Nearby Sources have
been included. Furthermore, we also
divided the samples according to the flux
cut‐off for the 408 MHz source, cutting
them off at 200 (the entire data set), 300
and 400 mJy. Statistical analysis reveals
that the changes in the proportion of
blank fields for each of those three cut‐
offs was also not appreciable.
What can we conclude from this?
We can choose whichever cut‐off we like
for α1: ‐1.2 if you want more samples or
‐1.3 if you want fewer samples.

Effect on Curved/Linear Proportions
We also examined the effect of
changing α1 on the curved sources to
linear sources ratio (see inset Spectral
Index & Radio Spectra for the
curved/linear distinction).
Whether a source is classified as
curved or linear is dependent on the
slopes of the two lines in the diagram, as
illustrated in Figure 11. By testing the
effect of changing the α1 cut‐off on the
curved to linear ratio, we can understand
further the causes of curvature. Do we get
curved sources because the α1 value is
steeper, or is it because the α2 value is
shallower?
Once again, using the statistical test
of proportions, we found no change in
the curved to linear ratio as we changed
the α1 cut‐off.
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Figure 11 Curved spectra is caused by either α1 or α2

What does this mean? If α1 is not
the cause of a curved spectrum (because
changing it has negligible effects on the
curved or linear properties of our
sources), then it must be α1 doing the
talking. That is, a source is curved
because the α2 value has been flattened.
If α2 has in fact been flattened,
then a possible cause is that the black
holes in HzRGs undergo multiple active
phases in their lifetime. Instead of
letting the number of high‐energy
electrons to diminish, these black holes
gobble up more matter from the
accretion disk surrounding it (see
Figure 12), thereby replenishing its
supplies. High‐energy electrons mean
more output at high frequency, which
means a flattened α2 value.
Why do some galaxies have black
holes with more than one active phase
giving them a flatter α2 value while
others don’t? This is a question that
requires further investigation of the
data, and of the underlying physical
principles.

Conclusion
The search for high redshift
galaxies, or HzRGs, is an important step
in the quest to understand the
forbearers of modern day galaxies
including our own. Improving on
selection criteria will aid astronomers in
their bid to study these distant objects.

Figure 12 The black hole is surrounded
by an accretion disk, from which matter
can be gobbled up to create new highenergy electrons.

In particular, we found that
changing the arbitrary α1 cut‐off from ‐1.3
to ‐1.2 has no effect on the chance of
selecting a high redshift galaxy, meaning
that we can use either one depending on
the desired sample size.
Furthermore, the α2 value appears
to be the leading cause of the curvature of
the sources. A possible cause of this is
that the black holes in the high redshift
radio galaxies are undergoing multiple
active phases to replenish their high‐
energy electrons.
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