
Cosmic Dawn & 
 Square Kilometer Array

Jonathan Pritchard	
(Astrophysics)





Who am I?

Undergraduate 
Cambridge 

(4yrs)

PhD 
Caltech  
(5yrs)

Postdoc 
Harvard 
(4yrs)

Lecturer  
Imperial  
(~2yrs)

Focus on cosmology and the formation of 
the first galaxies - big picture astrophysics



Archaeology and Astronomy



Seeing the past

• Light travels at 300,000 km/s. Fast, but finite.	

• When we see distant objects, we’re seeing them as 
they were when that light was emitted	

• We’re seeing the past	

• Moon is ~1 light seconds away 
Sun is ~8 light minutes away	

• We don’t get to choose when we see. Each 
distance corresponds to a specific time in cosmic 
history



What do we see?
• Different frequencies show us different objects at 

different distances. 	

• Limits set by technology and absorption along the 
line of sight



Cosmic Microwave Background

Planck satellite



Cosmic Microwave Background

“Infant” Universe	
~400,000 years old 

Small temperature variation  
= small variation in density  

Seeds that will grow into galaxies and	
clusters that we see today



Hubble Space Telescope



Hubble Ultra Deep Field
• Patch smaller than the moon on sky

• Furthest galaxies are located at distances  
when Universe was 1 billion years old	

• “Mature” Universe



First Epoch HUDF09: z850-dropouts 3

(z850 − Y105)>−1.1 + 4(Y105 − J125)

S/N(J125) > 5 ∧ S/N(Y105) > 5

S/N(V606) < 2 ∧ S/N(i775) < 2

These criteria select galaxies from z ∼ 6.4− 7.3 with a
median redshift of ⟨z⟩ = 6.8, see inset in Fig. 1.

After rejecting spurious sources such as diffraction
spikes of stars and one probable supernova, we find 16
z ∼ 7 candidates between J125= 26.2 − 29.2 mag. Their
properties are listed in Table 1 and postage stamps of all
candidates are shown in Fig. 2.

It is reassuring that all z ∼ 7 galaxy candidates, which
have been identified in previous work are confirmed to be
secure high redshift candidates (see Table 1). We show
in Fig. 3 a comparison of the NICMOS observations with
the WFC3 data for the brightest candidates in order to
visualize the enormous improvement in data quality pro-
vided by WFC3/IR. The new data allow us to probe to
much fainter limits. While in previous studies only two
galaxies were identified beyond a magnitude of 27.5, of
which one is only marginally detected (Bouwens et al.
2008; Oesch et al. 2009), the current WFC3 sample in-
cludes 11 such faint objects, resulting in much better
constraints on the luminosity function at z ∼ 7.

2.3. Sources of Sample Contamination

Previous z ∼ 7 selections have suffered from several
possible sources of contamination, such as (1) spurious
detections, (2) cool dwarf stars, (3) intermediate redshift
galaxies with red NIR colors, (4) lower redshift sources
which scatter into the selection due to photometric er-
rors, and (5) high redshift supernovae. Our HUDF09
WFC3/IR observations are much less affected by these
problems as we briefly discuss below.

(1) The sources presented in this paper are virtually
all > 5σ detections in three bands, which have been
obtained with different dither positions, and the noise
properties of WFC3/IR are much better behaved than
in NICMOS data. Thus we rule out that any of our
source is a spurious detection or is caused by an image
artefact.

(2) As can be seen in Fig. 1, dwarf stars occupy a
different locus in the z850 − Y105 vs. Y105 − J125 dia-
gram than high redshift galaxies. The J125 band probes
short enough wavelengths that it is not dominated by the
strong absorption bands of dwarf star SEDs. Therefore,
it is very unlikely that any such source contaminates our
sample.

(3)+(4) The z ∼ 7 galaxy candidates are covered with
three bands, all showing colors bluer than expected for
possible low redshift contaminants. Based on our simu-
lations it is very unlikely that any of these galaxies are
lower redshift interlopers.

(5) Since our WFC3/IR observations are taken much
later than the already existing optical data, supernovae
are a potential source of contamination of our sample.
Following the calculation in Bouwens et al. (2008), how-
ever, only 0.012 sources are expected to be found per
arcmin2, which results in ∼ 0.06 expected supernovae.
Fortunately, at the bright end, such sources can be elim-
inated by comparison to the existing NICMOS images.
Indeed, we find one such source, which shows a stellar
profile and, with J125=26.2 mag, should have been se-
curely detected in the previous NICMOS images of the

Fig. 2.— Postage stamps of all z ∼ 7 galaxy candidates in B435,
V606, i775, z850, Y105, J125, and H160. The sizes of the images are
2.′′2× 2.′′2.

HUDF (see Table 1 and Figure 3). We exclude this source
from our subsequent analysis, but list it here because of
its potential interest.

3. THE Z ∼ 7 LBG LUMINOSITY FUNCTION

As in Oesch et al. (2007, 2009) completeness, C, and
magnitude dependent redshift selection probabilities, S,
for our sample are derived from simulations in which we
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3), thereby extending the range of the LF. The depth of the Hubble 
images has  been particularly advantageous, as the LF increases steeply 
for intrinsically fainter sources indicating that the bulk of the UV 
luminosity density from star-forming galaxies at z~7 emerges from an 
abundant population of feeble systems. 

The most luminous z~7 galaxies  have also been detected individually 
by  Spitzer49,50, and many show strong continua redward of 400 nm in 
their rest frame indicating established stellar populations of ~109-10 solar 
masses.  Stacking the Spitzer images of the more abundant  fainter 
population gives hints of a marginal signal corresponding to similar 
stellar populations whose mean mass is 108-9 solar masses51. The 
combination of HST and Spitzer has been very effective in addressing the 
key issue of identifying a sustained source of ionizing radiation. Although 
uncertainties remain, there is  now reasonably convincing evidence that 
star formation in individual galaxies proceeded at a roughly constant rate 
over an extended period of 300 million years, corresponding to the 
redshift range 7<z<10. 
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In addition to counting the number of galaxies that produce energetic 

radiation, we must establish whether a sufficient  fraction of the 
associated UV photons escape to enable reionization. To quantify the 
production rate of ionizing photons, dnion/dt, and conclusively determine 
the role of galaxies in cosmic reionization, we thus turn to the problem of 
determining the number !Q of energetic Lyman continuum photons per 
unit  star formation rate produced by early stellar populations and  the 
fraction fesc of such photons that freely escape each galaxy (see Box 1).  
Although these quantities almost certainly vary significantly from one 
galaxy to the next, we can legitimately  seek to establish a representative 
average for the purposes of determining the role of galaxies in 
reionization.

As UV photons with wavelengths below the Lyman limit  (91.2nm) 
capable of reionizing the intergalactic atoms are rapidly absorbed by 
neutral gas in  the galaxy, the most direct route to estimating fesc would be 
to  measure the emerging flux in this wavelength range.  Such 
observations are intrinsically  difficult  as typically fesc<<1 and the 
intervening IGM along the line of sight can absorb the escaping photons, 
further attenuating the detected Lyman continuum flux.  Despite these 
challenges, intrepid spectroscopic and narrow-band imaging 
observations52-55 have detected Lyman continuum flux from galaxies at 
redshift z~3, the practical  redshift limit for this method. These 
measurements find that the effective escape fraction can vary widely 
galaxy-to-galaxy, but infer characteristic values of 0.1<~ fesc<~0.2 at z~3.

The same experiment at redshift z~7 is  not technically feasible owing 
to  the increased IGM absorption in high-redshift  sources.  However, 
another photometric signature caused by Lyman limit photons as they 
migrate out of a young galaxy might be observable.  If such a photon 
encounters neutral gas in the galaxy, it will  likely ionize a portion of that 
gas and lead to line emission as well as free-free and bound-free 
scatterings between electrons and protons.  These processes produce 
nebular radiation whose characteristic emission spectrum can be detected.  
Models incorporating both the stellar and nebular contributions to 
galactic emission56,57 display a spectrum whose power law slope " (where 
the flux scales with wavelength as  f# $ #") is strongly connected with the 
number of escaping ionizing photons through !Q and fesc42 (see Figure 2).  
However, unlike the direct measurement of Lyman continuum photons at 
z~3, this indirect method to estimate fesc from the spectral character of 
z~7 galaxies has yet to be conclusively demonstrated.

Lower luminosity  galaxies in the redshift range 4 < z < 7 show steep 
UV slopes58, consistent with the hypothesis that  these are relatively-dust 
free systems44. Moreover, the new Hubble data has now indicated that 
this  trend continues to higher redshift where UV slopes  with " < -2.5 
have been claimed42,44.  As the youngest  starburst galaxies in  the local 
Universe show UV spectra with " > -2.558,59, and extreme slopes  (" < -3) 
may indicate Population III stars60,61, the steep values derived from the 

Robertson, B. E., Ellis, R. S., Dunlop, J. S., McLure, R. J. and Stark, D. P., Nature 468, 55 (2010)

Figure 2: Ionizing Flux from High-Redshift Galaxies The co-
moving flux of  hydrogen ionizing photons dnion/dt produced by 
galaxies depends on the total star formation rate density  %SFR, 
the number of  ionizing photons per unit  star formation rate !Q, 
and the fraction fesc of  these photons that can escape galaxies 
to ionize the IGM.  Most galaxies at z~7 appear to be nearly 
dust-free42, and the escape fraction may  therefore reflect  the 
internal ionization rate of  gas within each galaxy.  This internal 
ionization produces nebular emission83 that can redden the 
spectra of  nearly  metal-free star-forming galaxies. The colour of 
the galaxy  determined using various filters (panel b, shown as 
shaded areas) may therefore constrain !Q, and fesc57.  Panel a 
shows the UV spectral slope ",  defined via the flux density, f  (#) 
~ #",  for the case of  a metal-poor galaxy.  We calculate " from 
stellar population synthesis models84,85 and our newly-
constructed model for the nebular spectrum83,86-89. Galaxies with 
constant  star formation rates and fesc~1 may appear extremely 
blue while models with fesc~0 are redder owing to nebular 
emission.    Measuring this slope for z~7 galaxies is difficult.  
Panel b shows model high-redshift galaxy  spectra with and 
without nebular emission, along with the synthesized 
photometry  in the available HST filters (data points).  The typical 
UDF photometric uncertainty  is ~0.25 magnitudes per source 
and ~0.11 magnitudes for stacked photometry  of  20 objects (1 
s.d. error bars).  Hence, the current data are insufficiently  deep 
to infer unambiguously fesc and !Q from the spectral slope.

Hubble (and soon JWST) identify high redshift galaxies as 
“drop outs”

redder filters



The Cosmic Timeline

• CMB shows intial 
conditions	

• Deep galaxy surveys 
show later galaxies	

• What went on in 
between?	

• Currently NO 
observations!

Reionization

CMB

Dark ages

Cosmic Dawn

Galaxy 	
formation
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The Missing Reel



Reionization

CMB

Dark ages

Cosmic Dawn

Hubble Deep	
Field

• Dark Ages	

• Cosmic Dawn	

• Reionization

The Missing Reel



Dark sure, but interesting

Structures grow as gravity causes collapse



Fire breathing monsters?
• First stars formed from primordial gas - hydrogen and helium	

• Later stars form from gas enriched with metals - carbon, 
oxygen, iron,...	

• First stars may have been larger, hotter, brighter  
=> live fast, die young (Pop III lifetime ~ 1 million years)

Population III
~100 Msol	
~20 Lsol  

Population II Population I

Our sun

Metal-free Metal-poor Metal-rich
(spiral arms of Milky way)(galactic bulge/globular clusters)



First stars



Galactic archaeology

• “hierarchical structure formation”  
- small galaxies merge to form larger ones	

• Can search for oldest stars in our galaxy as  
low-mass metal-poor stars	

• Less fossils, more very old citizens of Universe

LETTER
doi:10.1038/nature12990

A single low-energy, iron-poor supernova
as the source of metals in the star SMSS
J031300.362670839.3
S. C. Keller1, M. S. Bessell1, A. Frebel2, A. R. Casey1, M. Asplund1, H. R. Jacobson2, K. Lind3, J. E. Norris1, D. Yong1, A. Heger4,
Z. Magic1,5, G. S. Da Costa1, B. P. Schmidt1 & P. Tisserand1

The element abundance ratios of four low-mass stars with extremely
low metallicities (abundances of elements heavier than helium)
indicate that the gas out of which the stars formed was enriched
in each case by at most a few—and potentially only one—low-energy
supernova1–4. Such supernovae yield large quantities of light ele-
ments such as carbon but very little iron. The dominance of low-
energy supernovae seems surprising, because it had been expected
that the first stars were extremely massive, and that they disinte-
grated in pair-instability explosions that would rapidly enrich gal-
axies in iron5. What has remained unclear is the yield of iron from
the first supernovae, because hitherto no star has been unambigu-
ously interpreted as encapsulating the yield of a single supernova.
Here we report the optical spectrum of SMSS J031300.362670839.3,
which shows no evidence of iron (with an upper limit of 1027.1 times
solar abundance). Based on a comparison of its abundance pattern
with those of models, we conclude that the star was seeded with mate-
rial from a single supernova with an original mass about 60 times
that of the Sun (and that the supernova left behind a black hole).
Taken together with the four previously mentioned low-metallicity
stars, we conclude that low-energy supernovae were common in
the early Universe, and that such supernovae yielded light-element
enrichment with insignificant iron. Reduced stellar feedback both
chemically and mechanically from low-energy supernovae would
have enabled first-generation stars to form over an extended period.
We speculate that such stars may perhaps have had an important role
in the epoch of cosmic reionization and the chemical evolution of
early galaxies.

Whereas the solar spectrum contains many thousands of spectral
lines due to iron and other elements, the high-resolution (R 5 28,000)
optical spectrum of SMSS J031300.362670839.3 (hereafter SMSS 03132
6708) is remarkable for the complete absence of detectable iron lines.
Figure 1 shows a portion of the spectrum that possesses a signal-to-noise
ratio (S/N) of 100 per resolution element in the vicinity of one of the
strongest iron lines (Fe I at 385.9 nm wavelength). The non-detection
of iron lines places an upper limit on the iron abundance of the star,
[Fe/H] , 27.1, at a 3s confidence level. (Here [A/B] 5 log10(NA/NB)star 2
log10(NA/NB)[, where NA/NB is the number ratio of atoms of elements A
and B, and the subscript[ refers to the solar value.) This upper limit is 30
times lower than the iron abundance in HE 132722326, which has [Fe/
H] 5 25.6 (ref. 2), and is the most iron-deficient star previously known.

The paucity of absorption lines in the spectrum of SMSS 031326708
allows us to derive the abundance of only four chemical elements. The
calcium abundance is determined to be [Ca/H] 5 27.0. Given that
existing studies have shown that [Ca/Fe] 5 10.4 for the majority of
extremely metal-poor stars6, the [Ca/H] value that we determine would
be consistent with an extraordinary low iron abundance limit. We
suggest below, however, that the Ca abundance in SMSS 031326708

1Research School of Astronomy and Astrophysics, Mount Stromlo Observatory, Cotter Road, Weston, Australian Capital Territory 2611, Australia. 2Department of Physics, Massachusetts Institute of
Technology and Kavli Institute for Astrophysics and Space Research, Cambridge, Massachusetts 02139, USA. 3Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK.
4School of Mathematical Sciences, Monash University, Victoria 3800, Australia. 5Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Strasse 1, Garching 85741, Germany.
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Figure 1 | A comparison of the spectrum of SMSS 031326708 to that
of other extremely metal-poor stars. a–c, Metal-poor stars of similar
temperature and surface gravity are chosen from the literature. The spectrum
of SMSS 031326708 shows an absence of detectable Fe I lines (a) and is
dominated by molecular features of CH (c). Panel b shows the vicinity of what
should be one of the strongest iron lines in the ultraviolet/optical wavelength
region. Overlaid are synthesized line profiles (1D LTE) for [Fe/H] 5 27.5
(dotted line), 27.2 (solid line) and 26.9 (long dashed line).
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9.6 Galaxy Formation and Evolution

395
derived from the NIR magnitude, is M∗ ! 1011 M⊙, so
they are comparable to elliptical galaxies in the local
Universe. Although this is only a small sample of ob-
jects, it is possible to estimate from them the density of
massive early-type galaxies at these high redshifts. This
yields a density which is comparable to that of massive
star-forming galaxies at similar redshift. This means that
at z ∼ 2, not only were a large fraction of the stars which
are visible today formed (Fig. 9.34), but also that a com-
parable fraction of the stars were already present at that
time in the form of an old stellar population. The cosmic
mass density of stars in these early-type galaxies is about
10% of the current density in systems with stellar masses
above ∼ 1011 M⊙. The early appearance of massive el-
lipticals at such high redshifts, with number densities as
observed, are difficult to explain by hierarchical models
of galaxy evolution, which we will discuss next.

9.6.3 Semi-Analytic Models
One can try to understand the above qualitative argu-
ments in greater detail and quantitatively. Note that
this is not possible by means of a cosmological hy-
drodynamic simulation: the physical processes that
determine the formation of stars in galaxies occur on
very small length-scales, whereas the evolution of struc-
tures, which defines, e.g., the merger rate, happens on
cosmological scales. Hence it is impossible to treat both
scales together in a single simulation. Furthermore, the
physical laws determining the behavior of gas (hydro-
dynamical processes such as shock fronts and friction;
radiation processes) are too complicated to be mod-
eled in a detailed simulation, except in those which
are confined to a single galaxy. In addition, many of
the gas processes are not understood sufficiently well
to compute their effects from basic physical laws. Star
formation is just one example of this, although arguably
the most important one.

To make progress, we can parametrize the functional
behavior of those processes which we are unable to de-
scribe with a quantitative physical model. To give one
example, the star-formation rate in a galactic disk is ex-
pected (and observed) to depend on the local surface
mass density Σg of gas in the disk. Therefore, the star-
formation rate is parametrized in the form Ṁ∗ = AΣ

β
g ,

and the parameters A and β adjusted by comparison
of the model predictions with observations. Such semi-

analytic models of galaxy formation and evolution have
in recent years contributed substantially to our under-
standing and interpretation of observations. We will
discuss some of the properties of these models in the
following.

Merger Trees. In the CDM model, massive halos are
formed by the merging of halos of lower mass. An ex-
tension to the Press–Schechter theory (see Sect. 7.5.2)
allows us to compute the statistical properties of these
merger processes of halos. By means of these, it is then
possible to generate a statistical ensemble of merger
histories for any halo of mass M today. Each individual
halo is then represented by a merger tree (see Fig. 9.37).
Alternatively, such merger trees can also be extracted
from numerical simulations of structure formation, by
following the mass assemble history of individual ha-
los. The statistical properties of halos of mass M at
redshift z are then obtained by analyzing the ensemble
of merger trees. Each individual merger tree specifies

Fig. 9.37. A typical merger tree, as expected in a hierarchical
CDM model of structure formation. The time axis runs from
top to bottom. A massive halo at the present time t0 has formed
by mergers of numerous halos of lower mass, as indicated in
the figure. One defines the time of halo formation as the time tf
at which one of the sub-halos had reached half the mass of the
current halo



First galaxies
• Galaxy is a collection of gravitationally bound stars	

• First star to form altered surroundings 
- heating, ionization, metal enrichment, winds,...  
 
 
 

• IF feedback prevents star formation for a while 
then galaxies are “bursty” - 1 star at a time	

• IF feedback mild then may get more continuous 
star formation	

• Prima dona vs team players...



What sort of light?

• As stars live and die they produce remnants - 
neutron stars, black holes 
 
 
 

• Black holes can coalesce at center of galaxy and 
grow rapidly => supermassive black hole	

• Accretion of gas onto black hole releases energy 
as radiation - can out shine galaxy  
= Active Galactic Nuclei (AGN)	

• Jet of non-thermal emission + hot X-rays



Blowing bubbles

• Light more energetic than 13.6 eV can ionize hydrogen	

• Ionized bubbles form around galaxies and grow, merging 
over time.	

• Ultimately, the space between galaxies becomes entirely 
ionized

e-

p+

e-

p+

Neutral hydrogen Ionized hydrogen

photon



Reionization



The last phase transition???
• Reionization is the last major phase transition in 

the Universe from space being filled with cold, 
neutral gas to hot, ionized gas.	

• When and how long did reionization take place?	

• What were the sources that drove it? 
- Massive metal-free Population III stars 
- Many metal-poor Population II stars 
- Accretion onto supermassive black holes (AGN)	

• How did ionized bubbles grow and merge?  
- small bubbles around individual galaxies 
- larger bubbles around groups of galaxies 



What do we know?

Reionization



Reionization

Cast:	
dark matter halos	
Population III stars	
Population II stars	
Galaxies	
Black holes	
Dark stars	
Miniquasar	
...

Casablanca

Cast:	
Taxi driver	
Police man	
Rick	
Souk merchant	
Lazlo	
Ilsa	
Man with camel	
...

Know the cast, but 	
who are the leads and who the bit players?



Reionization Casablanca

Plot:	
Universe was neutral	
Luminous sources form	
Universe became ionized

Plot:	
Boy meets girl	
Boy falls for girl	
Boy loses girl

Know the plot highlights,	
but what are the details?
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Cosmic movie making



How to observe reionization?

• Should be able to see some of the bright galaxies with 
the James Webb Space Telescope  
BUT 
faint galaxies are too faint. Sad since they’re numerous	

• Really want to see the hydrogen gas that gets ionized 
BUT  
light from ionization and recombination of hydrogen 
gets blocked before it gets to us	

• Need a new technique to map the hydrogen



The 21 cm line
• Hydrogen can emit or absorb radio waves with 

wavelength of 21cm from spin flips	

• These radio waves can propagate to us today

21cm = 1.4 GHz



Nearby 21 cm observations 
• 21 cm light will be shifted in frequency by Doppler effect	

• Used in nearby Universe to map shape of Milky Way



Cutting Swiss Cheese
• At cosmic distances, expansion of Universe 

produces Doppler shift = redshifting



Where should we look?
• Frequencies 40-200MHz correspond to  

100million - 1billion years after the Big Bang

100 MHz� z = 13
200 MHz� z = 6

70 MHz⇥ z � 20

tAge(z = 10) � 500 Myr

tAge(z = 6) � 1 Gyr

tAge(z = 20) � 150 Myr

50 MHz => z~27 tAge(z=27) ~100 Myr 

1420 MHz => z=0 tAge(z=0) ~13.7 Gyr 



Radio telescopes of the past

Front page 
New York Times 

May 3, 1933
Jansky with his 20.5 MHz telescope near Bell Labs



Bigger is better!

Green Bank 300ft telescope



collapsed in 1988 - structural failure

Building big dishes is hard



Interferometry

• Radio telescope samples 
phase and amplitude of 
electromagnetic wave	

• Combine signal from 
many elements to 
synthesise a bigger 
telescope 
= ‘interferometry’	

• More elements  
= more collecting area  
& better quality image



Giant Meter Radio Telescope

Built in 1995, 80 km from Pune, India
30 x 45m dishes. 50MHz-1500MHz



LOw Frequency ARray (LOFAR)
• First of modern arrays built to target cosmic 21cm signal	

• Individual elements are simple antennae collected into ‘tiles’	

• Plug into supercomputer and correlate = ‘Digital astronomy’
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HBA (120-240 MHz)

LBA (10-80MHz)
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LOFAR
• Core located in Netherlands	

• Stations scattered over Europe	

• Now looking for cosmic 21 cm signalStatus of LOFAR

Ronald Nijboer (ASTRON)
On behalf of the LOFAR team

ASTRON, Dwingeloo, 23 Aug. 2010- 1 -SKA Calibration and Imaging Workshop 2010

ASTRON is part of the Netherlands Organisation for Scientific Research (NWO)

Superterp

LOFAR stations



Square Kilometer Array

• Will have ~ 1 million antennae and 1km2 collecting area	

• Distributed over core of ~ 1km to outlying stations ~ 
100km away	

• Located in South Africa and Australia	

• First light ~2020	

• International HQ at Jodrell Bank near Manchester	

• Cost: €650 million for Phase 1	

• BIG DATA!!! - SKA Phase 1 will produce today’s internet 
per night



Square Kilometer Array



Square Kilometer Array



Key challenges
• Man made radio interference	

• Astronomical foregrounds - 1000x larger than signal
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21 cm signal

1 billion 500 million 250 million 100 million 10 million 
Time 
after
Big Bang
(years) 

Reionization ends Reionization begins 

Heating begins 

First galaxies form 

Dark ages 

Frequency (MHz) 

Cosmic time 

B
ri

gh
tn

es
s 

(m
K

)

7 Redshift 8 9 10 11 12 131415204080160
50

0

–50

–100

–150
0 20 40 60 80 100 120 140 160 180 200

–60

–30

0

30

60

(mK)

Pritchard & Loeb 2010

Where CMB is a photo; 21cm signal is a movie

Sensitive to key moments in cosmic history

LOFAR/MWA/PAPERSKAMoon?



Cosmic movies



What might we learn?
• When did first galaxies 

begin heating and ionizing 
the Universe.	

• Sizes & number of 
bubbles linked to 
brightness and abundance 
of galaxies	

• Temperature of hydrogen 
linked to X-ray emission 
from early black holes	

• Map distribution of 
matter throughout 
Universe

sky + instrument + RFI

EDGES Sky avg

Greenhill – CalTech 12Feb27

λ21cm Signatures
ν, z

k⊥
k⎮⎮

Bowman%&%Rogers%10

hypothetical
‘global step’

Lidz%et%al.%2008

3D

– sky-averaged signal (DC)

– via total-power instrumentation
– υ & θ power spectrum (AC)

– via arrays



Things to watch out for

• Radio astronomy being transformed by computing 
power	

• New instruments; new capabilities; new frontiers	

• Big data; big computing challenges  
=> new algorithms needed	

• 21 cm studies will reveal Universe from 100 
million years after the Big Bang through to today



Exciting times ahead!
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10. Outlook

hope to study gas physics in the close vicinity of the
event horizon of black holes.

Far-infrared astronomy will receive its next boost
in 2008, when the Herschel satellite will be launched
by ESA. Its 3.5 meter mirror will provide a far bet-
ter sensitivity in this wavelength regime than previous
FIR telescopes. Herschel will be launched together with
the Planck satellite, which will yield a far more de-
tailed image of the microwave sky than even WMAP.
While mainly targeted at measurements of the CMB
anisotropy, with better angular resolution and far better
wavelength coverage than WMAP, Planck will not only
be a very important mission for cosmology; its sky sur-
vey at many frequencies will also benefit many other
fields of astronomy. The discovery of galaxy clusters
by means of the Sunyaev–Zeldovich effect should be
mentioned as just one example.

There will also be revolutionary developments in
radio astronomy. New mm and sub-mm telescopes,
such as the recently commissioned APEX, will pro-
vide much more detailed maps of the dust emission
from star-forming regions than before. APEX will con-
duct a Sunyaev–Zeldovich survey for galaxy clusters
and therefore follow a new strategy for selecting clus-
ters. In a way, this provides a connection to the future
Planck mission. In particular, we expect a large number
of clusters at high redshift which are of special value
when using clusters as cosmological probes. Towards
the end of this decade, ALMA (Atacama Large Mil-
limeter Array, Fig. 10.5), a 64 antenna interferometer

Fig. 10.5. Artist’s impression of the Ataca-
ma Large Millimeter Array (ALMA) which
is currently being built on the Llano de
Chajnantor in Chile, a plateau at 5000 me-
ters altitude (this is also the site of APEX).
The 64 antennas will have a diameter of
12 meters each. They will be operated in
an interferometric mode, and they will start
a totally new era in (sub-)mm astronomy,
owing to the large collecting area and the
excellent atmospheric conditions at this site

operating at mm and sub-mm wavelengths, will start to
make its first observations. Its enormously increased an-
gular resolution and sensitivity will allow us to study,
among other issues, the dust emission and molecules
of very high redshift galaxies and QSOs. Furthermore,
future telescopes constructed in the Antarctic would
provide further opportunities for infrared and sub-mm
astronomy owing to the extremely dry atmosphere.

At even longer wavelengths, a technological revo-
lution will take place. Currently being developed are
concepts for radio telescopes whose radio lobes will
be digitally generated on computers. Such digital radio
interferometers not only allow a much improved sensi-
tivity and angular resolution, but they also enable us to
observe many different sources in vastly different sky
regions simultaneously. LOFAR will be the prototype
of such an instrument and will operate at frequencies
below about 200 MHz. In the more distant future, the
Square Kilometer Array (SKA) will be a much larger
observatory – its name is derived from its effective
collecting area. SKA will provide a giant boost to as-
tronomy; for the first time ever, the achievable number
density of sources on the radio sky will be comparable
to or even larger than that in the optical. The limits of
such instruments are no longer bound by the properties
of the individual antennas, but rather by the capacity
of the computers which analyze the data. To exploit
the full capacity of these digital radio interferometers,
a giant evolution in the hardware and software of such
supercomputers will be required.

ALMA

10. Outlook
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telescope will start a new era in high-resolution optical
astronomy.

The Hubble Space Telescope has turned out to be
the most successful astronomical observatory of all
time (although it certainly was also the most expen-
sive one). This success can be explained predominantly
by its angular resolution, which is enormously supe-
rior compared to ground-based telescopes, and by the
significantly reduced night-sky brightness, in partic-
ular at longer wavelengths. The importance of HST
for extragalactic astronomy is not least based on the
characteristics of galaxies at high redshifts. Before the
launch of HST, it was not known that such objects are
small and therefore have, at a given flux, a high sur-
face brightness. This demonstrates the advantage of the
high resolution that is achieved with HST. Several ser-
vice missions to the observatory led to the installment
of new and more powerful instruments which have con-
tinuously improved the capacity of HST. At present,
the future of HST is very uncertain. After the fatal dis-

Fig. 10.4. Artist’s impression of the 6.5-meter James Webb
Space Telescope. Like the Keck telescopes, the mirror is seg-
mented and protected against Solar radiation by a giant heat
shield. Keeping the mirror and the instruments permanently
in the shadow will permit a passive cooling at a temperature
of ∼ 35 K. This will be ideal for conducting observations at
NIR wavelengths, with unprecedented sensitivity

aster of the Space Shuttle Challenger, NASA initially
canceled the next planned servicing mission; this mis-
sion is vital for HST since its gyroscopes need to be
replaced. In addition, this servicing mission was sched-
uled to bring two new powerful instruments on-board,
further increasing the scientific capabilities of HST. At
present (2006) it is unclear whether this servicing mis-
sion will be launched, thereby prolonging the lifetime
of HST for several more years and bridging the time
until JWST will be launched (see below).

Fortunately, the successor of HST is already at an
intensive stage of planning and is currently scheduled
to be launched in 2013. This Next Generation Space
Telescope (which was named James Webb Space Tele-
scope – JWST) will have a mirror of 6.5-meters diameter
and therefore will be substantially more sensitive than
HST. Furthermore, JWST will be optimized for obser-
vations in the NIR (1 to 5 µm) and thus be able, in par-
ticular, to observe sources at high redshifts whose stellar
light is redshifted into the NIR regime of the spectrum.
The Spitzer Space Telescope already operates at NIR
and MIR wavelength. Despite the fact that Spitzer car-
ries only a 60 cm mirror, it is far more sensitive and effi-
cient in this wavelength regime than previous satellites.

We hope that JWST will be able to observe the first
galaxies and the first AGN, i.e., those sources responsi-
ble for reionizing the Universe. Besides a NIR camera,
JWST will carry the first multi-object spectrograph in
space, which is optimized for spectroscopic studies of
high-redshift galaxy samples and whose sensitivity will
exceed that of all previous instruments by a huge factor.
Furthermore, JWST will carry a MIR instrument which
is being developed for imaging and spectroscopy in the
wavelength range 5 µm≤ λ≤ 28 µm.

A new kind of observatory is planned for X-ray as-
tronomy where the focal length will be so large as to
require two spacecraft. One of them will carry the mir-
ror system, whereas the other will host the instruments.
Operating such a telescope will require that the separa-
tion between the telescope and the focal plane be kept
constant with very high precision. This poses a techno-
logical challenge for formation flight; formation flights
also need to be mastered for future IR interferometers
in space. The Next Generation X-ray Telescope will be
capable of observing galaxy clusters to the highest red-
shifts and to extend the studies of AGNs to much lower
luminosities than is currently possible. In particular we

JWST

IN 1977, JERRY NELSON, AN APPLIED

physicist at the Lawrence Berkeley National
Laboratory in California, made a bold
proposal to the University of California
(UC). The university was looking to build a
10-meter telescope—twice the size of the
Hale Telescope at Mount Palomar, which for
3 decades had been the largest telescope in
the country. Nelson was convinced that stan-
dard telescope mirrors—“mono-
liths” made from a single piece
of glass—had reached their lim-
its. Instead, he proposed to make
the primary mirror for the new
telescope from a few dozen thin,
hexagonal segments joined
together into a smooth parabolic surface.

“I knew I could build a 10-meter mono-
lith. But I didn’t want to, because it would be
the last of the dinosaurs,” says Nelson,
whose concept was greeted with skepticism
by UC astronomers. “I didn’t just want to
build a telescope. I wanted to build a system
that could be extrapolated into a bigger tele-
scope in the future.”

Meanwhile, a physicist named Roger
Angel was melting Pyrex dishes in a
makeshift backyard kiln in Tucson, Arizona,

to figure out how to make monolithic mirrors
bigger and better. Although less radical than
Nelson’s approach, Angel’s posed equally
daunting engineering challenges. The two
men would exchange competitive jibes at con-
ferences. Making no secret of his view of
monoliths as obsolete, Nelson—a native Cali-
fornian with an irreverent style—would jok-
ingly ask Angel why he kept wasting time on a

dead-end technology. Angel, a
transplanted Brit of gentlemanly
bearing, would smile back and
note the risks of an untested one.

By the early 2000s, each side
had points on the scoreboard.
Nelson’s team had built seg-

mented mirrors for the twin 10-meter Keck
telescopes on the summit of Mauna Kea in
Hawaii; Angel’s had fabricated 6.5-meter
monoliths for the two Magellan telescopes at
Las Campanas in Chile. Those successes set
the stage for a new contest, now in full throt-
tle: building the world’s largest telescope. For
the past 5 years, Nelson and his colleagues at
UC have been working on plans for the Thirty
Meter Telescope (TMT)—whose primary
mirror will be a glinting mosaic of 492 hexag-
onal segments controlled with such precision

that even light won’t discern the edges
between them. Meanwhile, Angel and his col-
laborators have set their sights on building the
Giant Magellan Telescope (GMT)—whose
seven monolithic 8.4-meter mirrors, arranged
like flower petals, will function as a primary
mirror 24.5 meters in diameter.

If the telescopes are built—TMT on
Mauna Kea in Hawaii, GMT at Las Cam-
panas—each will capture images up to 10
times sharper than today’s best ground-based
telescopes. Both will shoot for the same scien-
tific goals, which include bringing into focus
the first stars and galaxies, studying the for-
mation of planets and stars, understanding the
growth of black holes, and probing the nature
of dark matter and dark energy. And both will
cost a fortune: The segmented TMT’s price tag
is $1 billion; GMT’s is $700 million.

So far, neither side—UC and the Califor-
nia Institute of Technology for TMT, and a
consortium led by Carnegie Observatories
and the University of Arizona for GMT—has
come close to securing the total funding it
needs. “These facilities are so big that they
could die of their own weight,” warns Richard
McCray, a professor emeritus at the Univer-
sity of Colorado, Boulder. Even if both GMT
and TMT get built with little federal support,
he says, the U.S. National Science Foundation
(NSF) would be hard pressed to help out with
the substantial operating costs of each. Given
the funding challenges, some astronomers say
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Race for 
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Two very different telescope projects are jostling to give the United
States its biggest-ever eye on the sky. Can the country afford both?

Online
Podcast interview
with author 

Yudhijit Bhattacharjee.
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“With the making of the first segment, we
have pretty much retired the risk of how you
put the telescope together,” he says. He has
come home in the middle of the day to tend to
his ailing cat. Sunlight bouncing off a pool in
the back dances on his face as he peels a
pomegranate at the lunch table. Making the
492 segments of the competitor TMT work
together, Angel says, is inherently riskier than
GMT’s seven-piece design: “It’s a matter of
the devil you know versus the devil you don’t.”

Caution and thrift come up a lot when
members of the two teams pitch their projects.
“If you look at the two telescopes, you say 

that [TMT] is really sexy; this [GMT] is old-
fashioned stuff,” says Jonathan Kern, an engi-
neer with GMT. “But this is old-fashioned for
a reason. We are not trying to do anything that
hasn’t been done, that we can’t put a cost on.”

Nelson, who otherwise enjoys the label of
risk-taker, stresses that segmented mirrors
are now a rock-solid technology, too. Con-
trolling 492 segments (inconceivable when
the 36-segment Keck mirror saw first light
16 years ago) is “completely trivial” for
modern computers, he says. “The bottom
line is that today segmented mirrors are
cheaper per square meter than monoliths,”

and the savings on mirror construction far out-
weigh the cost of more-powerful computing
and denser actuators. The American telescope
projects’ transatlantic rival, the E-ELT, will
use 1000 segments, Nelson notes. “Nothing
can stop a good idea,” he says with a grin.

Winner take all?

The race for telescopic supremacy began in
1999, when astronomers’decadal survey—an
official rank-ordered “wish list” of proposed
projects that researchers submit to the govern-
ment—cited a giant telescope as a top priority.
Nelson’s group was first off the block, with a
proposal for what was then called the Califor-
nia Extremely Large Telescope (CELT).

At first, the leadership at Carnegie Obser-
vatories mulled the idea of joining CELT. It
was a controversial proposal. Carnegie Obser-
vatories and Caltech, both nurtured by George
Hale and located 8 kilometers apart, had been
managed jointly until 1971, when differences
culminated in a divorce. Rivalry ran deep.

When Carnegie researchers approached
astronomers at Caltech with an offer to collab-
orate on CELT, they were turned away, accord-
ing to scientists on both sides who did not wish
to spell out the details. Stung by the rebuff,
researchers at Carnegie joined with other insti-
tutions to create what is now Angel’s GMT
consortium. “No question that we got going
because the other group was making head-
way,” says Stephen Shectman, project scientist
for GMT and a researcher at Carnegie. Nelson
and others on TMT acknowledge that they
were less than thrilled to see GMT entering the
arena. “They wanted to be the only U.S. proj-
ect in this area,” Shectman says.

Behind-the-scenes maneuvering fol-
lowed. In 2003, TMT sent UC Berkeley
astronomer Richard Ellis to the Harvard-
Smithsonian Center for Astrophysics, a
Magellan partner, to woo Harvard away
from GMT and into TMT. Josh Grindlay, a
Harvard University researcher who was
involved in the talks, calls Ellis’s visit “a
political move … to squash the competition.”
Nelson is unapologetic. “Harvard’s rich. We
needed rich partners,” he says.

Grindlay says some at Harvard were
tempted but that loyalty to the Magellan con-
sortium and conf idence in the GMT 
proposal—“which really is simpler”—carried
the day. Friends at Caltech still jokingly ask
him if Harvard would like to join TMT, he
says: “They say you might as well join us
because there may not ever be a GMT.”

Nelson’s TMT scored a coup in June 2003
when it signed a technical agreement with a
major users’ group. The Association of Uni-
versities for Research in Astronomy (AURA),

Big plans. E-ELT would dwarf
every other telescope on Earth.
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With a 100-meter primary mirror, it would have been the big daddy of all telescopes, worthy of
the label “Overwhelmingly Large” (OWL) bestowed by its architects at the European Southern
Observatory (ESO). Now, astronomers joke that the acronym means “Originally Was Larger.”
Even so, the scaled-down successor that ESO has committed to building—the European
Extremely Large Telescope (E-ELT)—would still outsize the U.S. entries in its class, the Thirty
Meter Telescope and the Giant Magellan Telescope (see main text), by a fair margin, with a pri-
mary mirror 42 meters in diameter.

E-ELT’s estimated cost of $1.5 billion also makes it the most expensive of the three. Its fund-
ing prospects, however, seem rosier than those of GMT and TMT because governments are back-
ing it: The 14 member states of ESO have agreed to provide a third of the money over the next
10 years. To make up the difference, ESO members are discussing whether to increase their con-
tributions to the ESO budget, attract outside partners, or do both, says Jason Spyromilio, direc-
tor of the E-ELT project office.

The project’s planners, who are currently finishing up a detailed design, want to build the pri-
mary mirror with 1000 segments about the same size as the hexagonal panels in TMT. Spyromilio
says using a handful of larger monoliths between 7 and 8 meters in diameter could also have
worked. “There is no a priori clear solution that would say one is better than the other,” he says
of the two designs. “The selection reflects the different risks that each project associates with its
supply chain.”

The resolution provided by E-ELT’s collecting area of 1200 square meters—nearly twice that of
TMT and three times that of GMT—will enable a lot of exciting science, says Spyromilio. “Anice exam-
ple might be the power of imaging exoplanets. Here the E-ELT will achieve a contrast about an order
of magnitude better than the next best telescope,” he says, adding that E-ELT in principle will be able
to detect exoplanets as small as Earth. Officials hope to pick a site for the telescope from among can-
didate sites in the Canary Islands, Chile, Morocco, and Argentina by the end of this year. –Y.B.

THE COLOSSUS OF EUROPE
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We are listening - Diane Ackerman
As our metal eyes wake 
to absolute night, 
where whispers fly 
from the beginning of time, 
we cup our ears to the heavens. 
We are listening 
!
on the volcanic rim of Flagstaff 
and in the fields beyond Boston, 
in a great array that blooms 
like coral from the desert floor, 
on highwire webs patrolled 
by computer spiders in Puerto Rico. 
!
We are listening for a sound 
beyond us, beyond sound, 
!
searching for a lighthouse 
in the breakwaters of our uncertainty, 
an electronic murmur, 
a bright, fragile I am. 
!
Small as tree frogs 
staking out one end 
of an endless swamp, 
we are listening 
through the longest night 
we imagine, which dawns 
between the life and times of stars.

Our voice trembles 
with its own electric, 
we who mood like iguanas, 
we who breathe sleep 
for a third of our lives, 
we who heat food 
to the steaminess of fresh prey, 
then feast with such 
good manners it grows cold. 
!
In mind gardens 
and on real verandas 
we are listening, 
rapt among the Persian lilacs 
and the crickets, 
while radio telescopes 
roll their heads, as if in anguish. 
!
With our scurrying minds 
and our lidless will 
and our lank, floppy bodies 
and our galloping yens 
and our deep, cosmic loneliness 
and our starboard hearts 
where love careens, 
we are listening, 
the small bipeds 
with the giant dreams.



Thank you for your 
consideration
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SKA status

2006

2012

2016

2019

2024

FIRST ASTRONOMICAL
OBSERVATIONS

1991

2008
-2012

2013
-2015

SHORTLISTING OF
SUITABLE SITES

SYSTEM DESIGN
AND COSTING

DETAILED DESIGN AND
PRODUCTION ENGINEERING

SITE DECISION

INITIAL CONSTRUCTION

SKA CONCEPT

FULL OPERATION

Current

SKA project office - Jodrell Bank, Manchester

SKA director general - Phil Diamond

SKA sites:  South Africa - Karoo	
                Australia - Western Outback  

SKA-low: 50-350 MHz             (Australia)	
SKA-mid: 350MHz-3GHz         (SA)  

Baseline design currently under discussion 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Arecibo

20

1. Introduction and Overview

Fig. 1.18. “Jansky’s Merry-Go-Round”. By
turning the structure in an azimuthal direc-
tion, a rough estimate of the position of
radio sources could be obtained

Fig. 1.19. With a diameter of 305 m, the
Arecibo telescope in Puerto Rico is the
largest single-dish telescope in the world; it
may also be known from the James Bond
movie “Goldeneye”. The disadvantage of
its construction is its lack of steerability.
Tracking of sources is only possible within
narrow limits by moving the secondary
mirror

Green Bank Telescope (see Fig. 1.20) after the old one
collapsed in 1988. With Effelsberg, for example, star-
formation regions can be investigated. Using molecular
line spectroscopy, one can measure their densities and
temperatures. Magnetic fields also play a role in star for-
mation, though many details still need to be clarified.
By measuring the polarized radio flux, Effelsberg has

mapped the magnetic fields of numerous spiral galaxies.
In addition, due to its huge collecting area Effelsberg
plays an important role in interferometry at very long
baselines (see below).

Because of the long wavelength, the angular res-
olution of even large radio telescopes is fairly low,
compared to optical telescopes. For this reason, radio

305m dish
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VLA22

1. Introduction and Overview

Fig. 1.21. The Very Large Array (VLA)
in New Mexico consists of 27 antennae
with a diameter of 25 m each that can be
moved on rails. It is used in four different
configurations that vary in the separation
of the telescopes; switching configurations
takes about two weeks

particularly used in the study of AGNs. With VLBI we
have learned a great deal about the central regions of
AGNs, such as the occurrence of apparent superluminal
velocities in these sources.

Some of the radio telescopes described above are
also capable of observing in the millimeter regime.
For shorter wavelengths the surfaces of the anten-
nae are typically too coarse, so that special telescopes
are needed for wavelengths of 1 mm and below. The
30-m telescope on Pico Veleta (Fig. 1.22), with its
exact surface shape, allows observations in the mil-
limeter range. It is particularly used for molecular
spectroscopy at these frequencies. Furthermore, impor-
tant observations of high-redshift galaxies at 1.2 mm
have been made with this telescope using the bolometer
camera MAMBO. Similar observations are also con-
ducted with the SCUBA (Submillimeter Common-User
Bolometer Array) camera at the James Clerk Maxwell
Telescope (JCMT; Fig. 1.23) on Mauna Kea, Hawaii.
Due to its size and excellent location, the JCMT is
arguably the most productive telescope in the submil-
limeter range; it is operated at wavelengths between
3 mm and 0.3 mm. With the SCUBA-camera, operating
at 850 µm (0.85 mm), we can observe star-formation re-
gions in distant galaxies for which the optical emission
is nearly completely absorbed by dust in these sources.
These dusty star-forming galaxies can be observed in the
(sub-)millimeter regime of the electromagnetic spec-
trum even out to large redshifts, as will be discussed in
Sect. 9.2.3.

To measure the tiny temperature fluctuations of the
cosmic microwave background radiation one needs
extremely stable observing conditions and low-noise
detectors. In order to avoid the thermal radiation of
the atmosphere as much as possible, balloons and
satellites were constructed to operate instruments at
very high altitude or in space. The American COBE
(Cosmic Background Explorer) satellite measured the
anisotropies of the CMB for the first time, at wave-
lengths of a few millimeters. In addition, the frequency
spectrum of the CMB was precisely measured with
instruments on COBE. The WMAP (Wilkinson Mi-
crowave Anisotropy Probe) satellite obtained, like
COBE, a map of the full sky in the microwave regime,
but at a significantly improved angular resolution and
sensitivity. The first results from WMAP, published in
February 2003, were an enormously important mile-
stone for cosmology, as will be discussed in Sect. 8.6.5.
Besides observing the CMB these missions are also of
great importance for millimeter astronomy; these satel-
lites not only measure the cosmic background radiation
but of course also the microwave radiation of the Milky
Way and of other galaxies.

1.3.2 Infrared Telescopes
In the wavelength range 1 µm! λ! 300 µm, observa-
tions from the Earth’s surface are always subject to very
difficult conditions, if they are possible at all. The at-
mosphere has some windows in the near-infrared (NIR,
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telescope will start a new era in high-resolution optical
astronomy.

The Hubble Space Telescope has turned out to be
the most successful astronomical observatory of all
time (although it certainly was also the most expen-
sive one). This success can be explained predominantly
by its angular resolution, which is enormously supe-
rior compared to ground-based telescopes, and by the
significantly reduced night-sky brightness, in partic-
ular at longer wavelengths. The importance of HST
for extragalactic astronomy is not least based on the
characteristics of galaxies at high redshifts. Before the
launch of HST, it was not known that such objects are
small and therefore have, at a given flux, a high sur-
face brightness. This demonstrates the advantage of the
high resolution that is achieved with HST. Several ser-
vice missions to the observatory led to the installment
of new and more powerful instruments which have con-
tinuously improved the capacity of HST. At present,
the future of HST is very uncertain. After the fatal dis-

Fig. 10.4. Artist’s impression of the 6.5-meter James Webb
Space Telescope. Like the Keck telescopes, the mirror is seg-
mented and protected against Solar radiation by a giant heat
shield. Keeping the mirror and the instruments permanently
in the shadow will permit a passive cooling at a temperature
of ∼ 35 K. This will be ideal for conducting observations at
NIR wavelengths, with unprecedented sensitivity

aster of the Space Shuttle Challenger, NASA initially
canceled the next planned servicing mission; this mis-
sion is vital for HST since its gyroscopes need to be
replaced. In addition, this servicing mission was sched-
uled to bring two new powerful instruments on-board,
further increasing the scientific capabilities of HST. At
present (2006) it is unclear whether this servicing mis-
sion will be launched, thereby prolonging the lifetime
of HST for several more years and bridging the time
until JWST will be launched (see below).

Fortunately, the successor of HST is already at an
intensive stage of planning and is currently scheduled
to be launched in 2013. This Next Generation Space
Telescope (which was named James Webb Space Tele-
scope – JWST) will have a mirror of 6.5-meters diameter
and therefore will be substantially more sensitive than
HST. Furthermore, JWST will be optimized for obser-
vations in the NIR (1 to 5 µm) and thus be able, in par-
ticular, to observe sources at high redshifts whose stellar
light is redshifted into the NIR regime of the spectrum.
The Spitzer Space Telescope already operates at NIR
and MIR wavelength. Despite the fact that Spitzer car-
ries only a 60 cm mirror, it is far more sensitive and effi-
cient in this wavelength regime than previous satellites.

We hope that JWST will be able to observe the first
galaxies and the first AGN, i.e., those sources responsi-
ble for reionizing the Universe. Besides a NIR camera,
JWST will carry the first multi-object spectrograph in
space, which is optimized for spectroscopic studies of
high-redshift galaxy samples and whose sensitivity will
exceed that of all previous instruments by a huge factor.
Furthermore, JWST will carry a MIR instrument which
is being developed for imaging and spectroscopy in the
wavelength range 5 µm≤ λ≤ 28 µm.

A new kind of observatory is planned for X-ray as-
tronomy where the focal length will be so large as to
require two spacecraft. One of them will carry the mir-
ror system, whereas the other will host the instruments.
Operating such a telescope will require that the separa-
tion between the telescope and the focal plane be kept
constant with very high precision. This poses a techno-
logical challenge for formation flight; formation flights
also need to be mastered for future IR interferometers
in space. The Next Generation X-ray Telescope will be
capable of observing galaxy clusters to the highest red-
shifts and to extend the studies of AGNs to much lower
luminosities than is currently possible. In particular we
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hope to study gas physics in the close vicinity of the
event horizon of black holes.

Far-infrared astronomy will receive its next boost
in 2008, when the Herschel satellite will be launched
by ESA. Its 3.5 meter mirror will provide a far bet-
ter sensitivity in this wavelength regime than previous
FIR telescopes. Herschel will be launched together with
the Planck satellite, which will yield a far more de-
tailed image of the microwave sky than even WMAP.
While mainly targeted at measurements of the CMB
anisotropy, with better angular resolution and far better
wavelength coverage than WMAP, Planck will not only
be a very important mission for cosmology; its sky sur-
vey at many frequencies will also benefit many other
fields of astronomy. The discovery of galaxy clusters
by means of the Sunyaev–Zeldovich effect should be
mentioned as just one example.

There will also be revolutionary developments in
radio astronomy. New mm and sub-mm telescopes,
such as the recently commissioned APEX, will pro-
vide much more detailed maps of the dust emission
from star-forming regions than before. APEX will con-
duct a Sunyaev–Zeldovich survey for galaxy clusters
and therefore follow a new strategy for selecting clus-
ters. In a way, this provides a connection to the future
Planck mission. In particular, we expect a large number
of clusters at high redshift which are of special value
when using clusters as cosmological probes. Towards
the end of this decade, ALMA (Atacama Large Mil-
limeter Array, Fig. 10.5), a 64 antenna interferometer

Fig. 10.5. Artist’s impression of the Ataca-
ma Large Millimeter Array (ALMA) which
is currently being built on the Llano de
Chajnantor in Chile, a plateau at 5000 me-
ters altitude (this is also the site of APEX).
The 64 antennas will have a diameter of
12 meters each. They will be operated in
an interferometric mode, and they will start
a totally new era in (sub-)mm astronomy,
owing to the large collecting area and the
excellent atmospheric conditions at this site

operating at mm and sub-mm wavelengths, will start to
make its first observations. Its enormously increased an-
gular resolution and sensitivity will allow us to study,
among other issues, the dust emission and molecules
of very high redshift galaxies and QSOs. Furthermore,
future telescopes constructed in the Antarctic would
provide further opportunities for infrared and sub-mm
astronomy owing to the extremely dry atmosphere.

At even longer wavelengths, a technological revo-
lution will take place. Currently being developed are
concepts for radio telescopes whose radio lobes will
be digitally generated on computers. Such digital radio
interferometers not only allow a much improved sensi-
tivity and angular resolution, but they also enable us to
observe many different sources in vastly different sky
regions simultaneously. LOFAR will be the prototype
of such an instrument and will operate at frequencies
below about 200 MHz. In the more distant future, the
Square Kilometer Array (SKA) will be a much larger
observatory – its name is derived from its effective
collecting area. SKA will provide a giant boost to as-
tronomy; for the first time ever, the achievable number
density of sources on the radio sky will be comparable
to or even larger than that in the optical. The limits of
such instruments are no longer bound by the properties
of the individual antennas, but rather by the capacity
of the computers which analyze the data. To exploit
the full capacity of these digital radio interferometers,
a giant evolution in the hardware and software of such
supercomputers will be required.
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More needed...

QSO

redshift=

Age of Universe=

∫
CMB

Existing observations leaves much unanswered:	
1) Lyman-alpha forest: end point z>6.5	
2) CMB optical depth: mid point z~11	
3) kSZ amplitude: duration z<4.4 ?

HST probes skewer much smaller than scale of ionized regions + only brightest sources

Fundamental need for new types of observation to understand details of reionization

HUDF

Large galaxy samples with LAE surveys or Euclid possible to z~8



Simulation of galaxy formation
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Figure 3. [Nb. WHEN REDO FOR NEW SIMULATION WE’LL RE-
PLACE 0.85 FOR 0.75 MAP, MORE INSIGHTFUL] Brightness temper-
ature slices for 600Mpc boxes resolved with 1Mpc pixels generated using,
from top to bottom, the global-in-out, local-in-out, global-out-in, and local-
out-in simulations. For all models z =7.25,8.5 & 11.25, from left to right
respectively, these correspond to ⟨xHI⟩ =0.11, 0.49 & 0.86 with the ex-
ception of the global out-in model that instead corresponds to, from left
to right, z =7.00, 8.50,10.25 corresponding to average neutral fractions of
0.10, 0.51 and 0.85 respectively. All were generated using identical density
field. However, the density field is smoothed with a k-space top hat with
smoothing radius 2Mpc for the two local models in order to make the field
more physical in nature.

ature maps. The size distributions of neutral regions are less in-
teresting with much less evolution during reionisation so we do
not present them here. Size distributions for ionised regions in
each map are presented in figure 5; from left to right curves cor-
respond to average neutral fractions of 0.10 (black triangles), 0.32
(green dashed), 0.51 (blue dot-dashed), and 0.75 (red solid). Both
local models display very little evolution of size in comparison to
the global models. For example, ionised bubble sizes range from
5Mpc to 50Mpc in the local models whereas for the global-in-
out they reach sizes of 150Mpc. The global-out-in develops much
smaller bubbles for higher neutral fractions, even at lower redshifts
these ionised regions are only around half of those in global-in-out.
We note that while the bubble size evolution is different between
our global models, there will a range of characteristic sizes in the
global-outside-in simulation that will be match some of those from
global-in-out, corresponding to different average neutral fractions.
Since it is possible that we will not have an absolute measure of

Figure 4. Redshift evolution of averaged neutral fraction (magnified by
10) with redshift along with the evolution of mean temperature for the
four models. From top to bottom, curves correspond to local-out-in (green
dashed), global-out-in (black dotted w/triangles), local-in-out (blue dot-
dashed), global-in-out (red solid), and average neutral fraction magnified
by 10 (yellow dashed) simulations. It is clear that models in which denser
regions remain neutral will have a much larger average brightness tempera-
ture.

this neutral fraction it will be difficult to distinguish these models
by characteristic bubble size alone.

We concentrate on the dimensionless power spectrum which
we describe using∆δTbδTb

(k, z) = k3/(2π2V )⟨|δ21(k, z)|2⟩k in
which δ21 = δTb(z)/δT b(z)−1, δT b(z) is the redshift dependent
average brightness temperature, V is the volume of the simulation
box and the angle brackets denote an average over k-space. We plot
the power spectrum in figure 6 at three different neutral fractions
corresponding to, from top to bottom, xHI = 0.11, 0.49 and 0.75.

As has been observed previously, the power spectrum of
global-in-out is strongly sensitive to the characteristic size, with
a turnover in the spectrum providing a measure of its scale
[Mesinger et al., 2010]. [Lidz et al., 2008] studied the observa-
tional repercussions of this for MWA. It is possible to constrain
the amplitude and slope of the power spectrum for wavenumbers
of between 0.1-1h Mpc1 with MWA and in this decade the am-
plitude rises and falls during reionisation, peaking at the half way
mark. The slope flattens out as reionisation increases the size of the
ionised bubbles.

This is all a result of a power boost at this characteristic size,
which drops off at scales bigger than the characteristic. As expected
we see a similar effect in the global-out-in model, however the flat-
tening out of the slope is less pronounced as there is more power
on pixel scales k ≈ 1Mpc−1 in this model due to a boost from the
absense of negative correlation between δ and xHI. However, it is
unlikely that instruments (certainly until SKA) will not be sensitive
to the k range containing this feature and so it will not be easy to
distinguish between these two models using the power spectrum at
a single redshift alone. At a neutral fraction of roughly 50% global-
in-out is the only model to display signatures of a characteristic
size. However, in the absence of a measure of the neutral fraction
it will be impossible to know if the power spectrum is dropping
rapidly at low-k because reionisation is proceeding quickly, or be-
cause the correct model is the global-out-in.

At higher redshifts/ neutral fractions another difference exists
between the outside-in and inside-out models, both display more
power on the larger scales presumably due to the positive correla-
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We could imagine that light moved more slowly  
say 1km/year	

!

Then 18000km to Wellington,NZ would take 18000years	
we’d see back to the beginning of human history	

!

and you’d have to wait ~18 hours after hitting 
a lightswitch to see the light
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Stellar Archeology
• Our galaxy has formed via mergers - “hierarchical structure 

formation” - smaller units form first then merger to form 
larger ones	

• Some components were galaxies that formed long ago	

• Low mass stars have lifetime> age universe so may be still 
around today	

• Search for metal-poor and metal-free stars in our Milky way
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A single low-energy, iron-poor supernova
as the source of metals in the star SMSS
J031300.362670839.3
S. C. Keller1, M. S. Bessell1, A. Frebel2, A. R. Casey1, M. Asplund1, H. R. Jacobson2, K. Lind3, J. E. Norris1, D. Yong1, A. Heger4,
Z. Magic1,5, G. S. Da Costa1, B. P. Schmidt1 & P. Tisserand1

The element abundance ratios of four low-mass stars with extremely
low metallicities (abundances of elements heavier than helium)
indicate that the gas out of which the stars formed was enriched
in each case by at most a few—and potentially only one—low-energy
supernova1–4. Such supernovae yield large quantities of light ele-
ments such as carbon but very little iron. The dominance of low-
energy supernovae seems surprising, because it had been expected
that the first stars were extremely massive, and that they disinte-
grated in pair-instability explosions that would rapidly enrich gal-
axies in iron5. What has remained unclear is the yield of iron from
the first supernovae, because hitherto no star has been unambigu-
ously interpreted as encapsulating the yield of a single supernova.
Here we report the optical spectrum of SMSS J031300.362670839.3,
which shows no evidence of iron (with an upper limit of 1027.1 times
solar abundance). Based on a comparison of its abundance pattern
with those of models, we conclude that the star was seeded with mate-
rial from a single supernova with an original mass about 60 times
that of the Sun (and that the supernova left behind a black hole).
Taken together with the four previously mentioned low-metallicity
stars, we conclude that low-energy supernovae were common in
the early Universe, and that such supernovae yielded light-element
enrichment with insignificant iron. Reduced stellar feedback both
chemically and mechanically from low-energy supernovae would
have enabled first-generation stars to form over an extended period.
We speculate that such stars may perhaps have had an important role
in the epoch of cosmic reionization and the chemical evolution of
early galaxies.

Whereas the solar spectrum contains many thousands of spectral
lines due to iron and other elements, the high-resolution (R 5 28,000)
optical spectrum of SMSS J031300.362670839.3 (hereafter SMSS 03132
6708) is remarkable for the complete absence of detectable iron lines.
Figure 1 shows a portion of the spectrum that possesses a signal-to-noise
ratio (S/N) of 100 per resolution element in the vicinity of one of the
strongest iron lines (Fe I at 385.9 nm wavelength). The non-detection
of iron lines places an upper limit on the iron abundance of the star,
[Fe/H] , 27.1, at a 3s confidence level. (Here [A/B] 5 log10(NA/NB)star 2
log10(NA/NB)[, where NA/NB is the number ratio of atoms of elements A
and B, and the subscript[ refers to the solar value.) This upper limit is 30
times lower than the iron abundance in HE 132722326, which has [Fe/
H] 5 25.6 (ref. 2), and is the most iron-deficient star previously known.

The paucity of absorption lines in the spectrum of SMSS 031326708
allows us to derive the abundance of only four chemical elements. The
calcium abundance is determined to be [Ca/H] 5 27.0. Given that
existing studies have shown that [Ca/Fe] 5 10.4 for the majority of
extremely metal-poor stars6, the [Ca/H] value that we determine would
be consistent with an extraordinary low iron abundance limit. We
suggest below, however, that the Ca abundance in SMSS 031326708

1Research School of Astronomy and Astrophysics, Mount Stromlo Observatory, Cotter Road, Weston, Australian Capital Territory 2611, Australia. 2Department of Physics, Massachusetts Institute of
Technology and Kavli Institute for Astrophysics and Space Research, Cambridge, Massachusetts 02139, USA. 3Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA, UK.
4School of Mathematical Sciences, Monash University, Victoria 3800, Australia. 5Max-Planck-Institut für Astrophysik, Karl-Schwarzschild-Strasse 1, Garching 85741, Germany.
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Figure 1 | A comparison of the spectrum of SMSS 031326708 to that
of other extremely metal-poor stars. a–c, Metal-poor stars of similar
temperature and surface gravity are chosen from the literature. The spectrum
of SMSS 031326708 shows an absence of detectable Fe I lines (a) and is
dominated by molecular features of CH (c). Panel b shows the vicinity of what
should be one of the strongest iron lines in the ultraviolet/optical wavelength
region. Overlaid are synthesized line profiles (1D LTE) for [Fe/H] 5 27.5
(dotted line), 27.2 (solid line) and 26.9 (long dashed line).
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