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Fisher matrix formalism and validate it against a more
detailed numerical parameter fitting. This provides us
with a way of quantitatively addressing the ability of global
21 cm experiments to constrain reionization and the astro-
physics of the first galaxies [17]. Similar work on the
subject [8] ignored the influence of foregrounds limiting
its utility considerably.

Much of the power of this technique stems from the
limitations of other observational probes. While next gen-
eration telescopes such as the James Webb Space
Telescope, [18], the Giant Magellan Telescope [19], the
European Extremely Large Telescope [20], or the Thirty
Meter Telescope [21] may provide a glimpse of the
Universe at z * 12, they peer through a narrow field of
view and are unlikely to touch upon redshifts z * 20. As
we will show, 21 cm global experiments could potentially
provide crude constraints on even higher redshifts at a
much lower cost.

The structure of this paper is as follows: In Sec. IV, we
begin by describing the basic physics that drives the evo-
lution of the 21 cm global signature and drawing attention
to the key observable features. We follow this in Sec. III
with a discussion of the foregrounds, which leads into our
presenting a Fisher matrix formalism for predicting obser-
vational constraints in Sec. IV. In Secs. Vand VI, we apply
this formalism to the signal from reionization and the first
stars, respectively. After a brief discussion in Sec. VII of
the prospects for detecting the signal from the dark ages
before star formation, we conclude in Sec. VIII.

Throughout this paper where cosmological parameters
are required we use the standard set of values !m ¼ 0:3,
!" ¼ 0:7, !b ¼ 0:046, H ¼ 100h km s"1 Mpc"1 (with
h ¼ 0:7), nS ¼ 0:95, and !8 ¼ 0:8, consistent with the
latest measurements [22].

II. PHYSICS OF THE 21 CM GLOBAL SIGNAL

The physics of the cosmological 21 cm signal has been
described in detail by a number of authors [23,24], and we
focus here on those features relevant for the global signal.
It is important before we start to emphasize our uncertainty
in the sources of radiation in the early Universe, so that we
must of necessity extrapolate far beyond what we know to
make predictions for what we may find. Nonetheless, the
basic atomic physics is well understood and a plausible
understanding of the likely history is possible.

The 21 cm line frequency "21 cm ¼ 1420 MHz redshifts
for z ¼ 6–27 into the range 200–50 MHz. The signal
strength may be expressed as a differential brightness
temperature relative to the CMB

Tb ¼ 27xH

!
TS " T#

TS

"!
1þ z

10

"
1=2

ð1þ $bÞð1þ $xÞ

&
#

@rvr

ð1þ zÞHðzÞ

$"1
mK; (1)

where xH is the mean hydrogen neutral fraction, $x is the
fractional variation in the neutral fraction, $b is the over-
density in baryons, TS is the 21 cm spin temperature, T# is

the CMB temperature, HðzÞ is the Hubble parameter, and
the last term describes the effect of peculiar velocities with
@rvr the derivative of the velocities along the line of sight.
Throughout this paper, we will neglect fluctuations in the
signal so that neither of the terms $b, $x, nor the peculiar
velocities will be important. Spatial variation in $x and $b

will be relevant for the details of the signal, but are not
required to get the broad features of the signal, on which
we focus here. The evolution of Tb is thus driven by the
evolution of xH and TS and is illustrated for redshifts z <
100 in Fig. 1. Early on, collisions drive TS to the gas
temperature TK, which after thermal decoupling (at z '
1000) has been cooling faster than the CMB leading to a
21 cm absorption feature (½TS " T#)< 0). Collisions start
to become ineffective at redshifts z* 80, and scattering of
CMB photons begins to drive TS ! T#, causing the signal

to disappear. In the absence of star formation, this would be
the whole story [25]. Star formation leads to the production
of Ly% photons, which resonantly scatter off hydrogen
coupling TS to TK via the Wouthysen-Field effect
[26,27]. This produces a sharp absorption feature begin-
ning at z* 30. If star formation also generates x-rays, they
will heat the gas, first causing a decrease in Tb as the gas
temperature is heated toward T# and then leading to an

emission signal, as the gas is heated to temperatures TK >
T#. For TS + T#, all dependence on the spin temperature

FIG. 1 (color online). Evolution of the 21 cm global signal for
different scenarios. Solid blue curve: no stars; solid red curve:
TS + T# and xH ¼ 1; black dotted curve: no heating; black
dashed curve: no ionization; black solid curve: full calculation.
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The global EoR signal

• When did reionisation 
start? 

• How long did it take? 
• What were the 

sources responsible 
for reionisation?



How can it be detected?

• All you need: metal coffee 
table + desert 

• EDGES (Rogers & 
Bowman, 2008) 

• Others e.g. 
Bighorns,SARAS,SCI-HI, 
DARE, etc



Problems with single-dipole 
experiments

• Absolute calibration is difficult 

• Receiver noise - frequency structure 

• Collective reflected RFI from satellites! Could be a 
show-stopper (Vedantham et al. 2014)



Using an interferometer?… 
are you nuts?!!

• Advantages of using an interferometer: 

• Receiver noise is uncorrelated 

• Reflected satellite RFI can be isolated 

• Foreground subtraction 

• But interferometers not sensitive to a spatially-
featureless global signal 

• Unless ….



The Moon!

Moon!

Image courtesy: Jedi Master 
Randall + GLEAM Team

• The Moon imprints a spatial signature on 
the featureless global signal. The 
interferometer is then sensitive to it.
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A colour version of this figure is available in the online edition of the journal*	


*Joke stolen from J-P Macquart	
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M(r̄, ¯rM ) =

⇢
1 r̄.r̄M > cos(0.25 deg)
0 otherwise.

�
(3)

The sky brightness may then be expressed as,

Tsky = TB (1�M) + TM M

= (TM � TB)M| {z }
occulted

+ TB|{z}
non-occulted

, (4)

where the function arguments have been dropped for brevity.
Equation 4 shows that Tsky consists of (i) a spatially fluctu-
ating ‘occulted’ component2: (TM � TB)M , and (ii) a spa-
tially invariant ‘non-occulted’ component: TB akin to the
occultation-less case discussed in Section 2.1. By substitut-
ing Equation 4 in Equation 1, we get an expression for the
visibility:

V (ū) =
1
4⇡

(TM � TB)

Z
d⌦M(r̄, r̄M ) e�2⇡iū.r̄

| {z }
occulted

+
1
4⇡

TB

Z
d⌦ e

�2⇡iū.r̄
.

| {z }
non-occulted

(5)

The above equation is central to the understanding of the
occultation based technique presented in this paper. The
second integral representing the ‘non-occulted’ brightness
evaluates to a sinc-function (see Equation 2):

V2(ū) = TB
sin(2⇡|ū|)

2⇡|ū| (non-occulted) (6)

This is the interferometric response we expect in the
absence of any occultation.

The first integral is the additional term generated by
the occultation. It is a measure of TB � TM : the di↵erential
brightness temperature between the background being oc-
culted and the occulting object itself. This integral is simply
the Fourier transform of a unit disc, and if we (i) assume that
the angular size of the occulting object, a is small, and (ii)
use a co-ordinate system which has its z-axis along r̄M , then
the first integral may be approximated to a sinc-function:

V1(ū) ⇡ (TM � TB)
sin(⇡a|ū|)

⇡a|ū| (occulted). (7)

This is the additional interferometric response due to the
presence of the occulting object.

In Figure 1, we plot the interferometric response to the
‘occulted’ and ‘non-occulted’ components as a function of
baseline length for a = 0.5 deg. Clearly, longer baselines
(|ū| ⇠ 1/a) of a few tens of wavelengths are sensitive to
the ‘occulted’ component TM � TB . With prior knowledge
of TM , the global background signal TB may be recovered
from these baselines. The longer baselines also have two cru-
cial advantages: (i) they contain negligible mutual coupling
contamination, and (ii) they probe scales on which Galac-
tic foreground contamination is greatly reduced as compared
to very short baselines (few wavelengths). These two reasons

2 Though TB and TM are assumed here to have no spatial fluc-
tuations, (TM � TB)M has spatial fluctuations due to M .
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Figure 1. Response of an interferometer to lunar occultation
as a function of baseline length: the blue broken line shows the
‘occulted’ component (Equation 7) and the solid red line shows
the ‘non-occulted’ component (Equation 6). The solid red line is
also the interferometer response in the absence of occultation.

are the primary motivations for the pilot project presented
in this paper.

2.3 Lunar brightness: a closer look

Since an interferometer measures TM � TB , our recovery of
TB hinges on our knowledge of TM . We have thus far as-
sumed that the lunar brightness temperature, TM , is given
by a perfect black-body spectrum without spatial structure.
In practice, the apparent lunar temperature consists of sev-
eral non-thermal contributions. We now briefly discuss these
in decreasing order of significance.

(i) Reflected RFI: Man-made interference can reflect
o↵ the lunar disc into the telescope contributing to the
e↵ective lunar temperature. Radar studies have shown
that the lunar surface appears smooth and undulating at
wavelengths larger than ⇠ 5 metres (Evans 1969). Conse-
quently, at frequencies of interest to Cosmic Dawn studies
(35 < ⌫ < 80 MHz) Earthshine-reflection is expected to be
specular in nature and may be isolated by longer baselines
(> 100�) to the center of the lunar disc. This ‘reflected
Earthshine’ was the limiting factor in recent observations
by McKinley et al. (2013). In Section 4, we demonstrate
how the longer baselines of LOFAR (> 100�) can be used
to model and remove Earthshine from images of the Moon.

(ii) Reflected Galactic emission: The Moon also reflects
Galactic radio emission incident on it. As argued before,
the reflection at tens of MHz frequencies is mostly specular.
Radar measurements of the dielectric properties of the lunar
regolith have shown that the Moon behaves as a dielectric
sphere with an albedo of ⇠ 7% (Evans 1969). If the sky were
uniformly bright (no spatial structure) this would imply an
additional lunar brightness of 0.07TB(⌫) K, leading to a sim-
ple correction to account for this e↵ect. In reality, Galactic
synchrotron has large-scale structure (due to the Galactic
disk) and the amount of reflected emission depends on the
orientation of the Earth—Moon vector with respect to the
Galactic plane and changes with time. For the sensitivity

Interferometer response



Sensitivity to Tmoon-Tsky
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• 1 hr 
• 1 MHz 
!
• Can also 

constrain the 
thermal  
properties of the 
Moon: DARE

Plot courtesy H. Vedantham



Problems

• Reflected RFI (concentrated in centre of disk). 

• Only limited observing windows (60 hours in 2015A) 
where Moon is positioned favourably. Covering 4 
frequency bands means 15 hours integration time. 

• Less sensitivity than LOFAR HBA. 

• Signal is larger < 80 MHz - best chance of detection.
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Earthshine

Moon!

Image courtesy: Jedi Master 
Randall + GLEAM Team

• Point source in centre of disk is due to 
reflected RFI from Earth (not actually an 
Alderaan-destroying laser)
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Fisher matrix formalism and validate it against a more
detailed numerical parameter fitting. This provides us
with a way of quantitatively addressing the ability of global
21 cm experiments to constrain reionization and the astro-
physics of the first galaxies [17]. Similar work on the
subject [8] ignored the influence of foregrounds limiting
its utility considerably.

Much of the power of this technique stems from the
limitations of other observational probes. While next gen-
eration telescopes such as the James Webb Space
Telescope, [18], the Giant Magellan Telescope [19], the
European Extremely Large Telescope [20], or the Thirty
Meter Telescope [21] may provide a glimpse of the
Universe at z * 12, they peer through a narrow field of
view and are unlikely to touch upon redshifts z * 20. As
we will show, 21 cm global experiments could potentially
provide crude constraints on even higher redshifts at a
much lower cost.

The structure of this paper is as follows: In Sec. IV, we
begin by describing the basic physics that drives the evo-
lution of the 21 cm global signature and drawing attention
to the key observable features. We follow this in Sec. III
with a discussion of the foregrounds, which leads into our
presenting a Fisher matrix formalism for predicting obser-
vational constraints in Sec. IV. In Secs. Vand VI, we apply
this formalism to the signal from reionization and the first
stars, respectively. After a brief discussion in Sec. VII of
the prospects for detecting the signal from the dark ages
before star formation, we conclude in Sec. VIII.

Throughout this paper where cosmological parameters
are required we use the standard set of values !m ¼ 0:3,
!" ¼ 0:7, !b ¼ 0:046, H ¼ 100h km s"1 Mpc"1 (with
h ¼ 0:7), nS ¼ 0:95, and !8 ¼ 0:8, consistent with the
latest measurements [22].

II. PHYSICS OF THE 21 CM GLOBAL SIGNAL

The physics of the cosmological 21 cm signal has been
described in detail by a number of authors [23,24], and we
focus here on those features relevant for the global signal.
It is important before we start to emphasize our uncertainty
in the sources of radiation in the early Universe, so that we
must of necessity extrapolate far beyond what we know to
make predictions for what we may find. Nonetheless, the
basic atomic physics is well understood and a plausible
understanding of the likely history is possible.

The 21 cm line frequency "21 cm ¼ 1420 MHz redshifts
for z ¼ 6–27 into the range 200–50 MHz. The signal
strength may be expressed as a differential brightness
temperature relative to the CMB

Tb ¼ 27xH
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where xH is the mean hydrogen neutral fraction, $x is the
fractional variation in the neutral fraction, $b is the over-
density in baryons, TS is the 21 cm spin temperature, T# is

the CMB temperature, HðzÞ is the Hubble parameter, and
the last term describes the effect of peculiar velocities with
@rvr the derivative of the velocities along the line of sight.
Throughout this paper, we will neglect fluctuations in the
signal so that neither of the terms $b, $x, nor the peculiar
velocities will be important. Spatial variation in $x and $b

will be relevant for the details of the signal, but are not
required to get the broad features of the signal, on which
we focus here. The evolution of Tb is thus driven by the
evolution of xH and TS and is illustrated for redshifts z <
100 in Fig. 1. Early on, collisions drive TS to the gas
temperature TK, which after thermal decoupling (at z '
1000) has been cooling faster than the CMB leading to a
21 cm absorption feature (½TS " T#)< 0). Collisions start
to become ineffective at redshifts z* 80, and scattering of
CMB photons begins to drive TS ! T#, causing the signal

to disappear. In the absence of star formation, this would be
the whole story [25]. Star formation leads to the production
of Ly% photons, which resonantly scatter off hydrogen
coupling TS to TK via the Wouthysen-Field effect
[26,27]. This produces a sharp absorption feature begin-
ning at z* 30. If star formation also generates x-rays, they
will heat the gas, first causing a decrease in Tb as the gas
temperature is heated toward T# and then leading to an

emission signal, as the gas is heated to temperatures TK >
T#. For TS + T#, all dependence on the spin temperature

FIG. 1 (color online). Evolution of the 21 cm global signal for
different scenarios. Solid blue curve: no stars; solid red curve:
TS + T# and xH ¼ 1; black dotted curve: no heating; black
dashed curve: no ionization; black solid curve: full calculation.
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Frequency Range and BW

!
• 30.72 MHz inst. BW 
• 80-200 MHz requires 4 

observing bands 
• Miss strongest signal
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Fisher matrix formalism and validate it against a more
detailed numerical parameter fitting. This provides us
with a way of quantitatively addressing the ability of global
21 cm experiments to constrain reionization and the astro-
physics of the first galaxies [17]. Similar work on the
subject [8] ignored the influence of foregrounds limiting
its utility considerably.

Much of the power of this technique stems from the
limitations of other observational probes. While next gen-
eration telescopes such as the James Webb Space
Telescope, [18], the Giant Magellan Telescope [19], the
European Extremely Large Telescope [20], or the Thirty
Meter Telescope [21] may provide a glimpse of the
Universe at z * 12, they peer through a narrow field of
view and are unlikely to touch upon redshifts z * 20. As
we will show, 21 cm global experiments could potentially
provide crude constraints on even higher redshifts at a
much lower cost.

The structure of this paper is as follows: In Sec. IV, we
begin by describing the basic physics that drives the evo-
lution of the 21 cm global signature and drawing attention
to the key observable features. We follow this in Sec. III
with a discussion of the foregrounds, which leads into our
presenting a Fisher matrix formalism for predicting obser-
vational constraints in Sec. IV. In Secs. Vand VI, we apply
this formalism to the signal from reionization and the first
stars, respectively. After a brief discussion in Sec. VII of
the prospects for detecting the signal from the dark ages
before star formation, we conclude in Sec. VIII.

Throughout this paper where cosmological parameters
are required we use the standard set of values !m ¼ 0:3,
!" ¼ 0:7, !b ¼ 0:046, H ¼ 100h km s"1 Mpc"1 (with
h ¼ 0:7), nS ¼ 0:95, and !8 ¼ 0:8, consistent with the
latest measurements [22].

II. PHYSICS OF THE 21 CM GLOBAL SIGNAL

The physics of the cosmological 21 cm signal has been
described in detail by a number of authors [23,24], and we
focus here on those features relevant for the global signal.
It is important before we start to emphasize our uncertainty
in the sources of radiation in the early Universe, so that we
must of necessity extrapolate far beyond what we know to
make predictions for what we may find. Nonetheless, the
basic atomic physics is well understood and a plausible
understanding of the likely history is possible.

The 21 cm line frequency "21 cm ¼ 1420 MHz redshifts
for z ¼ 6–27 into the range 200–50 MHz. The signal
strength may be expressed as a differential brightness
temperature relative to the CMB
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where xH is the mean hydrogen neutral fraction, $x is the
fractional variation in the neutral fraction, $b is the over-
density in baryons, TS is the 21 cm spin temperature, T# is

the CMB temperature, HðzÞ is the Hubble parameter, and
the last term describes the effect of peculiar velocities with
@rvr the derivative of the velocities along the line of sight.
Throughout this paper, we will neglect fluctuations in the
signal so that neither of the terms $b, $x, nor the peculiar
velocities will be important. Spatial variation in $x and $b

will be relevant for the details of the signal, but are not
required to get the broad features of the signal, on which
we focus here. The evolution of Tb is thus driven by the
evolution of xH and TS and is illustrated for redshifts z <
100 in Fig. 1. Early on, collisions drive TS to the gas
temperature TK, which after thermal decoupling (at z '
1000) has been cooling faster than the CMB leading to a
21 cm absorption feature (½TS " T#)< 0). Collisions start
to become ineffective at redshifts z* 80, and scattering of
CMB photons begins to drive TS ! T#, causing the signal

to disappear. In the absence of star formation, this would be
the whole story [25]. Star formation leads to the production
of Ly% photons, which resonantly scatter off hydrogen
coupling TS to TK via the Wouthysen-Field effect
[26,27]. This produces a sharp absorption feature begin-
ning at z* 30. If star formation also generates x-rays, they
will heat the gas, first causing a decrease in Tb as the gas
temperature is heated toward T# and then leading to an

emission signal, as the gas is heated to temperatures TK >
T#. For TS + T#, all dependence on the spin temperature

FIG. 1 (color online). Evolution of the 21 cm global signal for
different scenarios. Solid blue curve: no stars; solid red curve:
TS + T# and xH ¼ 1; black dotted curve: no heating; black
dashed curve: no ionization; black solid curve: full calculation.
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Frequency Range and BW

!
• Extending to 50 MHz allows 

us to detect the ‘trough’ 
• 200 MHz inst. BW would 

allow us to cover the whole 
range. Maximising use of 
available ‘Moon time’.



How an extended MWA 
improves the experiment

• Almost everything under discussion here helps us! 

• More short baselines - increased sensitivity to (Tm-Ts) signal 

• Lower min freq (~50 MHz) - observing where the largest 
signal is expected 

• Longer baselines (allows us to still resolve the Moon 
adequately to exclude RFI, even at 50 MHz) 

• More instantaneous BW - don’t need to cycle through 4 
frequency bands in an hour - more efficient use of the limited 
observing windows, less time spent observing calibrators.



So please build:
• 200 MHz instantaneous BW 

• 50 - 250 MHz 

• 6 km baselines 

• bunch of extra tiles in the core  

• I thought of a catchy new name: 

•  EMWA (extended MWA)


