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Abstract.
Imaging the Universe during the first hundreds of millions of years remains

one of the exciting challenges facing modern cosmology. Observations of the
redshifted 21 cm line of atomic hydrogen o↵er the potential of opening a new
window into this epoch. This will transform our understanding of the formation
of the first stars and galaxies and of the thermal history of the Universe. A new
generation of radio telescopes is being constructed for this purpose with the first
results starting to trickle in. In this review, we detail the physics that governs the
21 cm signal and describe what might be learnt from upcoming observations. We
also generalize our discussion to intensity mapping of other atomic and molecular
lines.
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Rayonnement à 21 cm 

• Niveaux atomiques: >100 THz (visible, UV), vibrations moléculaires 
(0.1…100 THz), rotation moléculaires (10…1000 GHz)

• Effets électroniques collectifs : kHz … 10 GHz 

• Niveau hyperfine de l’hydrogène atomique : transition de spin (spin-
flip) de l’électron dans le champ magnétique du moment dipolaire du 
noyau  

Ly !
21cm

Fréquence d’émission : ⌫21 = 1.4204 109 Hz

Coe�cient émission spontanée : A21 = 2.87 10�15 s�1

�T21 = h⌫21/k ' 0.0682K ⌧ TCMB = 2.725K

(+) triplet, (-) singulier et le niveau inférieur un singulet.
équirépartition des atomes sur (+)/(-) si Ts � �T21

! N+ = 3/4 NHI .
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HI à travers 
l’histoire cosmique
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Fig. 6. (a): IGM temperature evolution if only adiabatic cooling and Compton
heating are involved. The spin temperature TS includes only collisional coupling.
(b): Differential brightness temperature against the CMB for TS shown in panel a.

computed exactly for any given temperature history from the rate coefficients
presented in §2.2. A convenient estimate of their importance is the critical
overdensity, δcoll, at which xc = 1:

1 + δcoll = 1.06

[

κ10(88 K)

κ10(TK)

]

(

0.023

Ωbh2

) (

70

1 + z

)2

, (67)

where we have inserted the expected temperature at 1 + z = 70. Thus for
redshifts z ! 70, TS → Tγ; by z ∼ 30 the IGM essentially becomes invisible.
It is worth emphasizing that κ10 is extremely sensitive to TK in this regime
(see Fig. 2). If the universe is somehow heated above the fiducial value, the
threshold density can remain modest: δcoll ≈ 1 at z = 40 if TK = 300 K. The
solid line in Figure 6a shows the spin temperature TS during the dark ages,
and Figure 6b shows the corresponding brightness temperature. The signal
peaks (in absorption) at z ∼ 80, where TK is small but collisional coupling
still efficient. Because of the simple physics involved in Figure 6, the 21 cm
line offers a sensitive probe of the dark ages [2], at least in principle.

47

S. Furlanetto, S. Peng Ho, F. Briggs, Phys.Rept. 433 (2006) , 
arXiv:0608032

température du rayonnement 
(CMB) Tγ

Température cinétique du gaz 
(Hydrogène neutre) TK

Température de spin TS

T� / (1 + z)

TK / (1 + z)2

n+

n�
=

g+
g�

exp

✓
�E21

kTS

◆

= 3 exp

✓
� T⇤
TS

◆

T⇤ ' 0.068K

Pas de signal à 21 cm si TS = Tγ
si observé sur le fond diffus (CMB)
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• diffusion compton des photons (CMB) sur les électrons résiduels (z>~200)

• Collisions entre atomes d’hydrogène - diminue lorsque la densité baisse 

• Effet Wouthuysen-Field : population deux deux états de spin à travers des 
transitions Lyman, dans un bain de photons UV 

• Le gaz (hydrogène atomique) est plus froid que le gaz de photons (CMB), sauf 
lorsqu’il est réchauffé par le rayonnement X émis des étoiles très massives/quasars 
…

Mécanisme de couplage TK TS
(température cinétique, température de spin)

Fig. 3. Level diagram illustrating the Wouthuysen-Field effect. We show the hy-
perfine splittings of the 1S and 2P levels. The solid lines label transitions that
mix the ground state hyperfine levels, while the dashed lines label complementary
transitions that do not participate in mixing. From [130].

2.3 The Wouthuysen-Field Effect

A less obvious coupling process has become known as the Wouthuysen-Field
mechanism 10 [66, 67]. It is illustrated in Figure 3, where we have drawn the
hyperfine sublevels of the 1S and 2P states of HI. Suppose a hydrogen atom in
the hyperfine singlet state absorbs a Lyα photon. The electric dipole selection
rules allow ∆F = 0, 1 except that F = 0 → 0 is prohibited (here F is the
total angular momentum of the atom). Thus the atom will jump to either
of the central 2P states. However, these rules allow this state to decay to
the 1S1/2 triplet level. 11 Thus atoms can change hyperfine states through
the absorption and spontaneous re-emission of a Lyα photon (or indeed any
Lyman-series photon; see §2.4 below). This is analogous to the well-known
“Raman scattering” process, which often determines the level populations of
metastable atomic states, except that in this case the atom undergoes a real
(rather than virtual) transition to the 2P state.

10 As a guide to the English-speaking reader, “Wouthuysen” is pronounced as
roughly “Vowt-how-sen,” although in reality the “uy” construction is a diphthong
with no precise counterpart in English.
11 Here we use the notation F LJ , where L and J are the orbital and total angular
momentum of the electron.

32

S. Furlanetto, S. Peng Ho, F. Briggs, Phys.Rept. 433 (2006) 

J. Pritchard, S. Furlanetto, MNRAS (2006) 
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3. Global 21 cm signature

3.1. Outline

Next we examine the cosmological context of the 21 cm signal. We may express the
21 cm brightness temperature as a function of four variables Tb = Tb(TK , xi, J↵, nH),
where xi is the volume-averaged ionized fraction of hydrogen. In calculating the 21
cm signal, we require a model for the global evolution of and fluctuations in these
quantities. Before looking at the evolution of the signal quantitatively, we will first
outline the basic picture to delineate the most important phases.

An important feature of Tb is that its dependence on each of these quantities
saturates at some point, for example once the Ly↵ flux is high enough the spin and
kinetic gas temperatures become tightly coupled and further variation in J↵ becomes
irrelevant to the details of the signal. This leads to conceptually separate regimes
where variation in only one of the variables dominating fluctuations in the signal.
These di↵erent regimes can be seen in Figure 1 and are shown in schematic form in
Figure 3 for clarity. We now discuss each of these phases in turn.

Jonathan PritchardAspen 2010
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Figure 3. Cartoon of the di↵erent phases of the 21 cm signal. The signal
transitions from an early phase of collisional coupling to a later phase of Ly↵
coupling through a short period where there is little signal. Fluctuations after
this phase are dominated successively by spatial variation in the Ly↵ , X-ray,
and ionizing UV radiation backgrounds. After reionization is complete there is a
residual signal from neutral hydrogen in galaxies.

• 200 . z . 1100: The residual free electron fraction left after recombination
allows Compton scattering to maintain thermal coupling of the gas to the CMB,
setting TK = T� . The high gas density leads to e↵ective collisional coupling so
that TS = T� and we expect T̄b = 0 and no detectable 21 cm signal.

• 40 . z . 200: In this regime, the gas cools adiabatically so that TK / (1 + z)2

leading to TK < T� and collisional coupling sets TS < T� , leading to T̄b < 0 and
an early absorption signal. At this time, Tb fluctuations are sourced by density
fluctuations, potentially allowing the initial conditions to be probed [32, 22].

• z? . z . 40: As the expansion continues, decreasing the gas density, collisional
coupling becomes ine↵ective and radiative coupling to the CMB sets TS = T� ,
and there is no detectable 21 cm signal.

• z↵ . z . z?: Once the first sources switch on at z?, they emit both Ly↵ photons
and X-rays. In general, the emissivity required for Ly↵ coupling is significantly

CONTENTS 13

less than that for heating TK above T� . We therefore expect a regime where
the spin temperature is coupled to cold gas so that TS ⇠ TK < T� and there
is an absorption signal. Fluctuations are dominated by density fluctuations and
variation in the Ly↵ flux [33, 24, 34]. As further star formation occurs the Ly↵
coupling will eventually saturate (x↵ � 1), so that by a redshift z↵ the gas will
everywhere be strongly coupled.

• zh . z . z↵: After Ly↵ coupling saturates, fluctuations in the Ly↵ flux no longer
a↵ect the 21 cm signal. By this point, heating becomes significant and gas
temperature fluctuations source Tb fluctuations. While TK remains below T�

we see a 21 cm signal in absorption, but as TK approaches T� hotter regions may
begin to be seen in emission. Eventually by a redshift zh the gas will be heated
everywhere so that T̄K = T� .

• zT . z . zh: After the heating transition, TK > T� and we expect to see a 21
cm signal in emission. The 21 cm brightness temperature is not yet saturated,
which occurs at zT , when TS ⇠ TK � T� . By this time, the ionization fraction
has likely risen above the percent level. Brightness temperature fluctuations are
sourced by a mixture of fluctuations in ionization, density and gas temperature.

• zr . z . zT: Continued heating drives TK � T� at zT and temperature
fluctuations become unimportant. TS ⇠ TK � T� and the dependence on TS

may be neglected in equation (7), which greatly simplifies analysis of the 21 cm
power spectrum [35]. By this point, the filling fraction of HII regions probably
becomes significant and ionization fluctuations begin to dominate the 21 cm signal
[36].

• z . zr: After reionization, any remaining 21 cm signal originates primarily from
collapsed islands of neutral hydrogen (damped Ly↵ systems).

Most of these epochs are not sharply defined, and so there could be considerable
overlap between them. In fact, our ignorance of early sources is such that we can not
definitively be sure of the sequence of events. The above sequence of events seems
most likely and can be justified on the basis of the relative energetics of the di↵erent
processes and the probable properties of the sources. We will discuss this in more
detail as we quantify the evolution of the sources.

Perhaps the largest uncertainty lies in the ordering of z↵ and zh. Ref. [37] explores
the possibility that zh > z↵, so that X-ray preheating allows collisional coupling to be
important before the Ly↵ flux becomes significant. Simulations of the very first mini-
quasar [38, 20] also probe this regime and show that the first luminous X-ray sources
can have a great impact on their surrounding environment. We note that these studies
ignored Ly↵ coupling, and that an X-ray background may generate significant Ly↵
photons [34], as we discuss in §3.5. Additionally, while these authors looked at the case
where the production of Ly↵ photons was ine�cient, one can consider the case where
heating is much more e�cient. This can be the case where weak shocks raise the IGM
temperature very early on [39] or if exotic particle physics mechanisms such as dark
matter annihilation are important. Clearly, there is still considerable uncertainty in
the exact evolution of the signal making the potential implications of measuring the
21 cm signal very exciting.
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FIG. 1. Target 21 cm global signal as predicted by the model of [21]. The exact details of this signal are uncertain and depend
upon the nature of the first galaxies.

comprised of three contaminants:

n

↵i

⌘ n

fg

↵i

+ n

inst

↵i

+ n

s

↵i

, (2)

where n

fg, ninst, and n

s signify the foregrounds, instru-
mental noise, and anisotropic cosmological signal, respec-
tively. Throughout this paper, we use Greek indices to
signify the radial/frequency direction, and Latin indices
to signify the spatial directions. Note that n is formally
a vector even though we assign separate spatial and spec-
tral indices to it for clarity. In the following subsections
we discuss each of these three contributions to the noise,
with an eye towards how each can be mitigated or re-
moved in a real measurement. We will construct de-
tailed models containing parameters that are mostly con-
strained empirically. However, since these constraints are
often somewhat uncertain, we will vary many of them
as we explore parameter space in Sections IV and V.
Our conclusions should therefore be robust to reasonable
changes in our assumptions.

Finally, we stress that in what follows, our models
are comprised of two conceptually separate—but closely
related—pieces. To understand this, note that Equation
(2) is a random vector, both because the instrumental
noise is sourced by random thermal fluctuations and be-
cause the foregrounds and the cosmological signal have
modeling uncertainties associated with them. Thus, to
fully describe the behavior of n, we need to specify two
pieces of information: a mean (our “best guess” of what
the foregrounds and other noise sources look like as a
function of frequency and angle) and a covariance (which
quantifies the uncertainty and correlations in our best
guess). We will return to this point in Section II B 4 when
we summarize the essential features of our model. Read-
ers may wish to skip directly to that section if they are
more interested in the “designer’s guide” portion of the
paper than the mathematical details of our generalized
noise model.

1. Foreground Model

Given that foregrounds are likely to be the largest con-
taminant in a measurement of the global signal, it is im-
portant to have a foreground model that is an accurate
reflection of the actual contamination faced by an exper-
iment, as a function of both angle and frequency. Having
such a model that describes the particular realization of
foregrounds contaminating a certain measurement is cru-
cial for optimizing the foreground removal process, as
we shall see in Section III. However, constructing such a
model is di�cult to do from first principles, and is much
more di�cult than what is typically done, which is to
capture only the statistical behavior of the foregrounds
(e.g. by measuring quantities such as the spatial average
of a spectral index). It is thus likely that a full fore-
ground model will have to be based at least partially on
empirical data.
Unfortunately, the community currently lacks full-sky,

low noise, high angular resolution survey data in the low
frequency regime relevant to global signal experiments.
Foreground models must therefore be constructed via in-
terpolations and extrapolations from measurements that
are incomplete both spatially and spectrally. One such
e↵ort is the Global Sky Model (GSM) of [19]. In that
study, the authors obtained foreground survey data at 11
di↵erent frequencies, and formed a series of foreground
maps, stored in the vector g. The maps were then used
to define a spectral covariance matrix G:

G

GSM

↵�

⌘ 1

N

NX

i=1

g

↵i

g

�i

, (3)

where N is the number of pixels in a spectrally well-
sampled region of the sky, and in accordance with our
previous notation, g

↵i

denotes the measured foregrounds
in the i

th pixel at the ↵

th frequency channel. From this
covariance, a dimensionless frequency correlation matrix
was formed:

e
G

↵�

⌘
G

GSM

↵�q
G

GSM

↵↵

G

GSM

��

. (4)

A. Liu, J.R. Pritchard, M. tegmark, A. Loeb. (2012) , arXiv:1211.3743

Couplage TS ⇿ TK à 
travers les collisions

Baisse de densité: TS  
s’équilibre avec Tγ

Couplage TS ⇿ TK à 
travers l’effet 

Wouthuysen-Field, 
dans le bain des 
photons UV des 
premières étoiles

Chauffage du gaz (photons X) - 
augmentation de TK  donc de TS
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2

TMT8 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 §II, we

begin by describing the basic physics that drives the evo-
lution of the 21 cm global signature and drawing atten-
tion to the key observable features. We follow this in §III
with a discussion of the foregrounds, which leads into our
presenting a Fisher matrix formalism for predicting ob-
servational constraints in §IV. In §V and §VI we apply
this formalism to the signal from reionization and the
first stars, respectively. After a brief discussion in §VII
of the prospects for detecting the signal from the dark
ages before star formation, we conclude in §VIII.
Throughout this paper where cosmological parameters

are required we use the standard set of values Ωm = 0.3,
ΩΛ = 0.7, Ωb = 0.046, H = 100h km s−1Mpc−1 (with
h = 0.7), nS = 0.95, and σ8 = 0.8, consistent with the
latest measurements [14].

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 [15, 16] and
we focus here on those features relevant for the global
signal. It is important before we start to emphasise our
uncertainty in the sources of radiation in the early Uni-
verse, 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 pos-
sible.
The 21 cm line frequency ν21 cm = 1420MHz redshifts

for z = 6 − 27 into the range 200-50 MHz. The signal
strength may be expressed as a differential brightness
temperature relative to the CMB

Tb = 27xHI

(

TS − Tγ

TS

)(

1 + z

10

)1/2

× (1 + δb)

[

∂rvr
(1 + z)H(z)

]

−1

mK, (1)

where xHI is the hydrogen neutral fraction, δb is the over-
density in baryons, TS is the 21 cm spin temperature, Tγ

is the CMB temperature, H(z) 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 fluctua-
tions in the signal so that neither of the terms δb nor the
peculiar velocities will be relevant. Fluctuations in xH

8 http://www.tmt.org/

and δb 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.

FIG. 1: Evolution of the 21 cm global signal for different
scenarios. Solid blue curve: no stars; solid red curve: TS !
Tγ ; black dotted curve: no heating; black dashed curve: no
ionization; black solid curve: full calculation.

The evolution of Tb is thus driven by the evolution of
xH and TS and is illustrated for redshifts z < 100 in
Figure 1. Early on, collisions drive TS to the gas temper-
ature TK , which after thermal decoupling (at z ≈ 1000)
has been cooling faster than the CMB leading to a 21 cm
absorption feature ([TS − Tγ ] < 0). Collisions start to
become ineffective at redshifts z ∼ 80 and scattering of
CMB photons begins to drive TS → Tγ causing the sig-
nal to disappear. In the absence of star formation, this
would be the whole story [17].
Star formation leads to the production of Lyα photons,

which resonantly scatter off hydrogen coupling TS to TK

via the Wouthysen-Field effect [18, 19]. This produces
a sharp absorption feature beginning 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 towards Tγ and then leading to an emission sig-
nal, as the gas is heated to temperatures TK > Tγ . For
TS & Tγ all dependence on the spin temperature drops
out of equation (1) and the signal becomes saturated.
This represents a hard upper limit on the signal. Finally
reionization will occur as UV photons produce bubbles
of ionized hydrogen that percolate, removing the 21 cm
signal.
We may thus identify five main events in the history

of the 21 cm signal: (i) collisional coupling becoming in-
effective (ii) Lyα coupling becoming effective (iii) heat-
ing occurring (iv) reionization beginning (v) reionization

3

ending. In the scenario described above the first four of
these events generates a turning point (dTb/dz = 0) and
the final event marks the end of the signal. We reiterate
that the astrophysics of the sources driving these events
is very uncertain, so that when or even if these events
occur as described is currently unknown. Figure 2 shows
a set of histories for different values of the X-ray and Lyα
emissivity, parametrized about our fiducial model by fX
and fα representing the product of the emissivity and the
star formation efficiency following Ref. [16]. Clearly the
positions of these features may move around both in the
amplitude of Tb and the frequency at which they occur.

FIG. 2: Dependence of 21 cm signal on the X-ray (top panel)
and Lyα (bottom panel) emissivity. In each case, we consider
examples with the emissivity reduced or increased by a factor
of up to 100. Note that in our model fX and fα are really the
product of the emissivity and the star formation efficiency.

We view this to be the most likely sequence of events
for plausible astrophysical models. We are reassured in
this sequencing since, in the absence of Lyα photons es-
caping from galaxies [20], X-rays will also produce Lyα
photons [21, 22] and so couple TS to TK and, in the ab-
sence of X-rays, scattering of Lyα photons heats the gas
[23]. In each case the relative sequence of events is likely
to be maintained. We will return to how different models
may be distinguished later and now turn to the presence
of foregrounds between us and the signal.

III. FOREGROUNDS

At the frequencies of interest (10-250 MHz), the sky
is dominated by synchrotron emission from the galaxy.
A useful model of the sky has been put together by Ref.
[24] using all existing observations. The sky at 100 MHz

is shown in Figure 3, where the form of the galaxy is
clearly visible. In this paper, we will be focusing upon
observations by single dipole experiments. These have
beam shapes with a typical field-of-view of tens of de-
grees. The lower panel of Figure 3 shows the beam of
dipole (approximated here as a single cos2 θ lobe) sit-
ting at the MWA site in Australia (approximate latitude
26◦59’S), observing at zenith, and integrated over a full
day. Although the dipole does not see the whole sky at
once it does average over large patches. We will therefore
neglect spatial variations (although we will return to this
point in our conclusions).

FIG. 3: Top panel: Radio map of the sky at 100 MHz gen-
erated from Ref. [24]. Bottom panel: Ideal dipole response
averaged over 24 hours.

Averaging the foregrounds over the dipole’s angular re-
sponse gives the spectrum shown in the top panel of Fig-
ure 4. First note that the amplitude of the foregrounds is
large ∼ 100K compared to the 10 mK signal. Nonethe-
less, given the smooth frequency dependence of the fore-
grounds we are motivated to try fitting the foreground
out using a low order polynomial in the hope that this
leaves the signal behind. This has been shown by many
authors [e.g. 25, 26] to be a reasonable procedure in the
case of 21 cm tomography. There the inhomogeneities
fluctuate rapidly with frequency, so that only the largest
Fourier modes of the signal are removed. In the case of
the global 21 cm signal our signal is relatively smooth in
frequency, especially if the bandwidth of the instrument
is small. Throwing the signal out with the foregrounds
is therefore a definite concern.

Throughout this paper, we will fit the foregrounds us-

J.R. Pritchard, A. Loeb. (2010) , arXiv:1005.4057

Évolution de la température de brillance du 
gaz HI avec le redshift
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FIG. 6: Evolution of the neutral fraction xH and brightness
temperature Tb for a tanh model of reionization (see Eq.8).

the parameter uncertainty that can be expected from ob-
servations and can be used to test our Fisher matrix cal-
culation. The resulting parameter contours are shown in
Figure 7 along with the Fisher matrix constraints. That
they are in good agreement validates our underlying for-
malism.

FIG. 7: Comparison of 68 and 95% confidence regions between
our MC likelihood (green and red coloured regions) and Fisher
matrix (solid ellipses) calculations for a tanh model of reion-
ization with zr = 8 and ∆z = 1 and fitting four foreground
parameters.

The error ellipses show that there is a strong degen-
eracy between T21 and ∆z. This is a consequence of

the way in which foreground fitting removes power from
more extended histories making it difficult to distinguish
a larger amplitude extended scenario from a lower am-
plitude sharper scenario.
Despite the good agreement, this formalism breaks

down when the Fisher matrix errors become large enough
that reionization parameters are not well constrained.
Although this is not a major hurdle here, caution should
be used when errors are much larger than the parameters
being constrained.

FIG. 8: 95% detection region for global experiments assuming
Npoly = 3 (solid curve), 6 (dashed curve), 9 (dotted curve),
and 12 (dot-dashed curve). Also plotted are the 68 and 95%
contours for WMAP5 with a prior that xi(z = 6.5) > 0.95
(green and red coloured regions).

The resulting potential detection region for the above
experiment is shown in Figure 8, where we consider sev-
eral different orders of polynomial fit. The detection re-
gion shows a number of wiggles associated with points in
the frequency range where the shape of the 21 cm signal
becomes more or less degenerate with the polynomial fit-
ting. We also show the 1- and 2 − σ constraint regions
from WMAP’s optical depth measurement. These con-
strain the redshift of reionization, but say little about
how long it takes. Adding in a prior based upon Lyα
forest observations that the Universe is fully ionized by
z = 6.5 (specified here as xi(z = 6.5) > 0.95) removes
the region of parameter space with large ∆z and low zr.
Global experiments can take a good sized bite out of

the remaining parameter space. They are sensitive to
the full range of redshifts, but primarily to the sharpest
reionization histories. Only if Npoly ≤ 6 can histories
with ∆z > 1 be constrained and histories with ∆z ! 2.5
appear too extended for high significance detections.
This is unfortunate, since Pritchard et al. [29] found

that most reionization histories compatible with the ex-
isting data have ∆z ! 2, suggesting it will be difficult for
global experiments to probe the most likely models. An
important caveat to these conclusions is that the tanh
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Fig. 4. Marginalized constraints on parameters of the base ⇤CDM model for various data combinations.

Table 3. Summary of the CMB temperature data sets used in this analysis.

Frequency Area `min `max S a
cut ⌫CMB ⌫tSZ ⌫Radio ⌫IR

Experiment [GHz] [deg2] [mJy] [GHz] [GHz] [GHz] [GHz]

Planck . . . . . . . . . . . . . . . . 100 23846 50 1200 . . . 100.0 103.1 . . . . . .
Planck . . . . . . . . . . . . . . . . 143 15378 50 2000 . . . 143.0 145.1 . . . 146.3
Planck . . . . . . . . . . . . . . . . 217 15378 500 2500 . . . 217.0 . . . . . . 225.7

ACT (D13) . . . . . . . . . . . . 148 600 540 9440 15.0 148.4 146.9 147.6 149.7
ACT (D13) . . . . . . . . . . . . 218 600 1540 9440 15.0 218.3 220.2 217.6 219.6

SPT-high (R12) . . . . . . . . . 95 800 2000 10000 6.4 95.0 97.6 95.3 97.9
SPT-high (R12) . . . . . . . . . 150 800 2000 10000 6.4 150.0 152.9 150.2 153.8
SPT-high (R12) . . . . . . . . . 220 800 2000 10000 6.4 220.0 218.1 214.1 219.6

a Flux-density cut applied to the map by the point-source mask. For Planck the point-source mask is based on a composite of sources identified in
the 100–353 GHz maps, so there is no simple flux cut.

4. Planck combined with high-resolution CMB

experiments: the base ⇤CDM model

The previous section adopted a foreground model with rela-
tively loose priors on its parameters. As discussed there and
in Planck Collaboration XV (2013), for the base ⇤CDM model,
the cosmological parameters are relatively weakly correlated
with the parameters of the foreground model and so we ex-
pect that the cosmological results reported in Sect. 3 are ro-
bust. Fortunately, we can get an additional handle on unresolved
foregrounds, particularly “minor” components such as the ki-
netic SZ e↵ect, by combining the Planck data with data from
high-resolution CMB experiments. The consistency of results
obtained with Planck data alone and Planck data combined with
high-resolution CMB data gives added confidence to our cosmo-
logical results, particularly when we come to investigate exten-
sions to the base ⇤CDM cosmology (Sect. 6). In this section,
we review the high-resolution CMB data (hereafter, usually de-
noted highL) that we combine with Planck and then discuss how
the foreground model is adapted (with additional “nuisance” pa-
rameters) to handle multiple CMB data sets. We then discuss the
results of an MCMC analysis of the base ⇤CDM model combin-
ing Planck data with the high-` data.

4.1. Overview of the high-` CMB data sets

The Atacama Cosmology Telescope (ACT) mapped the sky from
2007 to 2010 in two distinct regions, the equatorial stripe (ACTe)
along the celestial equator, and the southern stripe (ACTs) along
declination �55�, observing in total about 600 deg2. The ACT
data sets at 148 and 218 GHz are presented in Das et al. (2013,
hereafter D13) and cover the angular scales 540 < ` < 9440 at
148 GHz and 1540 < ` < 9440 at 218 GHz. Beam errors are
included in the released covariance matrix. We include the ACT
148⇥148 spectra for ` � 1000, and the ACT 148⇥218 and 218⇥
218 spectra for ` � 1500. The inclusion of ACT spectra to ` =
1000 improves the accuracy of the inter-calibration parameters
between the high-` experiments and Planck.

The South Pole Telescope observed a region of sky over
the period 2007–10. Spectra are reported in Keisler et al. (2011,
hereafter K11) and Story et al. (2012, hereafter S12) for angu-
lar scales 650 < ` < 3000 at 150 GHz, and in Reichardt et al.
(2012, hereafter R12) for angular scales 2000 < ` < 10000 at
95, 150 and 220 GHz. Beam errors are included in the released
covariance matrices used to form the SPT likelihood. The param-
eters of the base ⇤CDM cosmology derived from the WMAP-
7+S12 data and (to a lesser extent) from K11 are in tension with
Planck. Since the S12 spectra have provided the strongest CMB
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D. Mortlock59, A. Moss91, D. Munshi90, P. Naselsky85,40, F. Nati36, P. Natoli35,4,52, C. B. Netterfield21, H. U. Nørgaard-Nielsen17, F. Noviello73,

D. Novikov59, I. Novikov85, I. J. O’Dwyer72, S. Osborne95, C. A. Oxborrow17, F. Paci89, L. Pagano36,55, F. Pajot63, D. Paoletti52,54, B. Partridge46,
F. Pasian51, G. Patanchon1, D. Pearson72, T. J. Pearson11,60, H. V. Peiris26, O. Perdereau75, L. Perotto79, F. Perrotta89, V. Pettorino18,

F. Piacentini36, M. Piat1, E. Pierpaoli25, D. Pietrobon72, S. Plaszczynski75, P. Platania71, E. Pointecouteau99,10, G. Polenta4,50, N. Ponthieu63,56,
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ABSTRACT

Abstract: This paper presents the first cosmological results based on Planck measurements of the cosmic microwave background (CMB) temper-
ature and lensing-potential power spectra. We find that the Planck spectra at high multipoles (` >⇠ 40) are extremely well described by the standard
spatially-flat six-parameter ⇤CDM cosmology with a power-law spectrum of adiabatic scalar perturbations. Within the context of this cosmology,
the Planck data determine the cosmological parameters to high precision: the angular size of the sound horizon at recombination, the physical den-
sities of baryons and cold dark matter, and the scalar spectral index are estimated to be ✓⇤ = (1.04147±0.00062)⇥10�2,⌦bh2 = 0.02205±0.00028,
⌦ch2 = 0.1199 ± 0.0027, and ns = 0.9603 ± 0.0073, respectively (68% errors). For this cosmology, we find a low value of the Hubble constant,
H0 = 67.3±1.2 km s�1 Mpc�1, and a high value of the matter density parameter, ⌦m = 0.315±0.017. These values are in tension with recent direct
measurements of H0 and the magnitude-redshift relation for Type Ia supernovae, but are in excellent agreement with geometrical constraints from
baryon acoustic oscillation (BAO) surveys. Including curvature, we find that the Universe is consistent with spatial flatness to percent level preci-
sion using Planck CMB data alone. We use high-resolution CMB data together with Planck to provide greater control on extragalactic foreground
components in an investigation of extensions to the six-parameter ⇤CDM model. We present selected results from a large grid of cosmological
models, using a range of additional astrophysical data sets in addition to Planck and high-resolution CMB data. None of these models are favoured
over the standard six-parameter ⇤CDM cosmology. The deviation of the scalar spectral index from unity is insensitive to the addition of tensor
modes and to changes in the matter content of the Universe. We find a 95% upper limit of r0.002 < 0.11 on the tensor-to-scalar ratio. There is no
evidence for additional neutrino-like relativistic particles beyond the three families of neutrinos in the standard model. Using BAO and CMB data,
we find Ne↵ = 3.30±0.27 for the e↵ective number of relativistic degrees of freedom, and an upper limit of 0.23 eV for the sum of neutrino masses.
Our results are in excellent agreement with big bang nucleosynthesis and the standard value of Ne↵ = 3.046. We find no evidence for dynamical
dark energy; using BAO and CMB data, the dark energy equation of state parameter is constrained to be w = �1.13+0.13

�0.10. We also use the Planck
data to set limits on a possible variation of the fine-structure constant, dark matter annihilation and primordial magnetic fields. Despite the success
of the six-parameter ⇤CDM model in describing the Planck data at high multipoles, we note that this cosmology does not provide a good fit to the
temperature power spectrum at low multipoles. The unusual shape of the spectrum in the multipole range 20 <⇠ ` <⇠ 40 was seen previously in the
WMAP data and is a real feature of the primordial CMB anisotropies. The poor fit to the spectrum at low multipoles is not of decisive significance,
but is an “anomaly” in an otherwise self-consistent analysis of the Planck temperature data.

Key words. Cosmology: observations – Cosmology: theory – cosmic microwave background – cosmological parameters
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Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022242 0.02217 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.11805 0.1186 ± 0.0031 0.12038 0.1199 ± 0.0027

100✓MC . . . . . . . . 1.04122 1.04132 ± 0.00068 1.04150 1.04141 ± 0.00067 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0949 0.089 ± 0.032 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9675 0.9635 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . . . 3.098 3.103 ± 0.072 3.098 3.085 ± 0.057 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6964 0.693 ± 0.019 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3036 0.307 ± 0.019 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8285 0.823 ± 0.018 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.45 10.8+3.1

�2.5 11.37 11.1 ± 1.1

H0 . . . . . . . . . . . 67.11 67.4 ± 1.4 68.14 67.9 ± 1.5 67.04 67.3 ± 1.2

109As . . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.19+0.12
�0.14 2.215 2.196+0.051

�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14094 0.1414 ± 0.0029 0.14305 0.1426 ± 0.0025

⌦mh3 . . . . . . . . . 0.09597 0.09590 ± 0.00059 0.09603 0.09593 ± 0.00058 0.09591 0.09589 ± 0.00057

YP . . . . . . . . . . . 0.247710 0.24771 ± 0.00014 0.247785 0.24775 ± 0.00014 0.247695 0.24770 ± 0.00012

Age/Gyr . . . . . . . 13.819 13.813 ± 0.058 13.784 13.796 ± 0.058 13.8242 13.817 ± 0.048

z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.01 1090.16 ± 0.65 1090.48 1090.43 ± 0.54

r⇤ . . . . . . . . . . . 144.58 144.75 ± 0.66 145.02 144.96 ± 0.66 144.58 144.71 ± 0.60

100✓⇤ . . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04164 1.04156 ± 0.00066 1.04136 1.04147 ± 0.00062

zdrag . . . . . . . . . . 1059.32 1059.29 ± 0.65 1059.59 1059.43 ± 0.64 1059.25 1059.25 ± 0.58

rdrag . . . . . . . . . . 147.34 147.53 ± 0.64 147.74 147.70 ± 0.63 147.36 147.49 ± 0.59

kD . . . . . . . . . . . 0.14026 0.14007 ± 0.00064 0.13998 0.13996 ± 0.00062 0.14022 0.14009 ± 0.00063

100✓D . . . . . . . . . 0.161332 0.16137 ± 0.00037 0.161196 0.16129 ± 0.00036 0.161375 0.16140 ± 0.00034

zeq . . . . . . . . . . . 3402 3386 ± 69 3352 3362 ± 69 3403 3391 ± 60

100✓eq . . . . . . . . . 0.8128 0.816 ± 0.013 0.8224 0.821 ± 0.013 0.8125 0.815 ± 0.011

rdrag/DV(0.57) . . . . 0.07130 0.0716 ± 0.0011 0.07207 0.0719 ± 0.0011 0.07126 0.07147 ± 0.00091

Table 2. Cosmological parameter values for the six-parameter base ⇤CDM model. Columns 2 and 3 give results for the Planck
temperature power spectrum data alone. Columns 4 and 5 combine the Planck temperature data with Planck lensing, and columns
6 and 7 include WMAP polarization at low multipoles. We give best fit parameters as well as 68% confidence limits for constrained
parameters. The first six parameters have flat priors. The remainder are derived parameters as discussed in Sect. 2. Beam, calibration
parameters, and foreground parameters (see Sect. 4) are not listed for brevity. Constraints on foreground parameters for Planck+WP
are given later in Table 5.

3.2. Hubble parameter and dark energy density

The Hubble constant, H0, and matter density parameter, ⌦m,
are only tightly constrained in the combination ⌦mh3 discussed
above, but the extent of the degeneracy is limited by the e↵ect
of ⌦mh2 on the relative heights of the acoustic peaks. The pro-
jection of the constraint ellipse shown in Fig. 3 onto the axes
therefore yields useful marginalized constraints on H0 and ⌦m
(or equivalently ⌦⇤) separately. We find the 2% constraint on
H0:

H0 = (67.4 ± 1.4) km s�1 Mpc�1 (68%; Planck). (13)

The corresponding constraint on the dark energy density param-
eter is

⌦⇤ = 0.686 ± 0.020 (68%; Planck), (14)

and for the physical matter density we find

⌦mh2 = 0.1423 ± 0.0029 (68%; Planck). (15)

Note that these indirect constraints are highly model depen-
dent. The data only measure accurately the acoustic scale, and

the relation to underlying expansion parameters (e.g., via the
angular-diameter distance) depends on the assumed cosmology,
including the shape of the primordial fluctuation spectrum. Even
small changes in model assumptions can change H0 noticeably;
for example, if we neglect the 0.06 eV neutrino mass expected
in the minimal hierarchy, and instead take

P
m⌫ = 0, the Hubble

parameter constraint shifts to

H0 = (68.0 ± 1.4) km s�1 Mpc�1 (68%; Planck,
P

m⌫ = 0). (16)

3.3. Matter densities

Planck can measure the matter densities in baryons and dark
matter from the relative heights of the acoustic peaks. However,
as discussed above, there is a partial degeneracy with the spec-
tral index and other parameters that limits the precision of the
determination. With Planck there are now enough well measured
peaks that the extent of the degeneracy is limited, giving ⌦bh2 to
an accuracy of 1.5% without any additional data:

⌦bh2 = 0.02207 ± 0.00033 (68%; Planck). (17)

11

Optical depth obtained 
from CMB : integral 
measurement of the 
ionization fraction

14Wednesday, October 29, 14



21 cm tomography

15Wednesday, October 29, 14



CONTENTS 35

X-ray flux originates from noticeably higher z and so gT tends to track the value of
WX at this higher redshift. On small scales, the heating fluctuations are negligible
and gT returns to the value of the (scale independent) uniform heating case.

4.5. Evolution of the full power spectrum

Having described the di↵erent components of the 21 cm power spectrum, we now
need to put them together. The 21 cm power spectrum is a 3D quantity observed as
a function of scale and redshift, much like a movie evolving with time on a 2D screen.
Displaying this information on a static 2D paper is therefore challenging.

Figure 8 shows the evolution of the power spectrum as a function of redshift
for several fixed k-values. Four key epochs can be picked out. At early times
z & 30 before star formation, the power spectrum rises towards a peak at z ⇡ 50
and falls thereafter as the 21 cm power spectrum tracks the density field modulated
by the mean brightness temperature. Once stars switch on, there is a period of
complicated evolution as coupling and temperature fluctuations become important.
Next, ionization fluctuations become important culminating in the loss of signal at
the end of reionization. Thereafter, a weaker signal arises from the remaining neutral
hydrogen in dense clumps that grows as structures continue to collapse.

Figure 8. Evolution of power spectrum fluctuations. The di↵erent curves show
P (k, z) as a function of z at fixed k for k = 0.01, 0.1, 1, 10 Mpc�1. Diagonal
lines show ✏T

fg

(⌫), the foreground temperature reduced by a factor ✏ ranging from
10�3 � 10�9 to indicate the level of foreground removal required to detect the
signal [78].

Diagonal lines in Figure 8 show the amplitude of the mean foreground reduced by
a factor ranging from 10�3�10�9 (note that it is really fluctuations in the foregrounds
that set the upper limit, but this is less well known than the mean level). This gives
a measure of the di�culty of removing the foregrounds and the sensitivity of the21cm signal power spectrum as a function of 

redshift : LOFAR, MWA, SKA …
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The$LOFAR*EoR$project:$Analysis$of$the$NCP$data$

•  $LBA$$$$(10)$30$*$90$$MHz$$$$$$$$$$$$$$$$$$$$$$$$$$HBA$$$$$$115$*$240$MHz$
•  $$$$$$$$isolated$dipoles$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$Fles$(4x4$dipoles)$

The   LOFAR   observatory     

Core               2 km         23+ stations 
 NL                80 km        18+ stations 
 Europe       >1000 km         8+ stations 
 
Total # of HBA dipoles: ~ 50000. 

Timeline: 
1. Official opening: June 2010 
2. Data for our project starts: Dec. 2012 
3. First results (hopefully) 2014  

Slide borrowed from S. Zaroubi
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The$LOFAR*EoR$project:$Analysis$of$the$NCP$data$ 10$LOFAR 

The$LOFAR*EoR$project:$Analysis$of$the$NCP$data$

Main Science targets 

1.  ‘Global’$evoluFon$of$the$$EoR:$Variance$as$a$funcFon$of$
redshic.$

2.  Power$spectrum$at$various$redshics$
3.  High$order$staFsFcs$
4.  Imaging!!$

5.  Cross*correlaFon$with$other$probes$
6.  The$21$cm$forest$

$$

11$
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Intensity mapping
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3D mapping of neutral hydrogen distribution through total 21 cm radio emission (no 
source detection)

Needs only a modest angular resolution  10-15 arcmin 

Needs a large instantaneous field of view (FOV) and bandwidth (BW)   

 Instrument noise ( Tsys ) 

 Foregrounds / radio sources and component separation 

Intensity mapping  T21(α,δ,z)

• Peterson, Bandura & Pen  (2006)
• Chang et al. (2008)  arXiv:0709.3672
• Ansari et al (2008) arXiv:0807.3614
• Wyithe, Loeb & Geil (2008) arXiv:0709.2955
• Peterson et al (2009) arXiv:0902.3091
• Ansari et al (2012)  arXiv:1108.1474
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that the community has only begun to examine. Because of this variation, the cross-
analysis is potentially a rich source of information on conditions at high redshift.

One area where intensity mapping in lines other than 21 cm would be particularly
interesting is during the epoch of reionization. One of the challenges for understanding
the first galaxies is the di�culty of placing the galaxies seen in the Hubble Ultradeep
Field (HUDF) into a proper context. By focusing on a small patch of sky, the HUDF
sees very faint galaxies, but it is unclear how representative this patch is of the whole
Universe at that time. For comparison, the full HUDF is approximately 3⇥3 arcmin
in size comparable with the size of an individual ionized bubble, expected to be ⇠
ten arcminutes in diameter during the middle stages of reionization. Moreover, it is
apparent that the galaxies seen in the HUDF are the brightest galaxies and that fainter,
as yet unseen, galaxies contribute significantly to star formation and reionization. The
James Webb Space Telescope (JWST) will see even fainter galaxies and transform our
view of the galaxy population at z ⇠ 10, but there will still be a substantial level of
star formation that it will not be able to resolve [168].

Combining these galaxy surveys with 21 cm observations and intensity mapping
would allow a powerful synergy between three independent types of observations
directed at understanding the first galaxies and the epoch of reionization (illustrated
in Figure 12). Deep galaxy surveys with HST and JWST would inform us of the
detailed properties of small numbers of galaxies during the EoR. 21 cm tomography
provides information about the neutral hydrogen gas surrounding groups of galaxies.
Intensity mapping fills in the gaps providing information about the total emission and
clustering of the full population of galaxies, even those below the sensitivity threshold
of the JWST. Together these three techniques would provide a highly complete view
of galaxies at high redshift and transform our understanding of the origins of galaxy
formation.

Jonathan PritchardITAMP 2011

The need for different perspectives

21 cm determines properties of gas around galaxies
Intensity mapping tracks collective galaxy properties

Galaxy surveys identify individual galaxies

21cm

IM

JWST

Figure 12. Cartoon of the role intensity mapping would play in understanding
galaxy formation. Deep galaxy surveys with HST and JWST image the properties
of individual galaxies in small fields (blue boxes). 21 cm tomography (red filled
region) provides a “negative space” view of the Universe by determining the
properties of the neutral gas surrounding groups of galaxies. Intensity mapping
(purple filled regions) fills in the gaps providing information about the collective
properties of groups of galaxies. Together the three would give a complete view
of the early generation of galaxies in the infant universe.

Cross-correlating information from 
intensity mapping surveys and deep 
galaxy surveys with HST and JWST
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The first steps towards understanding intensity mapping in molecular lines
were made by Righi, Hernández-Monteagudo & Sunyaev [169], who considered the
possibility that redshifted emission from CO rotational lines might contribute a
foreground to CMB experiments. They showed that cross-correlating CMB maps
of di↵ering spectral resolution at frequencies of ⌫ ⇡ 30GHz could be used to constrain
the CO emission of galaxies at z ⇡ 3 � 8. This might be done, for example, by
correlating CMB maps from CBI with those of the Planck LFI. These ideas were
focussed on the notion of 2D maps, but contain the seed of later work.

Figure 13. Ratio between line luminosity, L, and star formation rate, Ṁ⇤, for
various lines observed in galaxies and taken from Table 1 of Ref. [170]. For the
first 7 lines this ratio is measured from a sample of low redshift galaxies. The
other lines have been calibrated based on the galaxy M82. Some weaker lines, for
example for HCN, have been omitted for clarity.

Ref. [171] explored for the first time the notion of looking at a variety of lines
in 3D intensity maps. Figure 13 shows the major lines that appear in the emission
spectrum of M82. By making a map at the appropriate frequency any of these lines
could be studied by intensity mapping. Two major challenges arise. The first is that
continuum foregrounds are typically larger than the signal from these lines by 2-3
orders of magnitude. This is an identical, although more tractable problem, as occurs
in the case of 21 cm studies of the EoR and has been studied in considerable detail.
Studies [142, 172, 173] show that, provided the continuum foreground is spectrally
smooth in individual sky pixels, it can be removed leaving very little residuals in the
cleaned signal.

Potentially more challenging is the issue of line confusion. If we look for the CO(1-
0) line (rest frame frequency of 115 GHz) in a map made at 23 GHz (corresponding to
emission by CO at z = 4) then our map will additionally consider emission from other
lines in galaxies at other redshifts (e.g. CO(2-1) from galaxies at z = 9). However,
the contaminating emission arises from di↵erent galaxies which opens the possibility
of combining maps at di↵erent frequencies corresponding to di↵erent lines from the
same galaxies as a way of isolating a particular redshift. The emission from lines in the
same galaxies will correlate, while emission from lines in galaxies at di↵erent redshifts

Intensity mapping with molecular (CO, …) 
lines  … using cross correlations between 

different frequencies
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Figure 14. A slice from a simulated realization of line emission from galaxies
at an observed wavelength of 441µm (left) and 364µm (right) [170]. The slice
is in the plane of the sky and spans 250 ⇥ 250 comoving Mpc2 with a depth
of �⌫/⌫ = 0.001. The colored squares indicate pixels which have line emission
greater than 200Jy/Sr for the left panel and 250Jy/Sr for the right panel. The
emission from OI(63µm) and OIII(52µm) is shown in red on the left and right
panels, respectively, originating from the same galaxies at z = 6. All of the lines
illustrated in Figure 13 are included and plotted in blue. Cross correlating data
at these two observed wavelengths would reveal the emission in OI and OIII from
z = 6 with the other emission lines being essentially uncorrelated.

will not‡.
Fortunately, it is possible to statistically isolate the fluctuations from a particular

redshift by cross correlating the emission in two di↵erent lines [171, 170]. If one
compares the fluctuations at two di↵erent wavelengths, which correspond to the same
redshift for two di↵erent emission lines, the fluctuations will be strongly correlated.
However, the signal from any other lines arises from galaxies at di↵erent redshifts which
are very far apart and thus will have much weaker correlation (see Figure 14). In this
way, one can measure either the two-point correlation function or power spectrum of
galaxies at some target redshift weighted by the total emission in the spectral lines
being cross correlated.

The cross power spectrum at a wavenumber k can be written as,

P1,2(~k) = S̄1S̄2b̄
2P (~k) + Pshot, (61)

where S̄1 and S̄2 are the average fluxes in lines 1 and 2 respectively, b̄ is the average
bias factor of the galactic sources, P (~k) is the matter power spectrum, and Pshot is
the shot-noise power spectrum due to the discrete nature of galaxies. The root-mean-
square error in measuring the cross power spectrum at a particular k-mode is given
by [171],

�P 2
1,2 =

1

2
(P 2

1,2 + P1totalP2total), (62)

‡ This is similar to the suggestion of using the 21 cm map as a template to detect the deuterium
hyperfine line [12].
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Figure 15. The cross power spectrum of OI(63 µm) and OIII(52 µm) at
z = 6 measured from mock simulation data for a hypothetical infrared space
telescope similar to SPICA [170]. The solid line is the cross power spectrum
measured when only line emission from galaxies in the target lines is included.
The points are the recovered power spectrum when detector noise, contaminating
line emission, galaxy continuum emission, and dust in our galaxy and the CMB
are included. The error bars follow Eq. (62) with P

1total

and P

2total

calculated
from the simulated data, including detector noise, contaminating line emission
and sample variance.

where P1total and P2total are the total power spectra corresponding to the first line
and second line being cross correlated. Each of these includes a term for the power
spectrum of contaminating lines, the target line, and detector noise. Figure 15 shows
the expected errors in the determination of the cross power spectrum using the OI(63
µm) and OIII(52 µm) lines at a redshift z = 6 for an optimized spectrometer on a 3.5
meter space-borne infrared telescope similar to SPICA, providing background limited
sensitivity for 100 di↵raction limited beams covering a square on the sky which is 1.7�

across (corresponding to 250 comoving Mpc) and a redshift range of �z = 0.6 (280
Mpc) with a spectral resolution of (�⌫/⌫) = 10�3 and a total integration time of
2⇥ 106 seconds.

We emphasize that one can measure the line cross power spectrum from galaxies
which are too faint to be seen individually over detector noise. Hence, a measurement
of the line cross power spectrum can provide information about the total line emission
from all of the galaxies which are too faint to be directly detected. One possible
application of this technique would be to measure the evolution of line emission over
cosmic time to better understand galaxy evolution and the sources that reionized the
Universe. Changes in the minimum mass of galaxies due to photoionization heating of
the intergalactic medium during reionization could also potentially be measured [171].
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21cm forest
Probing Hydrogen gas 
(in absorption) using 
quasar line of sight
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a fully neutral and cold IGM - heating or ionizing the gas will reduce the observable
signature.

This signature may show several distinct features: (i) A mean intensity decrement
blueward of the 21 cm restframe frequency whose depth depends on the mean IGM
optical depth at that redshift; (ii) small-scale variations in the intensity due to
fluctuations in the density, neutral fraction and temperature of the IGM at di↵erent
points along the line of sight; (iii) transmission windows due to photoionized bubbles
along the line of sight; and (iv) deep absorption features arising from the dense neutral
hydrogen clouds in dwarf galaxies and minihalos [181, 182]. Figure 19 shows an
example of a 21 cm forest spectrum in which a number of these features can be
seen.

Figure 19. Simulated spectrum from 128 to 131 MHz of a source with brightness
S(120MHz) = 20mJy at z = 10 using a model spectrum based on that of Cygnus
A and assuming HI 21 cm absorption by the IGM. Thermal noise has been added
using the specifications of the square kilometer array (SKA) and assuming 10
days integration with 1 kHz wide spectral channels. The solid line is the model
spectrum without noise or absorption [181].

Since the evolution of the optical depth depends on the mean neutral fraction
and the spin temperature, we can understand the evolution of the 21 cm forest based
on Figure 4. At early times, the IGM is fully neutral and the evolution is dictated by
the spin temperature. TS tracks the gas kinetic temperature and rises from tens of
K to thousands of K by the end of reionization, causing ⌧⌫

0

to fall by several orders
of magnitude due to heating alone. Then, as reionization takes place and the neutral
fraction drops from xH = 1 to the xH ⇠ 10�4 seen in the Ly↵ forest, the optical depth
drops even further. Tracing the evolution of the mean optical depth would provide
a useful constraint on the thermal evolution of the IGM and give a clear indication
of the end of reionization. Figure 20 shows the evolution of ⌧⌫

0

in a model where
TS = TK showing the very significant evolution in the optical depth with redshift.

Detecting the mean decrement in the 21 cm forest may be challenging since it
is relatively weak and requires detailed fitting of the unabsorbed continuum level. A
potentially more robust method is to exploit the statistics of individual features. As
reionization occurs, the appearance of ionized bubbles will show up in the forest as

z=10 → f_cut=129 MHz
1420/(1+z)=129 MHz
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Prospects

• LOFAR
• GMRT
• MWA

• SKA-LOW
• HERA

• CHIME
• Tianlai
• GBT
• BAOBab
• BINGO
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+ global 21cm signal 
experiments : EDGES, CoRE
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Fig. 22.— Spectra of CMB and foreground anisotropy. The foreground anisotropy results

are averages over the three foreground models (MCMCg, MEM, and Model 9). The upper
curve for each foreground component shows results for pixels outside of the KQ85 mask, and
the lower curve shows results outside of the KQ75 mask. The different foreground models are

in good agreement for the total foreground anisotropy. Results for the individual foreground
components depend on model assumptions discussed in the text, and typically differ among

the three models by 5% to 25%.

(A color version of this figure is available in the online journal.)
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