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Reionization

• Knowns: 

• Gunn-Peterson trough 

• Thomson optical depth τ 

• Unknowns: 

• Midpoint? 

• Duration? 

• 3D information?



21 cm Imaging
• Hyperfine transition 

• Maps neutral hydrogen 

• Encapsulates evolution of reionizationRep. Prog. Phys. 75 (2012) 086901 J R Pritchard and A Loeb

Figure 1. The 21 cm cosmic hydrogen signal. (a) Time evolution of fluctuations in the 21 cm brightness from just before the first stars
formed through to the end of the reionization epoch. This evolution is pieced together from redshift slices through a simulated cosmic
volume [1]. Coloration indicates the strength of the 21 cm brightness as it evolves through two absorption phases (purple and blue),
separated by a period (black) where the excitation temperature of the 21 cm hydrogen transition decouples from the temperature of the
hydrogen gas, before it transitions to emission (red) and finally disappears (black) owing to the ionization of the hydrogen gas. (b) Expected
evolution of the sky-averaged 21 cm brightness from the ‘Dark Ages’ at redshift 200 to the end of reionization, sometime before redshift 6
(solid curve indicates the signal; dashed curve indicates Tb = 0). The frequency structure within this redshift range is driven by several
physical processes, including the formation of the first galaxies and the heating and ionization of the hydrogen gas. There is considerable
uncertainty in the exact form of this signal, arising from the unknown properties of the first galaxies. Reproduced with permission from [2].
Copyright 2010 Nature Publishing Group.

the Hubble parameter H0 = 100h km s−1 Mpc−1 with h =
0.74. Finally, the spectrum of fluctuations is described by
a logarithmic slope or ‘tilt’ nS = 0.95, and the variance of
matter fluctuations today smoothed on a scale of 8h−1 Mpc is
σ8 = 0.8. The values quoted are indicative of those found by
the latest measurements [3].

The layout of this review is as follows. We first discuss
the basic atomic physics of the 21 cm line in section 2. In
section 3, we turn to the evolution of the sky-averaged 21 cm
signal and the feasibility of observing it. In section 4 we
describe 3D 21 cm fluctuations, including predictions from
analytical and numerical calculations. After reionization, most
of the 21 cm signal originates from cold gas in galaxies (which
is self-shielded from the background of ionizing radiation).
In section 5 we describe the prospects for intensity mapping
(IM) of this signal as well as using the same technique to map
the cumulative emission of other atomic and molecular lines
from galaxies without resolving the galaxies individually. The
21 cm forest that is expected against radio-bright sources is
described in section 6. Finally, we conclude with an outlook
for the future in section 7.

We direct interested readers to a number of other
worthy reviews on the subject. Reference [4] provides a
comprehensive overview of the entire field, and [5] takes a
more observationally orientated approach focusing on the near
term observations of reionization.

2. Physics of the 21 cm line of atomic hydrogen

2.1. Basic 21 cm physics

As the most common atomic species present in the Universe,
hydrogen is a useful tracer of local properties of the gas.

The simplicity of its structure—a proton and electron—belies
the richness of the associated physics. In this review, we will be
focusing on the 21 cm line of hydrogen, which arises from the
hyperfine splitting of the 1S ground state due to the interaction
of the magnetic moments of the proton and the electron. This
splitting leads to two distinct energy levels separated by "E =
5.9×10−6 eV, corresponding to a wavelength of 21.1 cm and a
frequency of 1420 MHz. This frequency is one of the most pre-
cisely known quantities in astrophysics having been measured
to great accuracy from studies of hydrogen masers [6].

The 21 cm line was theoretically predicted by van de Hulst
in 1942 [7] and has been used as a probe of astrophysics
since it was first detected by Ewen and Purcell in 1951 [8].
Radio telescopes look for emission by warm hydrogen gas
within galaxies. Since the line is narrow with a well measured
rest frame frequency it can be used in the local Universe as
a probe of the velocity distribution of gas within our galaxy
and other nearby galaxies. The 21 cm rotation curves are
often used to trace galactic dynamics. Traditional techniques
for observing 21 cm emission have only detected the line in
relatively local galaxies, although the 21 cm line has been
seen in absorption against radio-loud background sources from
individual systems at redshifts z ! 3 [9, 10]. A new generation
of radio telescopes offers the exciting prospect of using the
21 cm line as a probe of cosmology.

In passing, we note that other atomic species show
hyperfine transitions that may be useful in probing cosmology.
Of particular interest are the 8.7 GHz hyperfine transition
of 3He+ [11, 12], which could provide a probe of helium
reionization, and the 92 cm deuterium analogue of the 21 cm
line [13]. The much lower abundance of deuterium and 3He
compared with neutral hydrogen makes it more difficult to take
advantage of these transitions.
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Reionization Simulations
• N-body + hydrodynamics + 

radiative transfer 

• 100 Mpc/h volume 

• Fit for matter/redshift of 
reionization bias: 

!

• Apply to large volume           
(2 Gpc/h) 

• Create fiducial, long, and 
short reionization scenarios

�z(~k) =
b0

(1 + k
k0
)↵

�m(~k)

Battaglia+ 2013
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Reionization Simulations



21 cm Power Spectrum

• Compute power spectrum as 
function of neutral fraction 

• Change in amplitude + 
change in shape 

• Large-scale power peaks at 
~50% ionization 

• Shorter scenarios have more 
(less) large scale (small scale) 
power
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Light Cone Effect

• Large distance = long 
propagation time 

• Compute distance vs. 
redshift: 

!

• Far side is neutral, near side 
ionized 

• Can’t measure coeval cube!

r(z) =

Z z

0

c

H(z0)
dz0



Light Cone Effect



Light Cone Effect
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Anisotropic Power Spectrum
• Light cone introduces anisotropy along line of sight 

• Decompose into k‖ and k⟂ 

• Most power when k⟂ = 0, more power when k‖ ~ k⟂ than near axes



Power Wedges

P‖

P⟂ �(k) ⌘
⌦
Pk(k)

↵

hP?(k)i



Power Wedges
• All modes: large anisotropy in all cases 

• No k⟂ = 0: anisotropy only for short history 

• Important quantity: Δzreion vs. Δzlight cone
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Conclusions

• Light cone effect important for 3D measurements, 
spec. 21 cm power spectrum 

• Introduces large anisotropy into measurement 

• In flat sky, can remove k⟂ = 0 to mitigate most 
anisotropy 

• Large changes in ionization fraction exhibit large 
deviations from isotropy


