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Figure 1. WMAP five-year temperature (TT) power spectrum. The red
curve is the best-fit theory spectrum from the !CDM/WMAP chain
(Dunkley et al. 2009, Table 2) based on WMAP alone, with parameters
("b h2 , "m h2 , #2R , ns , τ, H0 ) = (0.0227, 0.131, 2.41, 0.961, 0.089, 72.4). The
uncertainties include both cosmic variance, which dominates below " = 540,
and instrumental noise which dominates at higher multipoles. The uncertainties
increase at large " due to WMAP’s finite resolution. The improved resolution of
the third peak near " = 800 in combination with the simultaneous measurement
of the rest of the spectrum leads to the improved results reported in this release.

where Cl is the cosmic variance term and Nl is the noise term.
The value of fsky (l), the effective sky fraction, is calibrated from
simulations:17
!
" ! 500;
0.826 − 0.091("/500)2 ,
(2)
fsky (") =
0.777 − 0.127(500/"),
" > 500.
The five-year TT spectrum is shown in Figure 1. With the
greater signal-to-noise ratio (S/N) of the five-year data the
third acoustic peak is beginning to appear in the spectrum.
The spectrum is cosmic variance limited up to " = 530, and
individual "-modes have S/N >1 for " < 920. In a fit to the best
cosmological !CDM model, the reduced χ 2 for " = 33−1000
is χ 2 /ν = 1.06, with a probability to exceed of 9.3%.
Figure 12 compares the unbinned five-year TT spectrum with
the three-year result. Aside from the small upward shift of
the five-year spectrum relative to that of the three-year, due
to the new beam-transfer function, they are identical at low-".
Figure 13 shows the unbinned TT spectrum
brokenPritchard
down into its
Jonathan
frequency components (V ×V , V ×W , W ×W ), demonstrating
that the signal is independent of frequency.
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Figure 1. WMAP five-year temperature (TT) power spectrum. The red
curve is the best-fit theory spectrum from the !CDM/WMAP chain
(Dunkley et al. 2009, Table 2) based on WMAP alone, with parameters
("b h2 , "m h2 , #2R , ns , τ, H0 ) = (0.0227, 0.131, 2.41, 0.961, 0.089, 72.4). The
uncertainties include both cosmic variance, which dominates below " = 540,
and instrumental noise which dominates at higher multipoles. The uncertainties
increase at large " due to WMAP’s finite resolution. The improved resolution of
the third peak near " = 800 in combination with the simultaneous measurement
of the rest of the spectrum leads to the improved results reported in this release.
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Figure 1. WMAP five-year temperature (TT) power spectrum. The red
curve is the best-fit theory spectrum from the !CDM/WMAP chain
(Dunkley et al. 2009, Table 2) based on WMAP alone, with parameters
("b h2 , "m h2 , #2R , ns , τ, H0 ) = (0.0227, 0.131, 2.41, 0.961, 0.089, 72.4). The
uncertainties include both cosmic variance, which dominates below " = 540,
and instrumental noise which dominates at higher multipoles. The uncertainties
increase at large " due to WMAP’s finite resolution. The improved resolution of
the third peak near " = 800 in combination with the simultaneous measurement
of the rest of the spectrum leads to the improved results reported in this release.
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Figure 1. WMAP five-year temperature (TT) power spectrum. The red
curve is the best-fit theory spectrum from the !CDM/WMAP chain
(Dunkley et al. 2009, Table 2) based on WMAP alone, with parameters
("b h2 , "m h2 , #2R , ns , τ, H0 ) = (0.0227, 0.131, 2.41, 0.961, 0.089, 72.4). The
uncertainties include both cosmic variance, which dominates below " = 540,
and instrumental noise which dominates at higher multipoles. The uncertainties
increase at large " due to WMAP’s finite resolution. The improved resolution of
the third peak near " = 800 in combination with the simultaneous measurement
of the rest of the spectrum leads to the improved results reported in this release.
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What do we know about reionization?
• CMB optical depth => midpoint of reionization z~10
• Gunn-Peterson trough => universe mostly ionized at z<6
• Lyman alpha forest => ionizing background at z<6
• High redshift galaxies => ionizing background + star formation
Reionization complete by z~6.5
Midpoint of reionization z~9-11
Reionization extended, may begin z>15
AAVP 2010
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21 cm mean signal
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21 cm basics
Precisely measured transition from water masers

ν21cm = 1, 420, 405, 751.768 ± 0.001 Hz
Hyperfine transition of neutral hydrogen

11S1/2

n1
λ = 21 cm

10S1/2

n0

Spin temperature describes relative occupation of levels

n1 /n0 = 3 exp(−hν21cm /kTs )
AAVP 2010
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Useful numbers:
200 MHz → z = 6
100 MHz → z = 13
70 MHz → z ≈ 20
tAge (z = 6) ≈ 1 Gyr

tAge (z = 10) ≈ 500 Myr
tAge (z = 20) ≈ 150 Myr

tGal (z = 8) ≈ 100 Myr
Jonathan Pritchard

τ = 0.09 ± 0.03

(

21 cm line in cosmology
Tγ

TS

Tb

τ = 0.087 ± 0.017

(

Tk

�

�

Ts − Tγ
Tb = τ
1+z
z = 13
ν = 1.4 GHz
�
��
�1/2
CMB acts as
TS Neutral
− Tγ gas1 + z
Tb = 27xHI (1 + δb )
mK
back light
imprints signal
TS
10

(

z=0
ν = 100 MHz
Redshifted signal
detected

(

brightness temperature

Tb = 27xHI (1 + δb )

�

TS − Tγ
TS

��

1+z
10

�1/2 �

∂r vr
(1 + z)H(z)

�−1

mK

(

spin temperature

TS−1

Coupling mechanisms:
−1
TK
Tγ−1 + xα Tα−1 + xTc−1
−1 + x T −1 Radiative transitions (CMB)
+
x
T
α α
c K
γ
−1
=
Collisions
1 +TxSα +=xc
1 + xα + xc
Wouthysen-Field effect
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Wouthysen-Field Effect
Hyperfine structure of HI
22P1/2
21P1/2

Resonant Lyman α scattering couples
ground state hyperfine levels
Coupling ∝ Lyα flux
spin

colour

21P1/2
20P1/2

gas

TS ∼ Tα ∼ TK
W-F

recoils

Wouthysen 1959

11S1/2
10S1/2

λ = 21 cm

AAVP 2010
Thursday, December 9, 2010

Field 1959
Jonathan Pritchard

Wouthysen-Field Effect
Hyperfine structure of HI
22P1/2
21P1/2

Resonant Lyman α scattering couples
ground state hyperfine levels
Coupling ∝ Lyα flux
spin

colour

21P1/2
20P1/2

gas

TS ∼ Tα ∼ TK
W-F

recoils

Wouthysen 1959

11S1/2
10S1/2

λ = 21 cm

AAVP 2010
Thursday, December 9, 2010

Field 1959
Jonathan Pritchard

Wouthysen-Field Effect
Hyperfine structure of HI
22P1/2
21P1/2

Resonant Lyman α scattering couples
ground state hyperfine levels
Coupling ∝ Lyα flux
spin

colour

21P1/2
20P1/2

gas

TS ∼ Tα ∼ TK
W-F

recoils

Wouthysen 1959

11S1/2
10S1/2

λ = 21 cm

AAVP 2010
Thursday, December 9, 2010

Field 1959
Jonathan Pritchard

Wouthysen-Field Effect
Hyperfine structure of HI
22P1/2
21P1/2

Resonant Lyman α scattering couples
ground state hyperfine levels
Coupling ∝ Lyα flux
spin

colour

21P1/2
20P1/2

gas

TS ∼ Tα ∼ TK
W-F

recoils

Wouthysen 1959

11S1/2
10S1/2

λ = 21 cm

AAVP 2010
Thursday, December 9, 2010

Field 1959
Jonathan Pritchard

What did the first galaxies look like?
Lyman alpha photons
originate from stars
Population II or III?

(cooling by metals or hydrogen)

Star formation rate?

(feedback from radiation or heating)

Clustering properties?
(host halo mass)

AAVP 2010
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Energy dep

ITAMP
APR 2008

Thermal history

• X-rays likely dominant heating source in the early universe
- (Lya heating inefficient, uncertain shock contribution)

•

•X-ray
energy
partitioned
Long X-ray mean free path allows heating far from source
HI
X-ray

HII

photoionization
ecollisional
ionization

e-

HI

Ly! excitation

1eV=10,000 K

heating
AAVP 2010
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Shull & van Steenberg 1985
Furlanetto & Johnson 2010
Jonathan Pritchard

What were the first X-ray sources?

X-ray binary

SNR

mini-quasar

• Only weak constraints from diffuse soft X-ray background
Dijkstra, Haiman, Loeb 2004

• Fiducial model extrapolates local X-ray-FIR correlation to

connect X-ray emission to star formation rate
~1 keV per baryon in stars
Glover & Brand 2003

formation
• Might track growth of black holes instead of starZaroubi+
2007
AAVP 2010
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I.

INTRODUCTION

21 cm mean signal
TK

Main processes:
1) Collisional coupling
2) Lya coupling
3) X-ray heating
4) Photo-ionization

TS

TCMB
adiabatic
cooling

collisional

X-ray heating

Lya coupling

Furlanetto 2006
Pritchard & Loeb 2010
AAVP 2010
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is stretched (redshifted) on its way to Earth
through the expansion of the Universe3. The

Universe, but even recent observations of
high-redshift galaxies with the Hubble Space

EoR signal
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Figure 1 | The 21-centimetre 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 volume9. 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
AAVP 2010 21-cm brightness8 from the ‘dark ages’ at redshift 200 to the end of reionization,
Jonathan
Pritchard
sometime
sky-averaged

>100 MHz
>70 MHz
>50 MHz
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positions of these features may move around both in the
amplitude of Tb and the frequency at which they occur.

Uncertain high redshift sources

Properties of first galaxies
are very uncertain

X-ray emissivity

Frequencies below 100 MHz
probe period of X-ray heating
& Lya coupling

Possibility of heating from
shocks or exotic physics too

Lyα emissivity

Pritchard & Loeb 2010
AAVP 2010
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FIG. 2: Dependence of 21 cm signal on the X-ray (top panel)

Global 21 cm experiments
The approach we have followed is to implementGlobal
a high signal
dynamic-range,
high linearity
can be probed
EDGESusing an internal comparison source between
spectrometer
the antenna
andexperiments
spectrometer receiver
by single
dipole
for instrumental calibration. An internal comparison
source -necessitates
special
care 2008
in the
e.g. EDGES
Bowman &
Rogers
system to ensure that the propagation of the sky signal through
the antenna
into the receiver is
CoRE
- Ekers+

well controlled and understood since its path is not calibrated by the internal comparison. In
addition, the common presence of strong, variable RFI at most radio observing sites dictates
additional linearity and sampling stability in the analog-to-digital conversion.

Bowman & Rogers 2010
today’s Nature

Switch between sky and calibrated noise source
AAVP 2010

Figure S1. Block schematic of the EDGES internal-comparison spectrometer.
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Frequency subtraction

FIG. 4: Residuals left over after fitting a n-th order polynomial in 8log ν

Look for sharp 21 cm signal
V. REIONIZATION
against smooth foregrounds
Throughout this paper, we will fit the foregrounds
Shaver+using
1999 a poly

Foreground

In this section, we will consider the possibility of constraining the evolution of the hydrogen
Npoly

�

i
neutral fraction. Predicting the reionization history has attracted
attention )in
log Ta great
= dealaoflog(ν/ν
.
fit

i

0

recent years. Constraints arise from the Lyman alpha forest, the optical depth
i=0 to the CMB, and
numerous other locations.
these may be combined to constrain the reionization history
HereSignal
νAlthough
0 is a pivot scale and we will generally recast a0 → log T0
[e.g. 5], the quality of the data is poor.

to e

TS>>TCMB
coeﬃcient has units of temperature. The lower
panel of Figure 4 sh

Given the uncertainty associated with making detailed predictions
for temperature
the evolution of xH ,
no spin

dependence parameters
we will take a toy tanh model for reionization (as used by the WMAP analysis)with
describing the two main features of reionization: its mid point zr and duration ∆z. We will further

Extended reionization histories
closer to foregrounds

assume that the 21 cm spin temperature can be taken to be saturated at the relevant redshifts
(a reasonable although not guaranteed simplifying assumption). With this the 21 cm brightness
temperature is given by
T21
Tb (z) =
2

�

1+z
10

�1/2 �
�
�
�
z − zr
tanh
+1 .
∆z

(8)

In 2010
principle, the amplitude of the signal T21 is calculable from first principles (T2 1Jonathan
= 27 mK
for
AAVP
Pritchard
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Latest results from EDGES
redshift, z
13

12

11

10

9

8

Bowman & Rogers 2010
today’s Nature

7

1500

1000

TA [K]

Three months integration
at low duty cycle
at MWA site
Thermal noise ~ 6mK
500

Role off at edges of band
due to instrumental response
0
110
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Reionization constraints
z
13

12

11

10

9

8

Bowman & Rogers 2010
today’s Nature

7

reionization durations
consistent with data

marginalising over 12th order
polynomial fit to foregrounds
and instrument response
!z

0.1

Some channels lost to RFI

reionization durations
inconsistent with data
0.01

110
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Δz<0.06 excluded at 95% level
190
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21 cm fluctuations
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Numerical simulation

Santos+ 2008
AAVP 2010
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Numerical simulations
Basics of reionization simulation
well understood
- dynamic range is hard
Fast approximate schemes being
developed:
- Santos+ 2009
“Fast21CM”
- Mesinger+ 2010 “21cmFast”
- Thomas+ 2010
“BEARS”

Detailed numerical simulation
including spin temperature
limited but underway:
-Lya
Baek+&2008,
2010
T fluctuations
Santos+ 2008

can be important

Santos, Amblard, JRP, Trac, Cen, Cooray 2008

100/h Mpc ~ 1 deg @z=7.4
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e.g. stellar spectrum vs power law
• T fluctuations say something about
thermal history

Barkana & Loeb 2004
Chuzhoy, Alvarez, & Shapiro
2006
Pritchard & Furlanetto 2007

X-rays

TK>T!

Jonathan Pritchard

8

Amplitude and Tilt
Lidz+ 2008

Slope
Amplitude

Ionized fraction
Power spectrum flattens and drops as reionization proceeds
MWA/LOFAR probably limited to amplitude and slope
-> neutral fraction measurement at 10% level at several redshifts
AAVP 2010
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2

2

∆xx

xi = 0.8

∆xx

xi = 0.55

Figure 10. The effect of minihaloes on the ionization maps for x̄i,V ≈ 0.55
(left-hand panels) and x̄i,V ≈ 0.8 (right-hand panels). The top panels are
slices from the M1 simulation in which minihaloes do not affect the propagation of the ionization fronts (because we have a limited number of outputs,
the top panels are at approximately a 7 per cent lower ionization fraction
than the others). White regions are ionized and black are neutral. The middle
panels are from M2, in which minihaloes are evaporated with a prescription
motivated by the results of Shapiro et al. (2004) and Iliev et al. (2005b). The
bottom panels are from Simulation M3 in which minihaloes are not evaporated, and all haloes above 105 M" absorb ionizing photons with impact
parameter less than one virial radius (yielding an average photon mean-free
path of 4 Mpc). Minihaloes inhibit the largest bubbles from growing.

Jonathan Pritchard

0.01

z = 7.3
0.1
0.3
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December 9, 2010

(left-hand panels) and at x̄i,V = 0.8 (right-hand panels). (Note that
due to a limited number of outputs at which to compare, the output
for Simulation M1 is ≈7 per cent less ionized than the outputs for
the other runs.) The total number of absorptions inside minihaloes
increases from Simulation M1 to M2 to M3. The major effect from
minihalo absorptions is that the largest bubbles (bubbles larger than
the photon mean-free path) grow more slowly, whereas the growth of
the smaller bubbles is uninhibited. This effect is particularly notable
in Simulation M3, in which the average mean-free path is 4 Mpc.
The mean-free path becomes larger than this as the smallest haloes
are evaporated in Simulation M2, such that the effect of minihaloes
on the bubble sizes is less significant. The smaller bubbles are still
larger in M2 than in M1. (Since M1 is at an ≈7 per cent smaller x̄i ,
if we compared at the same x̄i , this trend would be more notable.)
Fig. 11 shows the bubble PDF for the minihalo runs, in which
the bubble radius is defined as in Section 4. We confirm that the
bubbles are smaller when the minihaloes are present, particularly
once the biggest bubbles become larger than the photon mean-free
path. At x̄i,V = 0.8, the characteristic bubble radius is 20 Mpc in M1
(solid curve in Fig. 11), 7 Mpc in M2 (dotted curve) and 4 Mpc in
M3 (dot–dashed curve). In the minihalo models, the characteristic
scale is set roughly by the average photon mean-free path, which is
4 Mpc in Simulation M1. This decrease of the characteristic bubble
scale from the dense absorbers was first predicted in analytic models
(Furlanetto & Oh 2005). However, we do not find the sharp cut-off
in effective bubble size at the scale of the mean-free path found in
the analytic work of Furlanetto & Oh (2005). The reasons for this
difference are primarily that analytic models make the simplifying
assumptions that the mean-free path is spatially uniform and that
photons from a source cannot travel a distance further than one
mean-free path.
Fig. 12 plots !2x x for the M1 (solid curves), M2 (dotted curves)
and M3 (dot–dashed curves) simulations for x̄i,V ≈ 0.55 (top panel)
and x̄i,V ≈ 0.8 (bottom panel). The minihaloes suppress the largescale ionization fluctuations and increase the size of the fluctuations
at smaller scales. The significance of the effect of minihalo absorptions increases with ionization fraction as the bubbles become larger.
Note that the total power is contained within the box for the models
with minihaloes in Fig. 12 (the power peaks at smaller scales than
the box scale) – the presence of minihaloes reduces the size of the
box necessary to simulate reionization. Note that the differences in
!2x x among the minihalo models we consider (Simulations M1–M3)
are not as large as the differences in !2x x among the source models

0.5

z = 7.7

0.1

McQuinn+ 2007
z = 7.3

z = 7.7

z = 8.7

C 2007 RAS, MNRAS 377, 1043–1063
2007 The Authors. Journal compilation #

0.01

0.6

S3

S1

S2

Precise power spectrum measurements
z = 8.7
can distinguish these different scenarios
0.1

M1
M2
M3

S4

Minihaloes less important
of H II regions
during reionization
> 4 × 1010 m⊙1049
L ∝ mMorphology
L∝
m5/3 m

L ∝ m1/3

#
C

e 3. Comparison of four radiative transfer simulations post-processed on the same density field, but using different source prescriptions parametrized by
= α(m) m. The white regions are ionized and the black are neutral. The left-hand panel, left centre panel, right centre panel and right-hand panels are,
ctively, cuts through Simulations S2 (α ∝ m−2/3 ), S1 (α ∝ m0 ), S3 (α ∝ m2/3 ) and S4 (α ∝ m0 , but only haloes with m > 4 × 1010 M$ host sources). For
p panels, the volume-ionized fraction is x̄i,V ≈ 0.2 (the mass-ionized fraction is x̄i,M ≈ 0.3) and z = 8.7. For the middle panels, x̄i,V ≈ 0.5(xi,M ≈ 0.6)
= 7.7, and for the bottom panels, x̄i,V ≈ 0.7(x̄i,M ≈ 0.8) and z = 7.3. Note that the S4 simulation outputs have the same x̄i,M , but x̄i,V that are typically
maller than that of other runs. In S4, the source fluctuations are nearly Poissonian, resulting in the bubbles being uncorrelated with the density field
≈ x̄i,M ). Each panel is 94 Mpc wide and would subtend 0.6 degrees on the sky.

HII region morphology determined
primarily by: 1. neutral fraction
2. Sources
3. Sinks
4. Thermal feedback
0.7
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R dP/dR

HII region morphology
More massive sources dominate

tude of ∆Tb occurs at different k values for different redshifts. Accurate observation and modeling of this complicated evolution may provide important information
about the early radiation fields.
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Evolution of the power spectrum

Mesinger+ 2010
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More from Santos next...
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Intensity mapping in outline
Can also target neutral hydrogen after reionization out to z~3 with instruments at
frequencies > 350 MHz

Measure power spectrum of galaxies by integrating 21 cm flux
=> big picture of distribution of galaxies without spending time on resolving details
AAVP 2010
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Intensity mapping in outline
Can also target neutral hydrogen after reionization out to z~3 with instruments at
frequencies > 350 MHz

Figure 1 Cosmic surveys and pointillism. Traditionally, astronomers map out the large-scale structure

constant with redshift.
The detection of neutral hydrogen
ies at large cosmic distances has been
science driver for the future Square
tre Array (SKA) radio telescope. Ind
measurement of the BAO by large su
HI 21-cm radio emission from distan
is one of the keyCarilli
science 2010
projects for th
Chang and colleagues
nique that could provide the first ins

Measure power spectrum of galaxies by integrating 21 cm flux
=> big picture of distribution of galaxies without spending time on resolving details
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Intensity mapping and dark energy

Figure 1. Sensitivity to Dark Energy Models. The plot shows projected error ellipses in the
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parameter space laid out by the Dark Energy Task Force. w0 = p/! is the dark energy
equation of state, and wa is the first derivative of w. Plotted in black are 1-" and 2-"
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meters. Also plotted are contours for the optical BAO experiments SDSS-III after
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Intensity mapping results
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We use the correlation amplitude to constrain the neutral hydrogen density at redshift 0.8. The cross-correlation jHI,opt (in mK)
between the optical galaxy density field and the neutral hydrogen

Observations at 0.5<z<1 showing cross-correlation between radio and galaxy signal
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Conclusions
• Currently know very little observationally about reionization history
• Need to understand both sources and IGM => 21 cm observations with SKA-low key
• 21 cm global experiments capable of constraining broad-brush properties of signal
• 21 cm fluctuations complement the global signal and contain wealth of information
- Lyman alpha fluctuations => star formation rate
- Temperature fluctuations => X-ray sources
- Neutral fraction fluctuations => topology of reionization
• For specified assumptions can begin to calculate 21 cm signal including all relevant physics
- still large uncertainties in what assumptions about first galaxies are reasonable

• Spatial and redshift information are critical to separating the different contributions to
the 21 cm signal

• SKA1 and SKA2 potentially sensitive to very first galaxies at lowest frequency range
• 21 cm intensity mapping provides a powerful alternative to galaxy surveys that should be
explored
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