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Outline	  
•  Dark	  Ages	  and	  21	  cm	  radia9on	  
•  Radia9ve	  Transfer	  
•  Brightness	  Temperature	  diff.	  Cosmic	  Gas	  vs.	  String	  Wake	  
•  Strings	  and	  Their	  Signatures	  around	  z=20	  	  	  	  	  	  	  	  
•  Strings	  and	  Their	  Signatures	  just	  before	  reioniza9on.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
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image	  from	  the	  WMAP	  hcp://map.gsfc.nasa.gov/media/060915/index.html 

Observa9ons	  during	  Dark	  Ages	  can	  directly	  constrain	  
cosmology	  

	  
•  During	  Dark	  Ages,	  1100	  <	  z	  <	  20,	  the	  10	  –5	  density	  fluctua9ons	  present	  at	  

recombina9on	  grow	  to	  form	  structure.	  	  
•  Physics	  is	  simple	  then,	  calcula9ons	  can	  be	  done,	  an	  observed	  devia9on	  from	  

expected	  evolu9on	  	  would	  be	  a	  clean	  signature	  of	  new	  physics,	  e.g.	  cosmic	  strings 



How	  to	  see	  the	  Dark	  

•  Use	  the	  CMB	  light	  released	  at	  recombina9on	  
as	  a	  backlight	  for	  the	  Cosmic	  Hydrogen	  Gas.	  

WMAP 



Neutral	  hydrogen	  cloud	  can	  
absorb	  or	  emit	  
21	  cm	  radia9on	  

through	  the	  spin	  flip	  transi9on	  of	  the	  hyperfine	  
split	  ground	  state	  

1S 

1420 MHz 
λ = 21 cm	
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Radia9ve	  transfer	  
A	  light	  ray	  with	  frequency	  º	  is	  travelling	  through	  the	  
hydrogen	  cloud	  in	  direc9on	  	  	  	  .	  It	  has	  a	  posi9on	  dependent	  	  
intensity	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  .	  	  
The	  change	  in	  its	  intensity,	  dI,	  at	  the	  point	  	  x	  	  is	  due	  to:	  
1.  Absorp9on	  	  	  
2.  S9mulated	  Emission	  
3.  Spontaneous	  Emission	  



Absorp9on	  &	  	  
S9mulated	  Emission	  

Spontaneous	  Emission	  

Propor9onal	  to:	  
•  Intensity	  =	  I	  
•  distance	  travelled	  =	  ds	  
•  H	  par9cle	  density	  =	  	  n0	  ,	  n1	  
•  cross	  sec9ons	  ¾01 ,	  	  ¾10	  ∝	  
	  	  	  	  	  	  	  (Einstein	  coeff)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ×(line	  pro2ile)	  
	  

Propor9onal	  to:	  
	  	  	  	  	  
•  distance	  travelled	  =	  ds	  
•  H	  par9cle	  density	  =	  	  n1	  
•  emission	  coefficient	  	  ²º ∝	  
	  	  	  	  	  	  	  	  	  	  	  	  (Einstein	  coeff)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ×(line	  pro2ile)	  
	  	  

  
dI = -I (n0	  ¾01	  -‐	  	  ¾10 n1) ds  
            	  

 
dI =  ²º n1ds	  



Absorp9on	  &	  	  
S9mulated	  Emission	  

Spontaneous	  Emission	  

Cross	  sec9ons	  	  
¾01 ,	  	  ¾10	  ∝	  
	  	  	  	  	  	  	  (Einstein	  coefficients)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ×(line	  profile)	  
	  
    ¾01=hº/(4¼)	  	  B01	  ÁA	  (º)	  	  
	  
    ¾10=hº/(4¼)	  	  B10	  ÁA	  (º)	  	  

Atomic	  emission	  coefficient	  	  
²º ∝:	  
(Einstein	  coefficients)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ×(line	  profile)	  
 

 

 

    ²º	  =	  hº/(4¼) A10 Á E (º)  



•  The	  Einstein	  coefficients	  A10	  ,	  B10	  ,	  B01	  characterize	  an	  
atomic	  property.	  Of	  the	  three	  only	  one	  is	  independent:	  

B01/B10	  =	  3	  ,	  	  	  	  	  	  A10/B10	  =	  2	  h	  º3/c2	  	  	  	  	  	  	  	  	  	  A10=	  	  	  2.85	  ×	  10−15	  	  s−1	  	  

•  The	  line	  profiles	  ÁA = ÁE           
≠ ± ( º − 1420 MHz) 
because	  of	  the	  Hubble	  flow.	  
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   dI = (- I ®º + 	  	  jº	  )	  ds 
       =	  (hº/(4¼))[ I (-n0B01	  +n1B10)	  ÁA	  +	  n1A10 Á E ] ds 

       = 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  [(-I+I      	  	  	  	  	  )	  +	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ]	  ds 
	  

3n0A10c
2�E

8⇡⌫2

n1
3n0

n1
3n0

2h⌫3

c2

               absorption           stimulate emission                                       
                                                                 spontaneous emission 

Ugly formula 



•  Quan9fy	  I(ν)	  through	  brightness	  temperature	  Tγ	  	  
      I =	  Tγ	  2kB𝜈2/c2	  	  

•  Define	  the	  spin	  temperature	  TS	  through	  the	  ra9o	  of	  
triplet	  to	  	  singlet	  par9cle	  densi9es	  as	  n1/n0	  	  =	  3	  Exp(	  −	  
hº21	  /(kBTS)).	  	  	  
	   	   	   	   	   	   	  TS>>	  T	  *	  

•  Define	  the	  op9cal	  depth	  dτν	  	  which	  depends	  on	  
Einstein	  coeff,	  line	  profile,	  distance	  travelled	  

Ugly	  formula	  becomes	  beau9ful	  

dT� =
h
�T� +TS

i
d⌧⌫



	  	  	  

•  Mul9ply	  both	  sides	  by	  the	  integra9ng	  factor	  e¿º 
•  Imagine	  observing	  the	  21	  cm	  ray	  a;er	  it	  has	  passed	  through	  a	  

slab	  of	  hydrogen	  gas	  at	  par9cular	  distance,	  specified	  by	  the	  
redshi;	  of	  the	  21	  cm	  photon.	  The	  slab	  is	  thin	  enough	  that	  TS	  is	  
constant.	  

T�(⌧⌫) = T�(0)e�⌧⌫ +TS(1� e�⌧⌫ )

absorption-stimulated emission      spontaneous emission       

dT� =
h
�T� +TS

i
d⌧⌫



Brightness	  Temperature	  difference	  δTb	  
Compare	  the	  21	  cm	  ray	  a;er	  
passing	  through	  a	  high	  redshi;	  
hydrogen	  cloud	  to	  what	  it	  
would	  have	  been	  had	  we	  had	  a	  
clear	  view	  of	  the	  CMB.	  

�Tb ⌘ T�(⌧⌫)�T�(0)

= (TS �T�(0))(1� e�⌧⌫ )

⇡ (TS �T�(0))⌧⌫

When we finally observe 
these photons they are 
redshifted: 

�Tb ⇡ (TS �T�(0))

1+ z
⌧⌫



Op9cal	  Depth	  τν	  of	  a	  Δs	  Slab	  of	  Hydrogen	  
⇥⌫(s) =

3hc

2
A10xHInH

32⇡⌫kBTS
�s⇤(s, �)

⇡ 2.6⇥10�12 nH�s⇥(s,�) mKcm2s�1

Ts

Observing	  21	  cm	  radia9on	  depends	  crucially	  on	  TS	  :	  
•  TS	  above	  T𝛾	  	  emission.	  
•  TS	  below	  T𝛾	  	  absorp9on.	  

Brightness	  temp.	  from	  a	  Δs	  Slab	  of	  Hydrogen	  

�Tb ⇡
⇣
1� T�(0)

TS

⌘
(2.6⇥ 10�12 mKcm2s�1) nH

�s⇤(s, ⇥)

1+ z



What	  mechanisms	  drive	  TS	  above	  or	  below	  T𝛾	  ?	  	  

•  Interac9on	  with	  CMB	  photons	  
•  Spontaneous	  emission	  
•  Collisions	  with	  hydrogen,	  electrons,	  protons	  
•  Near	  the	  end	  of	  the	  Dark	  Ages,	  scacering	  with	  UV	  photons.	  Ignore	  this	  for	  

now.	  	  
n1 ( B10 I + A10 + C10 ) = n0 ( B01 I + C01 ) 

determines	  spin	  temperature	  in	  equilibrium.	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  xc	  ≡	  C10T* ⁄ (A10 T𝜸), 
 

C10 depends	  on	  densi9es	  	  and	  	  TK	  

✓
1� T�

TS

◆
=

xc

1+ xc

✓
1� T�

TK

◆



Collision	  coefficients	  xC	  	  
drive	  TS	  towards	  T𝛾	  or	  TK	  

•  If	  xc	  is	  small	  Ts	  is	  driven	  towards	  T𝛾	  
•  If	  xc	  is	  large	  Ts	  is	  driven	  towards	  TK	  

	  
	  
	  
	  

	  
	  
	  

✓
1� T�

TS

◆
=

xc

1+ xc

✓
1� T�

TK

◆



Op9cal	  Depth	  τν	  of	  a	  Δs	  Slab	  of	  Hydrogen	  

Up	  to	  this	  point	  the	  hydrogen	  cloud	  could	  be	  anything:	  
•  the	  cosmic	  gas	  (CG)	  
•  a	  cosmic	  string	  wake.	  
The	  combina9on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  different	  for	  
each	  of	  the	  two	  cases.	  

⇥⌫(s) =
3hc

2
A10xHInH

32⇡⌫kBTS
�s⇤(s, �)

⇡ 2.6⇥10�12 nH�s⇥(s,�) mKcm2s�1

Ts

nH�s⇥(s, �)/Ts



Cosmic	  String	  Wake	  

☀
! !

☀
earth�

�

cosmic 
string

|
!

"

identify
!

cosmic string lensing
cosmic string introduces a deficit angle

From the point of view of an observer behind the string and 
moving with it, matter flowing past the string acquires a 
velocity kick  4πGµ vstring 𝛾Vstring towards the central plane  

Image: Cambridge Cosmology Public Home 
Page 



•  Dark matter streams through and oscillates about the 
central plane,  

•  Baryons collide in the centre form shocks and heat 
the gas. Shocks can lead to a factor of 4 in the 
overdensity of the baryons.  

Image: Vilenkin and Shellard, 1994 



The	  combina9on	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  	  	  	  	  	  	  	  	  	  
different	  for	  each	  of	  the	  two	  cases.	  

	  
•  For	  shock	  heated	  string	  wakes	  (nH)wake ≈ 4(nH)CG 	  
•  TS	  depends	  on	  	  

– gas	  temperature	  TK	  (es9mated	  in	  Zel’dovich	  
approxima9on	  for	  wakes),	  

– collision	  coefficients	  xC	  ,	  (that	  also	  depend	  on	  
TK	  	  and	  densi9es)	  

•  Line	  profileφ	  depends	  on	  the	  velocity	  gradient	  
of	  the	  bulk	  mo9on	  along	  the	  line	  of	  sight.	  	  

nH�s⇥(s, �)/Ts



Hubble	  Flow	  ⇒	  Line	  Profile	  φ(ν) 
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Op9cal	  Depth	  
	  ⌧�(s) ⇡ 2.6⇥10�12 nH�s⇥(s,�) mKcm2s�1

Ts

•  Cosmic	  Gas:	  

•  String	  Wake:	  

	  
For	  wakes	  we	  see	  a	  8x	  enhancement	  (70	  ≈	  8	  x	  8.6):	  

– θ~π/4	  
–  (nH)wake /(nH)CG ~ 4	  

⇡ 70mK
1

TS
(1+ z)3/2(1+ �b)

⇡ 17mK

2 sin2 ✓

(nH)wake

(nH)CG

1

TS
(1+ z)3/2(1+ �b)

⇡ 8.6mK
1

TS
(1+ z)3/2(1+ �b)



Collision	  coefficients,	  xC	  ,	  enhancement	  

	  The	  collision	  coefficient	  factor	  can	  be	  
a	  factor	  of	  10	  larger	  for	  wakes	  vs.	  CG.	  	  
All	  together	  this	  makes	  for	  a	  factor	  of	  
80	  enhancement	  for	  string	  wakes	  
versus	  the	  cosmic	  gas.	  	  

�Tb ⇡ (TS �T�(0))

1+ z
⌧⌫

=
17mK

2 sin2 ✓

(nH)wake

(nH)CG
(1+ z)1/2(1+ �b)

✓
1� T�

TS

◆

xc

1+ xc

✓
1� T�

TK

◆



Cosmic	  Gas	  21	  cm	  Global	  δTb 

Figure from Pritchard & Loeb 2008 

δT
b 

image	  from	  the	  WMAP	  hcp://map.gsfc.nasa.gov/media/060915/index.html 



Cosmic	  Wake	  Temperature	  

Determined	  by	  considering	  thermaliza9on	  of	  
shock	  heated	  baryons.	  (Zel’dovich	  
approxima9on	  and	  hydrocode	  of	  Sornborger	  et	  
al.)	  

TK ' [20 K](Gµ106)2(vs�s)
2 zi + 1

z+ 1



Current	  limits	  on	  the	  cosmic	  string	  
tension	  Gμ	  	  

using	  the	  combined	  data	  from	  	  
WMAP	  and	  SPT	  	  
Gμ	  	  ≲	  	  10	  −7	  



Global	  21	  cm	  δTb	  vs.	  string	  tension	  Gμ	  
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•  zi , redshift when wake began 

•  ze , redshift when wake is 
observed 

•  (Gµ)6 , string tension in units 
of 10 -6. 

Figures from O.H.,	  R.	  Brandenberger,	  2012 



What	  about	  the	  Noise?	  
•  Between	  	  	  	  	  	  	  z=20	  and	  35	  the	  average	  δTb	  of	  the	  cosmic	  gas	  varies	  

between	  -‐0.34	  mK	  to	  -‐8.6	  mK.	  

•  Thermal	  noise	  per	  redshi;	  cell:	  
–  Tsys	  is	  approximately	  the	  sky	  temperature,	  	  
–  B	  is	  the	  bandwidth,	  	  	  
–  τ	  is	  the	  total	  observing	  9me,	  
–  θdesired	  is	  the	  resolu9on	  desired	  (e.g.	  1	  arcminute)	  
–  θdiffrac9on	  is	  the	  diffrac9on	  limited	  resolu9on	  21cm	  (1+z)	  /Ae	  	  
–  Ae	  is	  the	  effec9ve	  antenna	  area.	  
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Angular	  resolu9on	  needed	  to	  see	  a	  string	  wake:	  

•  θL(z)	  resolu9on	  needed	  for	  the	  wake's	  length.	  	  
•  θW(z)	  resolu9on	  needed	  for	  the	  wake’s	  width.	  	  
•  θdesired(z)∼θW(z)1/3θL(z)2/3	  ,	  es9mate	  of	  the	  resolu9on	  
in	  radians	  needed	  to	  calculate	  the	  noise	  per	  pixel.	  	  
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At	  SKA:	  	  
•  z=20,	  	  
•  Ae=1km2,	  	  
•  𝜏=104hr	  
•  For	  Gμ	  ≳	  3	  x	  10−8	  we	  would	  be	  able	  
to	  pick	  out	  the	  wakes	  above	  the	  
noise	  and	  measure	  their	  density.	  

	  



But	  is	  there	  any	  hope	  of	  having	  a	  
cosmic	  string	  signal	  before	  the	  

SKA	  ?	  

	  



As	  the	  first	  galaxies	  form	  a	  possibly	  deeper	  
absorp9on	  feature	  appears	  around	  z∼20	  

The	  first	  Starlight	  

From http://scienceblogs.com/startswithabang/2010/01/25/seeing-red-in-the-sky/ 



Wouthysen-‐Field	  effect	  
H	  atoms	  can	  change	  hyperfine	  states	  through	  the	  
absorp9on	  and	  spontaneous	  re-‐emission	  of	  a	  
Lyman	  alpha	  photons.	  
	  
	  
	  
	  
Lyman	  alpha	  photons	  are	  produced	  in	  stars	  and	  
these	  resonantly	  scacer	  off	  H	  coupling	  TS	  to	  the	  
cooler	  TK	  

S.R. Furlanetto et al. / Physics Reports 433 (2006) 181 – 301 199

Fig. 3. Level diagram illustrating the Wouthuysen–Field effect. We show the hyperfine 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].

excited to the triplet state (requiring significantly more energy than the cold neutral IGM can provide; see [111] for
a detailed discussion). Ionized helium avoids this problem and may be significant in partially ionized gas (though the
accompanying free electrons will still dominate because of their larger velocities). To our knowledge, these rates have
not yet been calculated.

Finally, we have collisions with trace elements. Spin exchange cross sections in H–D collisions have been evaluated by
[120] (see Section 2.6).Although they are much larger than the corresponding H–H cross sections at small temperatures,
their rarity means that they still have no significant effect on TS .

2.3. The Wouthuysen–Field effect

A less obvious coupling process has become known as the Wouthuysen–Field mechanism9 [66,67]. It is illustrated
in Fig. 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 Ly! 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.10 Thus atoms can change hyperfine
states through the absorption and spontaneous re-emission of a Ly! photon (or indeed any Lyman-series photon; see
Section 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.

2.3.1. An approximate treatment
We begin with a relatively simple and intuitive treatment of this process. Reality is considerably more complicated;

we discuss more precise calculations in Section 2.3.3 below. The Wouthuysen–Field coupling must depend on the total
rate (per atom) at which Ly! photons are scattered within the gas,

P! = 4"#!

∫
d$ J$($)%!($), (37)

9 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.

10 Here we use the notation F LJ , where L and J are the orbital and total angular momentum of the electron.

Figure from Furlanetto, Oh, Briggs, Phy Rep 433 (2006) 



WF	  absorp9on	  trough	  

error computation. Those that are interested in experimen-
tal design may wish to focus on Secs. IV and V, where we
explore various experimental trade-offs for observations
targeting the dark ages and reionization, respectively.
Forecasts for the performances of some fiducial experi-
ments are presented in Sec. VI, and we summarize our
conclusions in Sec. VII.

II. THE COSMOLOGICAL GLOBAL SPECTRUM
AND SOURCES OF MEASUREMENT

CONTAMINATION

A. Model of the signal

We begin by sketching the ingredients of our 21 cm global
signal model. For more details there exist several good
reviews on the physics of the 21 cm signal [2–4]. The
21 cm signal arises from the physical properties of neutral
hydrogen in the intergalactic medium (IGM), specifically
from the density of neutral hydrogen and the 21 cm spin
temperature, which describes the relative number of hydro-
gen atoms with proton and electron spin aligned or antia-
ligned. These quantities respond to radiation from luminous
sources and so are expected to vary from place to place.

Fluctuations in the 21 cm signal are being targeted by
radio interferometers such as LOFAR, MWA, PAPER, and
Giant Metrewave Radio Telescope, as mentioned in Sec. I.
These fluctuation are scale dependent with most power on
the characteristic scale of ionized or heated regions, which
are believed to be tens of arc minutes across. When viewed
with a beam larger than this characteristic size these fluc-
tuations will average out, giving a measure of the mean or
‘‘global’’ 21 cm signal. In this paper, we concentrate on
measuring this isotropic part of the 21 cm signal and
consider the anisotropic fluctuations as a source of noise.
Studies by Bittner and Loeb [38] showed that during
reionization a beam size of a few degrees is sufficient to
smooth out most of the fluctuations. In this paper, any
contribution of the fluctuations left over after convolving
with the large beam will be considered as irreducible noise.

The basic dependence of the differential 21 cm bright-
ness temperature Tb on the average ionized fraction !xi and
spin temperature TS is

Tb ! 27ð1# !xiÞ
!
TS # TCMB

TS

"!
1þ z

10

"
1=2

mK; (1)

where we have used the WMAP7 cosmological parameters
to fix the baryon and mass abundances as "bh

2 ¼ 0:023
and "mh

2 ¼ 0:15 [39]. The key redshift dependence
comes via xiðzÞ and TSðzÞ, which we model following the
approach of Pritchard and Loeb [40], where the reader will
find technical details. This model incorporates (1) the
ionizing radiation from galaxies, (2) x-ray heating from
galaxies [41], and (3) Lyman-alpha emission from gal-
axies, and assumes a simple prescription linking the star
formation rate to the fraction of mass in collapsed structure
above a critical mass threshold required for atomic hydro-
gen cooling.
This model predicts a 21 cm signal that divides into

three qualitatively different regimes (see Fig. 1). The first,
a shallow absorption feature at 30 & z & 200, begins as
the gas thermally decouples from the cosmic microwave
background (CMB) and ends as our Universe become too
rarified for collisions to couple TS to Tgas. Next, a second
and possibly deeper absorption feature occurs as the first
galaxies form at z * 30. This is initiated as Lyman-alpha
photons illuminate the Universe, coupling spin and gas
temperatures strongly, and ends as increasing x-ray emis-
sion heats the IGM above the CMB, leading to a 21 cm
emission signal. This emission signal is the third key
feature, which slowly dies away in a ‘‘reionization step’’
as ionizing UV photons ionize the IGM. As described in
Refs. [21,42] there is considerable uncertainty in the exact
positions and details of these features, but the basic picture
seems robust.
The last two features—an absorption trough driven by

the onset of galaxy formation1 and an emission step
accompanying reionization—form the focus of this paper,
since these seemmost likely to be detectable (a fact that we
will explain and rigorously justify in Sec. IVB). The ear-
liest absorption trough seems unlikely to be detected in the

FIG. 1. Target 21 cm global signal as predicted by the model of Pritchard and Loeb [21]. The exact details of this signal are uncertain
and depend upon the nature of the first galaxies.

1For linguistic convenience, we will include the absorption
trough at z' 20 as part of the dark ages, even though it really
marks the very end of the dark ages.

GLOBAL 21 CM SIGNAL EXPERIMENTS: A DESIGNER’s . . . PHYSICAL REVIEW D 87, 043002 (2013)

043002-3

Figure from Liu, Pritchard, Tegmark & Loeb 2013 



Stars	  
forma9on	  
generates	  	  
Lyman	  
alpha,	  	  
but	  also	  	  
X	  rays	  

which	  heat	  
the	  cosmic	  

gas.	  
	  

drops out of Eq. (2), and the signal becomes saturated. This
represents a hard upper limit on the signal. Should there be
no heating, then the signal will stay in absorption and reach
several hundred mK in amplitude as the gas continues to
cool adiabatically. Finally, reionization will occur as UV
photons produce bubbles of ionized hydrogen that perco-
late, removing the 21 cm signal. We may thus identify five
main events in the history of the 21 cm signal:
(i) collisional coupling becoming ineffective, (ii) Ly! cou-
pling becoming effective, (iii) heating occurring,
(iv) reionization beginning, and (v) reionization ending.
In the scenario described above the first four of these
events generates a turning point (dTb=dz ¼ 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 Ly! emis-
sivity, parametrized about our fiducial model by fX and f!,
representing the product of the emissivity and the star
formation efficiency following Ref. [24]. Clearly the posi-
tions of these features may move around both in the
amplitude of Tb and the frequency at which they occur.
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 Ly! photons escaping
from galaxies [28], x-rays will also produce Ly! photons
[29,30] and so couple TS to TK and, in the absence of x-
rays, scattering of Ly! photons heat the gas [31]. In each

case the relative sequence of events is likely to be main-
tained. We will return to how different models may be
distinguished later and now turn to the presence of fore-
grounds 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. [32], using all existing observations. The sky at
100 MHz is shown in Fig. 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 degrees.
The lower panel of Fig. 3 shows the beam of dipole
(approximated here as a single cos2" lobe) sitting 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).
Averaging the foregrounds over the dipole’s angular

response gives the spectrum shown in the top panel of
Fig. 4. First note that the amplitude of the foregrounds is

FIG. 2 (color online). Dependence of 21 cm signal on the x-ray
(top panel) and Ly! (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 f! are really
the product of the emissivity and the star formation efficiency.

FIG. 3 (color online). Top panel: Radio map of the sky at
100 MHz generated from Ref. [32]. Bottom panel: Ideal dipole
response averaged over 24 hours.

CONSTRAINING THE UNEXPLORED PERIOD BETWEEN . . . PHYSICAL REVIEW D 82, 023006 (2010)

023006-3

Figure from Pritchard & Loeb 2010 



No	  absorp9on	  trough	  if	  the	  cosmic	  gas	  is	  
heated	  to	  CMB	  temperatures	  or	  beyond	  
before	  enough	  Lyman	  alphas	  are	  produced	  
to	  couple	  the	  TS	  to	  the	  TK	  there	  will	  be	  no	  
Wouthysen-‐Field	  effect	  absorp9on	  trough.	  



We	  may	  soon	  find	  out	  if	  it	  exist!	  
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ABSTRACT

We present first results from the SCI-HI experiment, which we used to measure the all-sky-averaged 21 cm brightness
temperature in the redshift range 14.8 < z < 22.7. The instrument consists of a single broadband sub-wavelength
size antenna and a sampling system for real-time data processing and recording. Preliminary observations were
completed in 2013 June at Isla Guadalupe, a Mexican biosphere reserve located in the Pacific Ocean. The data was
cleaned to excise channels contaminated by radio frequency interference, and the system response was calibrated
by comparing the measured brightness temperature to the Global Sky Model of the Galaxy and by independent
measurement of Johnson noise from a calibration terminator. We present our results, discuss the cosmological
implications, and describe plans for future work.

Key words: cosmology: observations – dark ages, reionization, first stars – methods: observational – radio
continuum: general

Online-only material: color figures

1. INTRODUCTION

Emission and absorption due to the 21 cm spin flip transition
of neutral hydrogen (H i) have emerged as valuable tools to
probe the physics of the universe across a set of cosmological
eras ranging from the pre-star dark ages to the epoch of
reionization to the era of acceleration (Loeb & Zaldarriaga
2004; Cooray 2004; Bharadwaj & Ali 2004; Carilli et al. 2004;
Furlanetto & Briggs 2004; Furlanetto et al. 2006; Pritchard
& Loeb 2010, 2012; Liu et al. 2013). Experiments studying
the universe through the 21 cm transition are of two kinds:
mapping experiments that measure the power spectrum of 21 cm
fluctuations and all-sky absolute brightness experiments that
measure the averaged 21 cm brightness temperature. Mapping
experiments include PAPER (Pober et al. 2013; Parsons et al.
2013), GMRT-EoR (Paciga et al. 2011), LOFAR (van Haarlem
et al. 2013), MWA (Bernardi et al. 2013), and the proposed
Hydrogen Epoch of Reionization Array (HERA)4 and Square
Kilometer Array (SKA)5. All-sky experiments include EDGES
(Bowman et al. 2008), Large-Aperture Experiment to detect
the Dark Ages (LEDA)6 and the proposed Dark Ages Radio
Explorer (DARE; Burns et al. 2012).

The first stars to form are composed almost entirely of
primordial elements. These stars, called Pop. III.1, are thought
to form in dark matter minihalos of mass ≈106–108 M⊙ at a
redshift z ≈ 20–30 (Bromm et al. 1999, 2002; Bromm & Larson
2004; Abel et al. 2002; Omukai & Palla 2001, 2003; Tan &
McKee 2004; McKee & Tan 2008; Bromm 2013), and provide
UV illumination of the H i in their surroundings. Supernovae
from these short lived, massive stars enriched the universe with
heavy elements, paving the way for the subsequent generation of
lower mass stars and planets. Formation of the first stars is thus

4 http://reionization.org/content/RFI2_HERA.pdf
5 http://www.skatelescope.org
6 http://www.cfa.harvard.edu/LEDA/science.html

a subject of broad impact, but it is difficult to constrain Pop. III.1
star formation models due to the absence of observations at high
redshifts. The observations and instrument described here aim
to provide such constraints.

Formation of the first stars results in the production of Lyα
photons, which are efficient in coupling the spin (Ts) and
kinetic (Tk) temperatures of H i through the Wouthuysen–Field
mechanism (Wouthuysen 1952; Field 1958). At z ≈ 20–30
the neutral gas kinetic temperature Tk ∝ (1 + z)2 is well
below the cosmic microwave background temperature (Tγ ).
The Wouthuysen–Field mechanism sets Ts = Tk, so the turn-
on of the first stars should produce a significant decrease in
the 21 cm brightness temperature (Tb) around the redshift of
first star formation, with Tb ∝ (Ts − Tγ )/Ts ≈ −Tγ /Tk. Later,
heating of the gas by high energy radiation sets Ts = Tk ≫ Tγ .
Tb then enters the emission saturation regime where it is small
and positive. These two events bracket a trough in the 21 cm
all-sky brightness temperature. The magnitude and width of the
trough provide valuable information on the properties of the
first stars and X-ray sources. This trough is also a more easily
measurable feature in the all-sky spectrum (Shaver et al. 1999;
Madau et al. 1997; Tozzi et al. 2000; Liu et al. 2013) than
the slope in the spectrum that occurs at lower redshifts as the
universe is reionized.

In the following sections we describe the experiment “Sonda
Cosmológica de las Islas para la Detección de Hidrógeno
Neutro” (SCI-HI). This experiment measures the 21 cm bright-
ness temperature using a single antenna and attendant sampling
system operating on-site in a radio-quiet location. Calibrated,
Galaxy-subtracted data collected 2013 June 1–15 is presented
and cosmological implications are discussed.

2. EXPERIMENTAL SETUP

In order to probe the 21 cm all-sky spectrum, we designed
a single antenna experiment that is optimized to work from

1
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Conclusion	  
I.  21	  cm	  brightness	  temperature	  a	  

powerful	  tool	  to	  search	  for	  	  cosmic	  
strings	  or	  other	  new	  physics.	  

II.  Noise	  is	  the	  problem.	  
III. Wouthysen-‐Field	  effect	  (if	  it	  exists)	  

would	  give	  a	  brighter	  above	  noise	  
signature	  of	  cosmic	  strings	  
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Radial	  Velocity	  Gradient	  ∂rVr	  
⇒	  	  Line	  Profile	  φ(ν)	  

•  Gradient	  of	  velocity	  along	  
line	  of	  sight	  gives	  a	  spread	  
in	  frequency.	  As	  ray	  travels	  
through	  column	  length	  Δs	  ≡	  
Δr	  each	  frequency	  is	  equally	  
likely	  ⇒	  	  φ(ν)=(Δν)-1 

•  Cosmic	  Gas:	  	  

•  String	  Wake:	  
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Cosmic	  Gas	  Temperature	  Evolu9on	  
208 S.R. Furlanetto et al. / Physics Reports 433 (2006) 181 – 301

(a)

(b)

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.

where we have assumed that TK ∝ (1 + z) (i.e., coupling to the CMB is still strong). Freeze-out occurs when this is
of order unity; at later times x̄i remains roughly constant because the recombination time then exceeds the expansion
timescale. Numerical calculations with RECFAST yield x̄i =3.1×10−4 at z=200 (which is past freeze-out). Inserting
this into (63), we find

1
H(z)TK

dTK

dt
∼ 10−7

!bh2 (T"/TK − 1)(1 + z)5/2. (65)

Thus thermal decoupling occurs when

1 + zdec ≈ 150(!bh
2/0.023)2/5. (66)

Fig. 6a shows a more detailed calculation (from RECFAST). The dashed curve shows T" and the dotted curve TK .
We see that Compton heating begins to become inefficient at z ∼ 300 and is negligible by z ∼ 150. Past this point,
TK ∝ (1 + z)2, as expected for an adiabatically expanding non-relativistic gas.

We must next determine the spin temperature. Obviously x# = 0 during this epoch (barring any exotic processes
[162]). But at sufficiently high redshifts, the Universe was dense enough for collisions with neutral atoms to be efficient
in the mean density IGM. The effectiveness of collisional coupling can be computed exactly for any given temperature
history from the rate coefficients presented in Section 2.2. A convenient estimate of their importance is the critical
overdensity, $coll, at which xc = 1:

1 + $coll = 1.06
[
%10(88 K)

%10(TK)

] (
0.023
!bh2

) (
70

1 + z

)2

, (67)

where we have inserted the expected temperature at 1 + z = 70. Thus for redshifts z!70, TS → T"; by z ∼ 30 the IGM
essentially becomes invisible. It is worth emphasizing that %10 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: $coll ≈ 1 at z=40
if TK = 300 K. The solid line in Fig. 6a shows the spin temperature TS during the dark ages, and Fig. 6b shows the
corresponding brightness temperature. The signal peaks (in absorption) at z ∼ 80, where TK is small but collisional

•  Heats via 𝜸+e- scattering 
•  Cools via Hubble expansion  
z > 300 : residual e- couple 
hydrogen gas to CMB.  
300 > z > 150: Compton heating 
becomes inefficient at z ∼ 300 
and decouples by z ∼ 150. 
z<150: hydrogen gas is 
adiabatically expanding 
 
Up until z∼80 TS is collisionally 
coupled to TK. After that atomic 
collisions become rare and 
TS→T𝜸 through absorption. 
 
𝛿Tb < 0 until reionization. 



Cosmic	  Strings	  Scaling	  Solu9on	  
•  Average number of 

long strings ranges 
from 1 to  10 per 
Hubble volume. 

•  Wake’s initial 
physical size 

    ∼ LH (1 x 1 x 4πGµ)  
•  Wake lengths 

Hubble expand. 
•  Wake width grows 

by gravitational 
accretion. 

Image: by B.Allen & E.P.Shellard,  
from Cambridge Cosmology Cosmic Strings et al. public web site  



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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