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• Physics is simple then, calculations can be done, an observed deviation from 
expected evolution  would be a clean signature of new physics, e.g. cosmic strings



WF absorption 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.
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Best place to look for strings

Wouthuysen-Field absorption trough in cosmic string wakes
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The baryon density enhancement in cosmic string wakes leads to a stronger coupling of the spin
temperature to the gas kinetic temperate inside these string wakes than in the intergalactic medium (IGM).
The Wouthuysen-Field (WF) effect has the potential to enhance this coupling to such an extent that it may
result in the strongest and cleanest cosmic string signature in the currently planned radio telescope projects.
Here we consider this enhancement under the assumption that x-ray heating is not significant. We show that
the size of this effect in a cosmic string wake leads to a brightness temperature at least two times more
negative than in the surrounding IGM. If the SCI-HI [T. C. Voytek et al., Astrophys. J. 782, L9 (2014),
J. B. Peterson et al., arXiv:1409.2774] or EDGES [J. D. Bowman and A. E. E. Rogers Nature (London)
468, 796 (2010), J. D. Bowman et al., Astrophys. J. 676, 1 (2008)] experiments confirm a WF absorption
trough in the cosmic gas, then cosmic string wakes should appear clearly in 21 cm redshift surveys
of z ¼ 10 to 30.

DOI: 10.1103/PhysRevD.90.123504 PACS numbers: 98.80.Cq, 95.85.Bh, 98.80.-k, 98.80.Es

I. INTRODUCTION

Over the past years there has been a renewed interest in
the possibility that cosmic strings might contribute to the
power spectrum of primordial fluctuations. Many infla-
tionary scenarios constructed in the context of supergravity
models lead to the formation of gauge theory cosmic strings
at the end of the inflationary phase [5,6], and in a large class
of brane inflation models, inflation ends with the formation
of a network of cosmic superstrings [7] which can be
stabilized as macroscopic objects in certain string models
[8]. Finally, cosmic superstrings are also a possible remnant
of an early Hagedorn phase of string gas cosmology [9].
Whereas cosmic strings cannot be the dominant source of
the primordial fluctuations [10,11], they can still provide a
secondary source of fluctuations. In all of the above
mentioned scenarios, both a scale-invariant spectrum of
adiabatic coherent perturbations and a subdominant con-
tribution of cosmic strings is predicted. In this sense,
searching for signatures of cosmic strings is a way of
probing particle physics beyond the standard model. By
constraining the string tension μ we can constrain the
particle physics symmetry-breaking pattern.
The gravitational effects of the string can be parame-

trized by the dimensionless constant Gμ, where G is
Newton’s gravitational constant. For cosmic strings formed
in grand unified models, 10−8 < Gμ < 10−6 whereas
cosmic superstrings have 10−12 < Gμ < 10−6 [12].
Using combined data from the combined WMAP7 and
SPT data sets, Dvorkin et al. [13] place an upper limit on
the possible string contribution to the cosmic microwave
background (CMB) anisotropy. In particular the power

sourced by strings must be a fraction fstr < 0.0175
(95% C.L.). The Planck Collaboration [14] has slightly
improved this constraint to fstr < 0.01 (95% C.L.). Since
Gμ ¼ 1.3 × 10−6f1=2str this translates to a bound in terms of
the string tension of Gμ < 1.3 × 10−7. Here and below, our
limits on Gμ are given at the 95% confidence level.
It is interesting to characterize these upper limits in terms

of the peculiar velocities generated by cosmic strings versus
those generated by inflation. The peculiar velocities induced
by cosmic strings were studied by Brandenberger et al. [15].
They found that in a model where all of the power comes
from strings (which requires Gμ≃ 10−6 to fit the observed
power spectrum), the rms velocities were of the same order
as in an inflationarymodel with the same total power. This is
easy to understand since the power spectrum of density
fluctuations from strings is scale invariant like that produced
by inflation. Since the velocities generated by strings are
proportional to Gμ, we can scale the velocity perturbations
they calculated by f1=2str and compare to those from inflations
(see Figs. 1 and 9 in [15]). We thus have that the velocity
perturbations from strings relative to those from inflation
must be less than 0.05. These velocity perturbations are
dominated by the effects of cosmic string loops versus
wakes and the volume affected is approximately the volume
inside the ensemble of loops [16].
The string tension can also be constrained through the

timing of pulsars [16]. The decay of cosmic string loops
emits gravitational waves, leading to a stochastic back-
ground dependent on Gμ. By using the limits imposed on
the stochastic gravitational wave background from the
European Pulsar Timing Array [17], Sanidas et al. have
placed a conservative limit of Gμ < 5.3 × 10−7 [18]. This
constraint is weaker than that provided by the CMB
anisotropy because of our lack of detailed knowledge of*oscarh@physics.mcgill.ca
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21 cm cosmology
Use the CMB as a backlight for the 

Cosmic Hydrogen Gas or Cosmic String Wake
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Cosmic String Wake
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cosmic string lensing
cosmic string introduces a deficit angle

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

Image: Cambridge Cosmology 
Public Home Page

Image: Vilenkin and Shellard, 1994

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

• Baryons collide in the centre and 
can form shocks and heat the gas. 



Radiative transfer
A light ray with frequency º is travelling through the 
hydrogen cloud in direction    . It has a position dependent  
intensity                   = Tγ  (2kB𝜈2/c2)
The change in its intensity, dI, at the point  x  is due to:
1.Absorption  
2.Stimulated Emission
3.Spontaneous Emission (Einstein A10 coeff)	×(density)	×(length)×(line 

profile)

(Einstein B10 coeff)	×(density)	×(length)×(line 
profile)

(Einstein B01 coeff)	×(density)	×(length)×(line 
profile)



• 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 ≠ ± ( º − 1420 MHz) because 
of the Hubble flow or the Hubble expansion of 
the wake’s lengths. The width is not in Hubble 
flow.
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• Imagine observing the 21 cm ray after it has passed through a slab 
of hydrogen gas (thin enough so that TS is constant) at a particular 
distance, specified by the redshift of the 21 cm photon. 

T�(⌧⌫) = T�(0)e�⌧⌫ +TS(1� e�⌧⌫ )

absorption-stimulated emission      spontaneous emission      

Brightness Temperature difference δTb

• Now compare the 21 cm ray to what it would have been had we 
had a clear view of the CMB.
�Tb ⌘ T�(⌧⌫)�T�(0)⇡ (TS �T�(0))⌧⌫

• When we finally observe these photons they are redshifted:

�Tb ⇡ (TS �T�(0))

1+ z
⌧⌫



Optical 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.
It is TS and xHInHΔs 𝜙 that are different for each of the two 
cases.

⌧⌫(s) =
1

TS

(xHInH�s�(s, ⌫))
⇣3hc2A10

32⇡⌫kB

⌘

<latexit sha1_base64="C4aVZXh1sa+ztvRO39adBi4e+hI=">AAACdnicdVFdixMxFM2MX+v4sVWfRJDLlsUpLGU+ql0fhLr6sL6tuN1daOqQSTNtaOaDSUYsIT/BP+ebv8MXH81MK6johZDDuedwk3PTSnCpguCb4167fuPmrb3b3p279+7v9x48vJBlU1M2paUo66uUSCZ4waaKK8GuqpqRPBXsMl2/afuXn1gteVmcq03F5jlZFjzjlChLJb0vHs6JWqWZ9gAr0iQaF43x5QDgFeCsJlSHRs N58sGAD/pzok/fGSjsZQC/ZUIRkICPAFcr7ssjax4YGAA+4Ut/a49hBfRjBK8THQbG6DiyYg4AVgvr5MR04oEHxvOSXj8YvozG8fEYOvD8RbAF8WgE4TDoqo92dZb0vuJFSZucFYoKIuUsDCo116RWnApmPNxIVhG6Jks2s7AgOZNz3cVm4NAyC8jK2p5CQcf+7tAkl3KTp1bZZiT/7rXkv3qzRmXHc82LqlGsoNtBWSNAldDuABa8ZlSJjQWE1ty+FeiK2LCU3VQbwq+fwv/BRTQM42H0ftSfTHZx7KEn6AD5KERjNEGn6AxNEUXfncfOgdN3frhP3UP32VbqOjvPI/RHucFPH1O4LA==</latexit>

⇡ 1

TS

(xHInH�s�(s, ⌫)) (2.6⇥ 10�12 mKcm2s�1)
<latexit sha1_base64="NG6JRXjvaMIqIp7szswv+k4ghwM="></latexit>



�Tb ⇡
⇣
1� T�(0)

TS

⌘
(2.6⇥ 10�12 mKcm2s�1) nH

�s⇤(s, ⇥)

1+ z

Brightness temp. from a Δs Slab of Hydrogen

The main distinguishing feature between the 
cosmic gas and a cosmic string wake is the line 

profile 𝜙, especially  for G𝜇 < 10−8.
.

The line profileφ depends on the velocity gradient of 
the bulk motion along the line of sight. 



Line Profile φ(ν)
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Observing 21 cm radiation depends crucially 
on TS :
• TS above T𝛾 emission.
• TS below T𝛾 absorption.

�Tb ⇡
⇣
1� T�(0)

TS

⌘
(2.6⇥ 10�12 mKcm2s�1) nH

�s⇤(s, ⇥)

1+ z

Brightness tempurature



What mechanisms drive TS above or below T𝛾 ?
• Interaction with CMB photons
• Spontaneous emission
• Collisions with hydrogen, electrons, protons
• Scattering with UV photons (WF effect)

n1 ( B10 I + A10 + C10 + P10 ) = n0 ( B01 I + C01+ P01  )
determines spin temperature in equilibrium.

xc ≡ C10T* ⁄ (A10 T𝜸),
xa ≡ P10T* ⁄ (A10 T𝜸)

C10, P10 depend on densities  and  TK

✓
1� T�

TS

◆
=

xc + x↵

1+ xc + x↵

✓
1� T�

TK

◆



To calculate absorption trough due to the WF effect 
we need a model for the production of UV photons 
to calculate the Lyman scattering coefficient xa

xa ≡ P10T* ⁄ (A10 T𝜸) 
≈ 1.4e11 cm2 ( Jα ) / (1+z)

(average Lyα flux in units cm−2 s−1 Hz−1 sr− )

�Tb(z) ⇡ [9 mK](1+ z)1/2
xc + x↵

1+ xc + x↵

✓
1� 136

1+ z

◆



Calculate the average Lyα flux Jα
• Jα is the sum of background photons that have redshifted 

into the Lyn resonances and cascade down to Lyα. 

• For a given frequency 𝝼 and redshift z, the number of 
these photons emitted 𝝐 is proportional to the star 
formation efficiency f*. 

• The star formation efficiency f* is the largest source of 
uncertainty in our calculation. 

• We model our calculation after those in 
• Furlanetto MNRAS 371, 867 (2006)
• Barkana and Loeb, APJ 626, 1 (2005). 
• Chen and Miralda-Escude, APJ. 684, 18 (2008).



for UV photons produced by Pop II (dotted blue) and Pop III 
(solid red) stars, where we take the star formation efficiency 
f⋆ = 0.1 and 0.01, respectively.

The Lyman scattering coefficients xα vs z
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Brightness temperatures (K) vs. redshift z (horizontal axis) with 
UV photons produced by Pop II stars. 

The surrounding cosmic gas is in dotted blue. 
A cosmic string wake with Gμ = 10-10 is in solid red. 
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Brightness temperatures (K) vs. redshift z (horizontal axis) with 
UV photons produced by Pop III stars. 

The surrounding cosmic gas is in dotted blue. 
A cosmic string wake with Gμ = 10-10 is in solid red. 
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A network of strings (the scaling solution) 
creates a network of wakes:

• 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 



Conclusion
I. 21 cm brightness temperature a 

powerful tool to search for new 
physics such as cosmic strings.

II. Wouthysen-Field absorption trough 
(if confirmed) would give the 
brightest 21 cm signature of cosmic 
string wakes.
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