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ABSTRACT

Allowing for enhanced Lyα photon line emission from Population III dominated stellar
systems in the first forming galaxies, we show the 21-cm cosmic dawn signal at 10 <
z < 30 may substantially differ from standard scenarios. Energy transfer by Lyα
photons emerging from galaxies may heat intergalactic gas if H II regions within
galaxies are recombination bound, or cool the gas faster than by adiabatic expansion
if reddened by winds internal to the haloes. In some cases, differential 21-cm antenna
temperatures near −500 mK may be achieved at 15 < z < 25, similar to the signature
detected by the EDGES 21-cm cosmic dawn experiment.
Key words: cosmology: theory – dark ages, reionization, first stars – intergalactic
medium – radiative transfer – radio lines: general – scattering
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INTRODUCTION

The first bound stellar systems to form in the Universe
have long been believed to be copious emitters of Lyα photons (Partridge & Peebles 1967), possibly in a bright flash
brought on by a violent burst of star formation as the first
massive stars formed, ionized their surroundings and subsequently exploded as supernovae (Field 1964; Truran &
Cameron 1971; Tinsley 1972). The first generation of stars
will form through gas processes, and so have very low metallicity. These Population III dominated stellar populations
are expected to have an excess of massive stars radiating
strongly in the Lyman continuum. Larger Lyα equivalent
widths are predicted compared with current galaxies, with
values as high as a few thousand Angströms possible (Raiter
et al. 2010). While the fraction of star-forming galaxies with
strong Lyα emission is observed to decrease at z > 6 (eg
Stark et al. 2010; Ono et al. 2012; Schenker et al. 2014),
this is often interpreted as a consequence of the resonance
line scattering of Lyα photons in an increasingly netural intervening intergalactic medium (IGM) at early epochs (eg
Dijkstra et al. 2011).
There is scant direct observational data on star-forming
galaxies at z > 8. The global rate of Lyα photon production
from these systems is consequently unknown, as well as the
halo masses in which they may reside. Whilst haloes with
masses as low as ∼ 106 h−1 M may achieve the densities
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required to form sufficient molecular hydrogen to cool the
halo gas and drive star formation, the UV radiation from
the first galaxies at z > 20 may dissociate the molecular hydrogen in subsequent generations, suppressing further star
formation (Haiman et al. 1997). Star formation would then
be restricted to haloes more massive than ∼ 107 h−1 M
that cool through atomic processes. How effective molecular hydrogen dissociation is as a means of suppressing star
formation in less massive haloes is currently unknown.
Whilst direct observations of Lyα-emitting galaxies at
z > 20 are likely someway off, such galaxies may have a detectable impact on the 21-cm signature expected from the
still neutral IGM (Madau et al. 1997). Under conventional
assumptions of star formation in primordial galaxies, with a
minimum halo mass of ∼ 107 h−1 M , the metagalactic Lyα
photon scattering rate Pα arising from H II regions within
the galaxies at z > 25 is typically below the thermalization rate Pth required to drive the 21-cm spin temperature
to the kinetic temperature of the IGM. Strong coupling to
the kinetic temperature, with Pα > 10Pth , would not be
achieved until z < 20. As a consequence, only a weak absorption signal against the CMB is expected at z > 20, with
|∆T21−cm | < 100 mK (Barkana & Loeb 2005; Hirata 2006).
In this paper, we show that, allowing for enhanced Lyα
photon production in Pop III star H II regions and extending the minimum halo mass for star formation to include
molecular hydrogen cooled haloes, the metagalactic Lyα
photon background may be boosted at z > 20 to a level
that substantially alters the predicted strength of the 21-cm
signature.
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We also show that for extreme cases of Lyα photon
emission, with equivalent widths exceeding 105 Å or for
haloes emitting to the red of line-centre with moderate
equivalent widths but narrow line widths, it may be possible
to cool the IGM super-adiabatically, with a 21-cm differential temperature ∆T21−cm < −400 mK at 15 < z < 26, similar to the recent signal reported for the EDGES global 21-cm
signature experiment (Bowman et al. 2018). Whether such
extreme conditions may be realized in astrophysical sources,
however, is unknown.
This paper is organized as follows. In the next section,
the possible level of Lyα emission from primordial galaxies is
assessed. In Sec. III, we describe the method for solving for
the metagalactic Lyα radiation field from the sources. Solutions for the resulting evolution of the IGM kinetic temperature are presented in Sec. IV, allowing for Lyα photon recoil
heating and cooling of the IGM. The results are discussed
in Sec. V, and we summarize our conclusions in Sec. VI. We
adopt a flat ΛCDM cosmological model with Ωm = 0.3111,
Ωb h2 = 0.02242, h = 0.6766, σ8 = 0.8102 and spectral index n = 0.9665 (Planck Collaboration 2018). A comoving
kiloparsec is designated ‘ckpc.’

2
2.1

Lyα PHOTON SOURCES
Emergent Lyα emission from primordial
star-forming galaxies

We consider three varieties of Lyα photons produced by
star-forming galaxies: (a) directly produced Lyα photons
from H II regions within the galaxies, (b) continuum photons which redshift to the local Lyα resonance frequency
as a result of cosmological expansion, and (c) continuum
photons which redshift to higher order Lyman transitions
that produce Lyα photons through radiative cascades. Averaged over cosmological scales, the first type dominates, as
we shall discuss in this section. We begin by characterising
the emission line profiles emergent from the galaxies.
In a metal-free environment, a minimum halo mass between 105 − 107 M is required to form stars at z > 15 in a
Cold Dark Matter dominated cosmology following molecular
hydrogen production through gaseous processes and cooling
(Bond & Szalay 1983; Blumenthal et al. 1984; Couchman
& Rees 1986; Yoshida et al. 2003). Because of the relative streaming velocity between baryons and dark matter
at the recombination era, however, the gas content of lower
mass haloes is suppressed (Tseliakhovich & Hirata 2010).
Although estimates vary, the lowest mass haloes allowing
substantial star formation likely exceeds ∼ 106 h−1 M (eg
Visbal et al. 2012; Schauer et al. 2019).
The typical central hydrogen density and temperature
of a 106 M halo collapsing at z = 20 are nH ' 10 cm−3
and T ' 103 K, respectively, within a core comoving radius
rc ' 3 ckpc (eg Meiksin 2011). The formation of H II regions
around the more massive stars will produce Lyα photons. If
dust absorption is low, the Lyα photons will scatter until they escape the galaxy. Because the interstellar medium
(ISM) of the galaxies will typically be highly optically thick
to Lyα photons, the emitted profile will be double-peaked
about the line centre, as the Lyα photons scatter in frequency until they are sufficiently removed from line centre
to escape (Zanstra 1949; Harrington 1973).

An exception to the double-peaked profile may arise if
the ISM is expanding, as in a wind powered by hot stars or
supernovae. In this case the profile may be highly reddened.
Such reddened Lyα profiles are common in star-forming
galaxies (eg Steidel et al. 2010; Heckman et al. 2011). Numerical simulations suggest the halo gas may become highly
rarefied following expulsion of most of the gas by supernovae, and cooling may lower the gas temperature to below
1000 K (Whalen et al. 2008, 2013; Smith et al. 2015). In such
circumstances, the reddened profile may peak only several
Doppler widths to the red of line centre. We shall see below
such sources can cool the IGM if their combined intensity is
sufficiently strong. Both double-peaked and reddened emergent Lyα profiles are considered.

2.2

Metagalactic Lyα photon scattering rate

We quantify the Lyα emission intensity from the galaxies in
terms of the metagalactic Lyα scattering rate per hydrogen
atom they produce. For a specific number density nν of Lyα
photons, the Lyα photon scattering rate per atom in the
lower state is
Z ∞
Pα = σα c
dνϕV (ν)nν ,
(1)
0

where the total scattering cross section is σα = (πe2 /me c)fα
with upper oscillator strength fα and ϕ(ν) is the Voigt scattering profile. The characteristic scattering rate for which
Lyα photons couple the spin temperature of the 21-cm hyperfine transition to the light temperature instead of to the
CMB temperature through the Wouthuysen-Field mechanism (Wouthuysen 1952; Field 1958) is given by the thermalization scattering rate


27A10 TCMB (z)
1+z
Pth =
,
(2)
' (1.6 × 10−11 s−1 )
4T∗
21
(Madau et al. 1997). Here, A10 is the spontaneous decay rate
of the 21-cm transition and T∗ = hν10 /k is the temperature
corresponding to the 21-cm transition of frequency ν10 . For
Pα >> Pth , the spin temperature will track the light temperature, which will be close to the kinetic temperature of
the IGM (Field 1959; Meiksin 2006).
To maintain a scattering rate Pα in an IGM with a
Sobolev parameter γS = H(z)ν0 /(n̄H σα c), where ν0 is the
Lyα photon resonance frequency, H(z) is the Hubble parameter and n̄H the average intergalactic hydrogen density,
Lyα photons must be generated at the rate
ṅα = γS n̄H Pα

(3)

(Field 1959; Meiksin 2010). For a net efficiency SF for converting gaseous baryons in haloes into nuclear fuel within
stars, allowing LLyα = fLyα Lbol where Lbol is the stellar
bolometric luminosity, with fLyα ' 0.2 − 0.4 for low metallicity (Pop III) stars with a Salpeter stellar initial mass function (Raiter et al. 2010), and an energy generation rate per
unit mass 0.007c2 for nuclear burning, the total generation
rate of Lyα photons integrated over halo masses is:
Z
dnh (Mh )
SF Ωb d
dMh
Mh c2 , (4)
ṅα = (0.001−0.003)
eα Ωm dt Mmin
dMh
for a differential number density of halos dnh (Mh )/dMh ,
c 0000 RAS, MNRAS 000, 000–000
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Figure 1. Evolution of the Lyα scattering rate Pα , normalized by
the thermalization rate Pth (top left panel), integrated number
density nα of Lyα photons produced, normalized by the mean
IGM hydrogen density n̄H (bottom left panel), evolution of the
Thomson optical depth (top right panel), and of the Thomson
optical depth scaled to nL /n̄H , where nL is the number of Lyman
continuum photons produced in the IGM for fesc > 0 (bottom
right panel). A fiducial baryon conversion efficiency of SF = 0.003
is assumed. The curves correspond to the indicated minimum halo
mass cut-off values for star formation.

minimum halo mass Mmin for forming stars, and Lyα photon energy eα . Typically, SF ' 0.001 − 0.01. 1 The corresponding Lyα equivalent widths range over 400 − 2000 Å for
continuous star formation and 2000 − 4000 Å for a young
burst population (Raiter et al. 2010), with the higher values
corresponding to an extended upper stellar mass of 500M ,
and truncating the lower end at 50M for the highest values.
The Lyα scattering rate evolves rapidly, as shown in
Fig. 1. Depending on the minimum halo mass for producing
stars, by z ≈ 25−35, the scattering rate exceeds the thermalization rate and the Lyα photons are able to couple the spin
temperature to the gas temperature. The cumulative number density of Lyα photons produced rises rapidly as well,
because of the rapid evolution in the number of haloes above
the threshold mass, potentially exceeding the mean number
of intergalactic hydrogen atoms by z ≈ 20. Such a high
number is problematic in terms of reionization of the IGM,
because the production rate of Lyman continuum photons
from the stars is comparable to the production rate of Lyα
photons in H II regions. A Lyα photon flux sufficient to provide moderate coupling of the IGM spin temperature to the
kinetic temperature requires an escape fraction fesc <
∼ 0.2 of
ionizing radiation from the galaxies (Madau 2018).
Details of the relation between the Lyα scattering rate
and reionization limits are discussed in the Appendix. There
it is shown that, for an escape fraction fesc < 0.2, requir-

1 Setting 
SF = f∗ /3, where f∗ is the conversion efficiency of gas
mass in haloes to stellar mass, and adopting a Pop II value of
fLyα = 0.03 and nebular Lyα equivalent width of 200 Å(Raiter
et al. 2010), matches the number of photons produced per stellar
baryon by the stellar continuum between Lyα and Lyβ of ∼ 6500
given by Barkana & Loeb (2005).

c 0000 RAS, MNRAS 000, 000–000

2.3

Lyα photon heating of the IGM

The required metagalactic Lyα photon scattering rate to
alter the thermal evolution of the IGM may be quantified as
follows. For a Lyα photon number density nν , the volumetric
heating rate of the IGM resulting from atomic recoils is


hν0
TK
GH = Pα nH
,
(5)
hν
1
−
0
mH c2
TL
(Meiksin 2006), where mH is the mass of a hydrogen atom,
TK is the IGM kinetic temperature and TL is the light temperature of the Lyα radiation field (see below). The limit
TK << TL of Eq. (5) recovers the heating rate given by
Madau et al. (1997). At lower light temperatures, the heating rate is modified by the factor 1 − TK /TL , which could
result either in net heating or cooling (cf Chen & MiraldaEscudé 2004; Chuzhoy & Shapiro 2006).
To change the gas temperature within a Hubble time
requires a heating rate GH (2/3H) > (3/2)nH kB TK , or a
scattering rate

−1
TK
9
,
(6)
Pα > H(z)−2 1 −
8
TL
−1/2

is the recoil
where  = hν0 /(2kTK mH c2 )1/2 ' 0.025TK
parameter. In a standard cosmological expansion scenario,
the diffuse IGM temperature at z = 20 is TK ' 10 K (Seager
et al. 2000). We shall show that typically |1 − TK /TL | ∼
10−4 − 10−3 . Then the required Lyα scattering rate is

 −1
TK
−9 −1 TK
3
Pα > (2.2 × 10 s )
(10 ) 1 −
10 K
TL
=

(102 − 103 )Pth .

(7)

Additional Lyα photons are provided by cascades from
higher order Lyman photon scattering produced by continuum source photons redshifting into higher order Lyman
resonances (Barkana & Loeb 2005). Higher order Lyman
photons scattering within the Doppler core will also heat
the gas near the sources. The cascade-produced Lyα photons and higher order Lyman photon heating are accounted
for following Meiksin (2010). Details are provided in an Appendix.

3

THE METAGALACTIC Lyα RADIATION
BACKGROUND

The heating rate by Lyα photons is sensitive to the shape of
the metagalactic Lyα radiation background. We solve for the
frequency dependence of the radiation field in the diffusion
approximation. We shall consider both directly emitted Lyα
photons from galaxies and continuum photons that redshift
to the local Lyα frequency. At z = 20, the comoving density
of haloes more massive than 106 h−1 M is ∼ 140 cMpc−3
(Reed et al. 2007), corresponding to a mean comoving separation of <
∼ 200 ckpc. For comparison, the mean-free-path
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of Lyα photons in the IGM even up to 100 Doppler widths
from line centre is much smaller, ∼ 15 ckpc, so that the Lyα
radiation field surrounding the galaxies may be treated in
the diffusion approximation for both directly emitted Lyα
photons and those arising from the redshifted galaxy continua. The photons diffuse through the IGM on scales up
to ∼ 1 Mpc (proper, independent of redshift) before freestreaming becomes important (Loeb & Rybicki 1999; Higgins & Meiksin 2012). This corresponds to a region containing 106 − 107 haloes more massive than 106 M . The large
number of galaxies within the diffusive region of the Lyα
photons ensures a smoothly varying radiation field throughout the IGM. Accordingly, the galactic sources of Lyα photons will be treated as isotropic and homogeneously spatially
distributed.
In a homogeneous and isotropic expanding medium, the
radiative transfer equation for the specific comoving number density n(ν, t) of Lyα photons of frequency ν at time t
produced by a comoving source density S(ν, t) is solved in
the diffusion approximation for a homogeneous and isotropic
radiation field. Defining the dimensionless frequency shift
x = (ν − ν0 )/∆νD , where ν0 is the Lyα resonance tran1/2
sition frequency, ∆νD = ν0 (2kT
R t /mH ) /c is the Doppler
width, a conformal time τ = 0 dtnH (t)σα c/∆νD for neutral hydrogen density nH , and the dimensionless Voigt profile φV (x) = ϕV (ν)∆νD , the diffusion equation takes the
dimensionless form
∂nx (τ )
∂τ

−
=
+

∂ log ∆νD
nx (τ )
∂τ

1 ∂
∂
2 [φV (x) + γS ] nx (τ ) + φV (x) nx (τ )
2 ∂x
∂x
S̃(x, τ ),

(8)

(Rybicki & dell’Antonio 1994; Chen & Miralda-Escudé 2004;
Meiksin 2006), where nx (τ ) = nν (t)∆νD and S̃(x, τ ) =
S(ν)(∆νD )2 /(nH σα c) have been defined, a possible timeevolution of ∆νD has been allowed for and terms of order
xb/c have been neglected. The recoil parameter  accounts
for atomic recoil after collision with a Lyα photon. The valid
recovery of the effects of atomic recoil at this level of approximation requires b/c << 2, or T << hν0 /k ≈ 105 K
for hydrogen Lyα photons.
At low temperatures (T < 4 K), corrections to the radiative transfer equation arising from the fine structure of
the Lyα resonance and spin-flip scatterings start to become
relevant (Hirata 2006). These lead to corrections to the recoil parameter and effective Lyα scattering rate. The correction factor for the recoil parameter depends on the spin
temperature, given by
TS =

TCMB + yα TL + yc TK
,
1 + yα + yc

(9)

where yα and yc are weight factors depending on the Lyα
and collisional de-excitation rates (Field 1959; Madau et al.
1997; Meiksin 2006). Since we shall investigate the case of
strong Lyα scattering, Eq. (9) shows the spin temperature
goes over to the IGM kinetic temperature, since the light
temperature quickly converges to the kinetic temperature
(Meiksin 2006), resulting in a negligible change to the recoil
parameter. In this limit, the Lyα scattering rate may be
adjusted by reducing the Sobolev parameter by the factor
1 + 0.4/TK (Chuzhoy & Shapiro 2006). The effect on the

21-cm differential temperatures in the contexts we examine
is very small.
The left hand side of Eq. (8) is of order (Hλmfp /c)nx ,
much smaller than the right hand side, except possibly far
in the wings. Accordingly, the number density of photons
may be taken as time-steady in the comoving frame. The
diffusion approximation then becomes
φV (x)

∂
nx (τ )
∂x

+
=

2φV (x)nx (τ ) + 2γS nx (τ )
Z x
dx0 S̃(x0 , τ ) + 2γS n−∞ (τ ),(10)
−2
−∞

where 2γS n−∞ (τ ) is an integration constant. The source
function and boundary conditions on nx (τ ) satisfy the integral constraint
Z ∞
dx S̃(x, τ ) = γS [n−∞ (τ ) − n∞ (τ )]
(11)
−∞

given by the asymptotic values of the radiation field. In the
absence of a source, the asymptotic values correspond to a
flat background continuum, with n∞ = n−∞ .
Allowing for both a source and a background continuum is readily accommodated by fixing n∞ to the continuum value, arising from the continuum emission from galaxies. Because continuum photons emitted between Lyα and
Lyβ redshift to local Lyα photons, a source that injects the
same number of Lyα photons directly will have an equivalent width of λα − λβ ' 190 Å. Sources with Lyα equivalent
widths of 1000 − 3000 Å will then produce 5–15 times as
many Lyα photons directly as produced by the continuum.
Additional Lyα photons may also be produced from higher
energy continuum photons that redshift to higher order Lyman resonances where they are scattered and subsequently
cascade to Lyα photons (Chen & Miralda-Escudé 2004).
The light temperature in Eq. (5) is given by
,Z
Z ∞
∞
1
TL =
dxnx φV (x)
dxnx φV (x)
,
(12)
Tn (x)
0
0
(Meiksin 2006), where

−1
h∆νD d log nx
Tn (x) = −
k
dx

(13)

(cf Rybicki 2006). Using Eq. (10), the light temperature may
be expressed in the often numerically more practical alternative form
Z
h∆νD ∞
TL = −
dx φV (x)nx
k
−∞



Z x
Z ∞
×
dx 2γS (n−∞ − nx ) − 2
dx0 S(x0 )
 −∞
−∞
−1
Z ∞

− 2
dx φV (x)nx
(14)

−∞
(cf Chen & Miralda-Escudé 2004). In a static medium, TL
rapidly converges to TK , resulting in no net heating or cooling (Meiksin 2006). By contrast, in a dynamical medium the
light temperature may never reach the kinetic temperature,
resulting in a non-vanishing heating or cooling rate (Chen
& Miralda-Escudé 2004).
c 0000 RAS, MNRAS 000, 000–000
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for particle density n ' 1.1nH , allowing for helium and taking the IGM to be almost entirely neutral.
The measured differential 21-cm antenna temperature
between the IGM spin temperature at the mean IGM density
and the CMB is
h
i
δT21−cm = (1 + z)−1 [TS (z) − TCMB (z)] 1 − e−τ21 (z) , (16)
where the intergalactic 21-cm optical depth is

1.5
xHI (z) 1 + z
τ21 (z) ' 0.402
,
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Figure 2. Slab source function at z = 30 (top left) and evolution
of the IGM temperature TK (top right), heating efficiency factor
1 − TK /TL , where TL is the light temperature (lower left), and
the differential 21-cm antenna temperature ∆T21cm (lower right)
for emission from haloes with total masses Mh > 106 h−1 M .
Internal scattering in the sources through a neutral hydrogen column density of 1018 cm−2 with temperature TISM = 104 K is
assumed.

to the upturn in the models with heating. Results are shown
for Lyα emission line photons produced in the H II regions
of stars forming within the haloes with an equivalent width
of 1000 Å for a star formation efficiency SF = 0.003 (black
solid lines).
An allowance for additional Lyα photons from redshifted continuum radiation, normalized to an H II -region
produced Lyα equivalent width of 1000 Å, slightly enhances
the heating (blue dashed lines). The volume-averaged enx2s
1
1
hancement in the number of Lyα photons produced through
, (18)
S̃(xs ) = 1/2 πγS n−∞
radiative cascades in the IGM is found to be only 14 peraτ0 cosh [exp ((π 2 /6)(2/3)1/2 x3s /(aτ0 ))]
6
cent, and results in a slight reduction in the heating rate,
(Harrington 1973), where xs = (ν − να )/∆νD (Ts ) for a slab
approximately cancelling the heating produced by redshifted
of temperature Ts , as shown in Fig. 2 (top left panel). The
continuum Lyα photons (cyan dot-dot-dashed lines). Consource function has been normalized according to
tinuum photons redshifted into higher order Lyman reso"
 1/2 3 !#
Z xs
nances are found to increase the heating rate over the H II
2
π2 2
xs
0
0
dxs S̃(xs ) = γS n−∞ atan exp
, (19) region produced Lyα photons by 8 − 10 percent, approxiπ
6 3
aτ0
−∞
mately cancelling the cooling by the cascade-produced Lyα
photons and nearly restoring the continuum Lyα photon
which satisfies the integral constraint Eq (11) in the absence
heating rate (red short-dashed-long-dashed lines). In the reof a background continuum (n∞ = 0). (When required, the
mainder of this paper, the effects of higher order Lyman
source is appropriately renormalized in the presence of conphotons is neglected.
tinuum produced Lyα photons to satisfy the integral conResults for models with SF = 0.001 (green long dashed
straint.)
lines) and 0.01 (magenta dot-dot-dashed lines) are also
On solving for the radiative transfer of the source phoshown. All the models produce a distinctive dip in the 21tons using Eq. (10), the blue horn is found to produce a
cm brightness temperature as a function of redshift (bot(nearly) flat Lyα continuum across line centre (cf Higgins
tom right panel). The Lyα recoil heating efficiency factor
& Meiksin 2009), which heats the IGM through Lyα re1 − TK /TL is only weakly sensitive to SF (lower left panel).
coils. The evolution of the IGM temperature and differenAllowing for minimal halo masses for star formation
tial 21-cm antenna temperature for haloes with total masses
between 106 − 107 h−1 M shifts the onset of heating, as
Mh > 106 h−1 M is shown in Fig. 2. Emission through a
shown in Fig. 3. A star formation efficiency of SF = 0.003 is
neutral hydrogen column density of 1018 cm−2 with temassumed, and the Lyα photons scatter through a column
perature TISM = 104 K is assumed, characteristic values
density NHI = 1018 cm−2 at TISM = 104 K. The differfor a Strömgren region (see the Appendix). The heating by
ential 21-cm antenna temperature reaches a minimum of
Lyα photon recoils increases the IGM temperature TK by
∆T21−cm ' −200 mK, shifting gradually from z <
z < 21 (top right panel). For comparison, the IGM tempera∼ 24 to 17
as the minimum halo mass increases.
ture with no heating is shown as the black dotted line, which
decreases monotonically with decreasing redshift, in contrast
For non-zero escape fractions of ionizing radiation, a
c 0000 RAS, MNRAS 000, 000–000
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Figure 3. Evolution of the IGM temperature TK (top panel)
and the differential 21-cm antenna temperature ∆T21cm (lower
panel) for minimal halo masses between Mh = 106 h−1 M and
107 h−1 M . The star formation efficiency is SF = 0.003. Internal scattering in the sources through a neutral hydrogen column
density of 1018 cm−2 with temperature TISM = 104 K is assumed.

degree of coupling to the IGM temperature, resulting in a
shallower trough in ∆T21−cm (short-dashed blue lines).
Decreasing the H I column density to 1015 cm−2 has
little additional effect (cyan dot-dashed lines). It does, however, introduce net cooling at z > 18.5, as the redward peak
in the Lyα emission profile through the slab now moves
closer to line centre. Cooling by recombinant Lyα emission line photons produced within the H II regions now
exceeds the heating by continuum-produced Lyα photons.
The amount of cooling is slight, lowering the IGM temperature to TK = 7.4 K, compared with the adiabatic cooling value of 7.6 K. Decreasing the star formation efficiency
by another order of magnitude produces a very shallow dip
in the 21-cm differential antenna temperatures (green longdashed lines). For all the models, by z < 18, the differential
antenna temperature lies well above the minimum level allowing only for adiabatic expansion and complete coupling
of the spin temperature to the IGM temperature, which approaches ∆T21−cm >
∼ −300mK by z = 12 (magenta dot-dotdashed lines).
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Figure 4. Evolution of the IGM temperature TK (top panel)
and the differential 21-cm antenna temperature ∆T21cm (lower
panel) for a minimal halo mass Mh > 106 h−1 M , star formation
efficiency SF = 0.00003 to 0.003, and internal scattering in the
sources through a neutral hydrogen column density of 1015 −
1017 cm−2 . A slab temperature TISM = 104 K is assumed.

Strömgren sphere may not form around the star-forming
regions within the galaxies. In this case, the H I column
density through which the Lyα photons scatter need not
be as high as 1018 cm−2 . Decreasing the column density to
1017 cm−2 slightly lowers the differential antenna temperature, as shown in Fig. 4 (black solid lines). Since the Lyα
production rate was not altered, a lower H I column density
has the equivalent effect of an enhanced level of Lyα production compared with the case of a vanishing escape fraction
of ionizing radiation. This is because the blue lobe of the
emergent Lyα spectrum moves closer to line centre and the
photons no longer heat the gas through recoils as efficiently.
By contrast, lowering the star formation rate, and so
the Lyα production rate, by an order of magnitude reduces
the amount of heating by Lyα photon recoils as well as the

Expanding ISM models

Observed spectra of Lyα-emitting star-forming galaxies often exhibit distorted Lyα profiles with a dominant redward
peak (eg Steidel et al. 2010; Heckman et al. 2011), consistent with an outflow interpretation (Verhamme et al. 2012;
Smith et al. 2015). The outflow velocities are typically in
excess of 100 km s−1 . The velocity offset decreases with inferred halo mass; extrapolating the trend to low mass haloes
corresponds to 4−7 km s−1 for halo masses 106 −107 h−1 M
(Mason et al. 2018).
Such low values, however, may not be realizable for Lyα
photons originating in H II regions. The Doppler broadening alone is 13 km s−1 for gas at 104 K. The flux of Lyα
photons scattering through a typical Strömgren sphere H I
column density of 1018 cm−2 peaks at ∼ 35 km s−1 on the
blue and red sides of line centre (Harrington 1973). An outflow velocity comparable to the halo escape velocities would
little shift the peaks redward, so that the 21-cm signature
would be similar to the static slab model considered above.
If, however, a residual strong wind subsided to an outflow velocity of ∼ 50 km s−1 , then the blue-most peak would
be shifted to ∼ 15 km s−1 to the red of line centre. We approximate the resulting Lyα photon emission profile using
the homogeneous outflow solution in the diffusion approximation of Loeb & Rybicki (1999). This model assumes a
point source with a δ−function frequency profile centred in
the red Lorentz wing of Lyα. The Lyα photons scatter in an
infinite homogeneous ISM expanding isotropically about the
source. We approximate the emergent Lyα emission from a
halo using the flux at a given radius Rw representing the
edge of the halo, with a linear velocity profile out to the
edge v = vw (r/Rw ). The source function for a source number density ns is then
Sν = ns (4πRw )2 Hν

(20)

where the specific flux Hν is related to the angle-averaged
intensity Jν and ISM inverse attenuation length χν by
Hν = −(∂Jν /∂r)/(3χν ). It is convenient to express the solution using the dimensionless frequency and distance variables ν̃ = (να − ν)/ν∗ and r̃ = r/r∗ , respectively, where
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Figure 5. Outflow source function (top left) and resulting evolution of the IGM temperature TK (top right), heating efficiency
factor 1 − TK /TL , where TL is the light temperature (lower left),
and the differential 21-cm antenna temperature ∆T21−cm (lower
right) for emission from haloes with total masses Mh > 106 and
107 h−1 M . Internal scattering in the sources through a neutral
hydrogen density of 10−4 cm−3 with temperature TISM = 110 K,
an outflow region extending to Rw = 200 pc and maximum outflow velocity vw = 7 km s−1 are assumed.

ν∗ = σα Aα λα nHI /(4π 2 dv/dr) and r∗ = λα ν∗ /(dv/dr). At
r > r∗ , the diffusion approximation begins to break down
and the Lyα photons start to free stream (Loeb & Rybicki
1999; Higgins & Meiksin 2012). The dimensionless flux is
then

3/2
2
3
3r̃
9
H̃ν̃ =
e−9r̃ /4ν̃ .
(21)
8πν̃ 4πν̃ 3
We normalize the comoving source by


Z xw
2
3
dx0w S̃(x0w ) = 1/2 γS n−∞ γ
,t ,
2
π
−∞

(22)

where xw = (ν − να )/∆νD (Tw ) for an ISM temperature Tw
2
in the expanding wind, t = −(ν∗ /∆νD )3 9R̃w
/4x3 , γ(a, t) is
an incomplete gamma function and x < 0. The peak of the
emergent flux is at

2/3
Rw
3
ν∗
−xpeak = 1/3
.
(23)
r∗
∆νD
22
Several criteria must be satisfied for the validity of the expanding wind solution: (1) the emission peak must lie in the
Lorentz wing, (2) the mean free path at the emission peak
must be smaller than Rw , and (3) the wind region must
satisfy Rw < r∗ .
Results from numerical simulations show the gaseous
contents of the haloes of primordial galaxies to be highly dynamic. The first supernovae in a halo will expel the halo gas
in a wind. The hydrogen density may be lowered to values
below 10−4 cm−3 with temperatures cooling to 100 − 1000 K
(Whalen et al. 2008, 2013; Smith et al. 2015). Subsequently,
gas that has not escaped may refill the haloes, resulting
in a back flow and re-establishing hydrogen densities of
∼ 1 cm−3 . Inflow from mergers will also contribute to the
restoration of the gaseous contents. These effects are still
poorly understood, with no direct observations.
For a neutral hydrogen density 1 cm−3 and temperature
c 0000 RAS, MNRAS 000, 000–000
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104 K in a halo with a linear outflow velocity profile reaching 50 km s−1 at Rw = 100 pc, xpeak ' −670 for an IGM
temperature of 18 K. Such a redward peak will have little
effect on the IGM; the interaction between the sources and
the IGM will be dominated by the source continua. Lowering
the H I density to as low as 0.004 cm−3 (holding the halo
gas temperature and flow parameters fixed), still results in a
peak at xpeak ' −110. Lower densities violate the conditions
required for the diffusion approximation.
In the absence of a high H I column density, a large
outflow velocity is no longer required for validity of the expansion solution. For a 200 pc radius with an expansion
velocity of 7 km s−1 , on the order of a halo escape velocity,
a hydrogen density of 10−4 cm−3 and ISM temperature of
110 K results in xpeak ' 16 − 40 over z = 30 to 12. (Too
high an ISM temperature, exceeding 600 K, results in a peak
within the Doppler core.) The absence of a high H I column
density, however, requires a low Lyα photon production rate
to ensure the escaping Lyman continuum (LyC) radiation
does not overly ionize the IGM (see Fig. 1).
Results are shown in Fig. 5 for SF = 0.0003 and a Lyα
equivalent width of W = 1000 Å relative to the continuum.
The strong red peak in the source function initiates cooling
of the IGM by Lyα scattering (lower left panel), with the
IGM temperature decreasing slightly faster than given by
adiabatic expansion alone, but at most by about 5 percent
(top right panel). Because the IGM temperature decreases
with time (from cooling both by Lyα recoils and adiabatic
expansion), the peak in the source function shifts increasingly towards the red, reducing the strength of the cooling.
By z ' 19, recoil heating by the Lyα continuum dominates.
Despite the lower IGM temperatures, the differential 21-cm
absorption signature (lower right) is weaker than for the
static slab models considered above because the Lyα scattering rate is smaller.
4.3

Super-adiabatic cooling models

The Lyα scattering induced cooling in Fig. 5 illustrates that
the reddened Lyα radiation spectrum in an expanding ISM
is able to cool the IGM faster than adiabatic expansion
alone. The cooling rate is limited by the requirement that
the escaping LyC radiation from the source population does
not overly photoionize the IGM; it is not limited by the Lyα
photon flux. Motivated by the low differential 21-cm antenna
temperatures reported from the EDGES experiment (Bowman et al. 2018), we explore how large a cooling rate by Lyα
photon recoil scattering may be achieved, presuming a low
intrinsic level of LyC ionizing radiation.
In Fig. 6, the IGM temperature and differential 21-cm
antenna temperature evolution are shown for a star formation efficiency SF = 0.0003, for which the LyC radiation
from haloes with masses exceeding 106 h−1 M would not be
sufficient to photoionize the IGM at a level in conflict with
CMB limits on the intergalactic Thomson optical depth. The
same cool, low density slowly expanding internal environment is assumed for the haloes as in Sec. 4.2.
Results are shown for a central source producing Lyα
emission line photons with equivalent width values in the
range W = 103 − 106 Å. A value of 4000 Å is at the upper
end of plausible Lyα equivalent widths produced by H II
regions ionized by Pop III stars (Raiter et al. 2010), so the
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Figure 6. Evolution of the IGM temperature TK (top panels), and the differential 21-cm antenna temperature ∆T21−cm (bottom
panels) for emission from haloes with total masses Mh > 106 (left hand panels) and 107 h−1 M (right hand panels), with star formation
efficiency factor SF = 0.0003. Internal scattering through an outflowing region extending to Rw = 200 pc and maximum outflow velocity
vw = 7 km s−1 with a neutral hydrogen density of 10−4 cm−3 and temperature TISM = 110 K is assumed. A central Lyα source is
assumed present with equivalent widths of W = 103 Å, 104 Å, 105 Å and 106 Å, considered, as indicated.

higher values considered greatly exceed the expectation from
radiative recombinations in photoionized gas. There are no
astrophysical models for the origin of such high Lyα equivalent widths; it is noted that other physical mechanisms are
available for producing Lyα photons, including the generation of Lyα photons through electron collisional excitation
of neutral hydrogen in shock fronts propagating through
largely neutral gas and through the impact of soft X-rays in
nearly neutral gas followed by excitations by secondary electrons. With a normalizing Lyα equivalent width of 1000 Å
for SF = 0.0003, equivalent widths of 104 −106 Å correspond
to energy conversion efficiencies of the halo baryons into Lyα
photons of approximately 10−5 − 10−3 . As an example, for
accretion onto a black hole the upper end corresponds to a
typical black hole energy conversion efficiency of 0.1 − 0.3.
As shown in the top right hand panel of Fig. 6, intense Lyα emission is able to cool the IGM substantially
faster than adiabatic cooling from the expansion of the Universe. Much lower differential 21-cm antenna temperatures
are produced, extending to as low as ∆T21−cm ∼ −700mK,
with values ∆T21−cm < −300 mK possible over the redshift
range 13 < z < 26. The signal diminishes towards lower
redshift because the Lyα photons eventually heat the gas.

In fact a floor IGM temperature of TK = 3.2 K is found
(Fig. 6, upper panels), with Lyα cooling converting to heating at TK <
∼ 4 K.
The expanding wind model applies only for radiation in
the Lorentz wing of the Lyα scattering cross section. Cooling may also occur for scattering across the Doppler core
for a sufficiently red source. This is demonstrated by modelling a reddened emission spectrum from a slab as a doubleGaussian profile of the form
2

S̃(x) = a0 (1)e−[x−x0 (1)]

2
/2σ0
(1)

normalized according to
Z x
4
dx0 S̃(x0 ) =
γS n−∞ −∞
+

2

+a0 (2)e−[x−x0 (2)]

2
/2σ0
(2)




x − x0 (1)
1 + erf
21/2 σ0 (1)



x − x0 (2)
1 + erf
,
21/2 σ0 (2)

, (24)

(25)

in agreement with Eq (11) in the absence of a background
continuum (n∞ = 0). The line widths correspond to the
temperature of the emitting gas. Reddening through a surrounding expanding circum-galactic medium is modelled by
assuming an asymmetric profile.
Allowing for the freedom to place the peak of a red proc 0000 RAS, MNRAS 000, 000–000
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Figure 7. Evolution of IGM temperature including Lyα photon
recoil cooling and heating for double-Gaussian source profiles,
with initial centres at ±20∆νD,i and initial widths of 20∆νD,i ,
where ∆νD,i is the Doppler width of the IGM at zi = 30. The redto-blue amplitudes of the Gaussians are in the ratio 10:1. Emission
is from haloes with Mh > 106 h−1 M and SF = 0.0003, and Lyα
equivalent widths from W = 103 − 106 Å. Shown are: (upper left)
normalized source profiles, (upper right) evolution in IGM kinetic
temperature, (lower left) Lyα recoil heating efficiency 1 − TK /TL ,
(lower right) differential 21-cm antenna temperature. Also shown
for comparison are results for a toy model with a sharp Lyα Gaussian source centred at x = −10, normalized to W = 3000 Å (thin
black lines).

file closer to line-centre, we first examine how much cooling may be initiated by a moderate equivalent width emission line. We consider a toy model: a sharp pure red Gaussian profile initially centred at x0 = −10 with an initial
width σ0 = 5 at z = 30. The source is normalized to an
equivalent width W = 3000 Å for a star formation efficiency SF = 0.002, sufficiently low to ensure the associated LyC radiation will not overly photoionize the IGM,
assuming a minimum halo mass Mh > 106 h−1 M for the
sources. As shown in Fig. 7 (thin black lines), strong cooling
is achieved, with a minimum 21-cm brightness temperature
of ∆T21−cm ∼ −500 mK reached by z = 15. The position
of the source peak corresponds to an expansion velocity of
∼ 4 km s−1 and the width to thermal broadening of an ISM
at 460 K. Such a Lyα source could not be directly generated by radiative recombinations or collisional excitation,
although possibly such photons may be generated in cold
gas by secondary electrons from X-rays impinging on such
cold gas, if such a scenario is workable.
A case with a more plausible ISM temperature is illustrated with an initial [x0 (1), x0 (2)] = [−20, 20] and σ0 (1) =
σ0 (2) = 20 at z = 30, corresponding to thermally broadened
Doppler emission profiles from a medium with temperature
202 TIGM (zi = 30) = 7400 K. The Gaussian centres and
widths are fixed in physical units. A red-to-blue amplitude
ratio 10:1 is assumed. The resulting evolution in gas temperature and differential 21-cm antenna temperature is shown
in Fig. 7 for emission from haloes with Mh > 106 h−1 M ,
SF = 0.0003 and Lyα equivalent widths of 103 − 106 Å.
Similar evolution in the IGM temperature is found as for
the expanding sphere model, with a floor temperature of
∼ 4 K before Lyα recoil cooling converts to heating. A
c 0000 RAS, MNRAS 000, 000–000
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DISCUSSION

Full coupling of the 21-cm spin temperature to the IGM
temperature, allowing for adiabatic expansion alone of the
IGM since the recombination era, produces a differential 21cm antenna temperature ∆T21−cm compared with the CMB
ranging from -170 mK at z = 30 to -290 mK at z = 12.
For conventional star formation rate assumptions in the first
galaxies, the Lyα intensity is not expected to be sufficiently
strong to produce strong coupling between the IGM spin and
kinetic temperatures until z <
∼ 20, with ∆T21−cm ' −10 mK
at z = 30, and decreasing to ∆T21−cm < −200 mK only by
z < 20 (eg Barkana & Loeb 2005; Hirata 2006).
We consider a broader class of models, allowing for
star formation in haloes with minimum masses of 106 −
107 h−1 M , and explore a range of assumptions concerning
the conversion efficiency of baryons to stars, and the internal
gas structure of the haloes. We also consider the enhanced
energy production of LyC and Lyα photons in H II regions
within primordial galaxies dominated by Pop III stars, following Raiter et al. (2010). Lyα emission equivalent widths
of 1000 − 4000 Å may result, several times larger than predictions for the H II regions of Pop II stars.
For high escape fractions of LyC photons into the IGM,
many of the models predict an amount of ionization of
the IGM inconsistent with CMB limits on the intergalactic Thomson optical depth. The high escape fractions also
result in reduced Lyα photon production within the H II
regions of the galaxies. For low escape fractions instead, an
intense rate of Lyα production results, sufficient to alter the
intergalactic temperature through recoils between Lyα photons and the neutral intergalactic hydrogen.
In the simplest model of a small LyC radiation escape fraction through a static ISM, the H I column density
within the H II regions is at least ∼ 1018 cm−2 . Approximating the radiative transfer through this column density by a
static slab model produces two broadly spaced Lyα emission
horns emergent from the galaxies. Solving for the intergalactic radiative transfer of the Lyα photons from these galactic
sources shows that, for a conservative estimate of the conversion efficiency of baryons to stars, the blue horns produce
a strong metagalactic Lyα continuum across line-centre that
acts as a heat source through Lyα photon recoils and slows
the adiabatic cooling of the IGM. The Lyα metagalactic field
more strongly couples the spin temperature to the IGM kinetic temperature than in conventional models. A floor differential antenna temperature of ∆T21−cm ' −200 mK results for this class of models. This is because the heating of
the IGM by Lyα recoils eventually causes the 21-cm signal
to diminish, producing a characteristic trough in ∆T21−cm
between 12 < z < 30. For a minimal halo mass for forming stars of 106 h−1 M , ∆T21−cm reaches ∼ −200 mK by
z = 21. For a minimal halo mass of 107 h−1 M , the minimum is not reached until z ∼ 18, as in conventional models.
The redshift for reaching ∆T21−cm ' −200 mK is shifted
to earlier epochs for more efficient baryon conversion into
stars.
Decreasing the star formation efficiency by an order of
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magnitude avoids over-ionizing the IGM without requiring
an optically thick H I column density (at the Lyman edge).
For a low density ISM, the H II regions can continue to
grow without becoming recombination bound. In models in
which the interior halo gas expands at velocities comparable
to the escape velocity, as may result following a massive supernova explosion, Lyα photons produced by a subsequent
episode of star formation would be reddened as they scatter
through the expanding halo gas. In such a scenario, much
more moderate 21-cm signatures result, comparable to more
conventional scenarios for a minimal halo mass for star formation of 107 h−1 M . For a minimal halo mass as low as
106 h−1 M , ∆T21−cm reaches a minimum of ∼ −120 mK
by z = 14. At lower redshifts, the metagalactic Lyα field
is sufficiently strong to heat the IGM, reducing the 21-cm
signature to ∆T21−cm ' −100 mK by z = 12.
At z > 19, the models with an expanding interior actually cool the IGM through Lyα photon recoils. Enhancing
the Lyα emission equivalent width enhances the cooling. We
explore the consequences of models with Lyα emission equivalent widths reaching 106 Å. Such extreme values are not
predicted from radiative recombinations within any existing
models; but neither are such values astrophysically ruled
out. Such intensities may be produced through an alternative route, such as collisional excitation within shock fronts
or by secondary electrons in neutral gas produced by soft Xrays impinging on the surroundings of the sources. Whether
it is possible to achieve such high equivalent widths whilst
still producing a predominantly reddened Lyα spectrum or
without excessive heating by X-rays in the large scale IGM
is unknown.
We show that intense Lyα production with such extreme equivalent widths is able to supercool the IGM, lowering the gas kinetic temperature to a floor of 3 − 4 K before
the Lyα photons begin to heat the gas through recoils. A
broad dip in the 21-cm antenna temperature results over
redshifts 12 < z < 30, with a minimum temperature as
low as ∆T21−cm ∼ −700 mK. The signature is similar to the
measurement reported for the EDGES experiment (Bowman
et al. 2018), including a sharp decline as the signature develops, the sharpness increasing as the threshold halo mass
for forming stars is increased. This is because the number of
haloes grows more rapidly with time the greater the threshold halo mass. Although the signal decreases much more
gradually than does the EDGES signal, the signal would
decrease more rapidly if additional IGM heating sources
formed, such as X-ray emitting compact binaries within the
primordial galaxies.

6

CONCLUSIONS

Within the context of conventional models of star formation
in primordial galaxies, the differential 21-cm antenna temperature between the IGM and the CMB is expected to lie
between −100 < ∆T21−cm < 0 at z > 20. In this paper,
we extend the models to explore a broader range of possible
21-cm signatures at these early epochs.
Allowing for enhanced Lyα photon production from
Pop III star H II regions (Raiter et al. 2010), we find the
Lyα scattering rate Pα may exceed the thermalization rate
Pth required to begin coupling the 21-cm spin tempera-

ture to the gas kinetic temperature as early as redshifts
30 − 25 for a minimum halo mass for star formation between 106 − 107 h−1 M . Such high levels of Lyα emission,
however, may be accompanied by a metagalactic LyC background sufficiently strong to photoionize the IGM at a level
in excess of the CMB limits on the Thomson optical depth.
The excessive reionization may be suppressed in two
ways, by exhausting the supply of ionizing photons within
recombination-bound H II regions of the primordial galaxies or by reducing the star formation efficiency. We examine
both cases. For the latter, we also allow for expanding interior gas within the haloes that may redden the emergent
Lyα spectrum, motivated by observations of reddened Lyα
spectra (eg Steidel et al. 2010; Heckman et al. 2011), and by
models of the impact of supernovae on the gaseous interiors
of primordial haloes (Whalen et al. 2008, 2013; Smith et al.
2015).
The Lyα photons produced within a recombinationbound H II region must traverse an H I column density of
∼ 1018 cm−2 or more. A characteristic double-horned profile results, displaced by several Doppler widths (referenced
to the IGM temperature) to the blue and red of line-centre.
The resulting Lyα metagalactic radiation field acts as an additional heating source. The differential 21-cm antenna temperature is then limited to a floor of ∆T21−cm > −200 mK
over z < 30. The floor arises because either the Lyα radiation field is not sufficiently strong to fully couple the 21-cm
spin temperature to the gas kinetic temperature, or because
the radiation field is so strong it heats the IGM through
Lyα photon recoils. The result is an extended trough in
the differential antenna temperature over the redshift range
12 < z < 30.
Lowering the star formation efficiency, as may be expected in the presence of substantial feedback, diminishes the strength of the 21-cm absorption signature, in
agreement with previous estimates. Allowing for reddening
within an expanding halo, however, produces net cooling by
Lyα photon recoils, even accounting for the accompanying
continuum-produced Lyα photons, which always heat the
gas. For plausible Lyα emission line equivalent widths of
primordial H II regions, limited to < 4000 Å, the amount
of cooling is small, producing less than a 5 percent decrease
in the IGM kinetic temperature compared with the reduction by adiabatic expansion cooling since the recombination era. By z < 19, continuum Lyα heating dominates and
the IGM begins to warm. The effect is again a dip in the
differential 21-cm antenna temperature, with a minimum
∆T21−cm > −150 mK between 12 < z < 18, depending on
the minimum halo mass for star formation.
Motivated by the large absorption signature reported
from the EDGES experiment of ∆T21−cm ' −650 −
−450 mK between 16 < z < 19 (Bowman et al. 2018), we
also consider models that may supercool the IGM. Whilst
sources emitting to the red of line-centre with moderate
equivalent widths may produce brightness temperatures as
low as ∆T21−cm ∼ −500 mK, they require narrow widths
corresponding to ISM temperatures much smaller than
104 K; a mechanism for producing Lyα photons in such cold
gas is problematic. Warmer ISM temperatures require instead extreme Lyα emission equivalent widths for supercooling, up to 106 Å, in expanding halo gas. We find deep absorption signatures of up to −700 mK are achievable for these
c 0000 RAS, MNRAS 000, 000–000
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models, with a broad trough where |∆T21−cm | < 300 mK
over 13 < z < 26. As the redshift decreases, heating by Lyα
recoils dominates, decreasing the strength of the absorption
signal to |∆T21−cm | < 250 mK by z = 12. An astrophysical
model that would produce the required high Lyα emission
equivalent widths, however, remains elusive.

10 -1
10 -2

(A1)

3 + αS 1
≈ 1018 cm−2 .
αS σL

(A2)

For a characteristic temperature T = 104 T4 K for photoionization heated gas, the line centre optical depth for Lyα
−1/2
. The Lyα photons escape
scattering is τα ' 6 × 104 T4
the H II region by diffusing in frequency until the H II region is optically thin to Lyα photon scattering.
For larger escape fractions, the stars begin to photoionize the IGM, with photons entering the IGM at the rate
QIGM (H) = fesc Q(H), so that
QIGM (H) =

fesc
ṅα .
(1 − fesc )P f¯coll

(A3)

The number density of LyC photons is then related to
the total number density nα of Lyα photons produced by
nL = fesc nα /[(1 − fesc )P f¯coll ]. For fesc = 0.2, for example,
if nα > n̄H , where n̄H is the mean IGM hydrogen density,
a substantial fraction of the IGM will have been photoionized.2 This may conflict with CMB limits on the Thomson
optical depth. For a 1σ (2σ) upper limit of τe < 0.06 (0.07)
(Planck Collaboration 2018), the additional contribution to
the optical depth must be limited to ∆τe < 0.02 (0.03) after
subtracting the contribution between z = 0 and 6. As shown
in Fig. 1 (for P f¯coll = 2), this limit may be reached for a
2

Recombinations within a clumped IGM will slow the reionization process, but this is expected to produce only a small to
moderate delay (eg Shull et al. 2012; D’Aloisio et al. 2020).
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where P is an energy enhancement factor, increasing with
hardness of the stellar spectrum and the gas density of the
<
H II region and ranging over 1 <
∼ P ∼ 4 (Raiter et al. 2010).
The relative number of Lyα photons produced per recom<
bination is quantified by fcoll , with 2/3 <
∼ fcoll ∼ 1. For a
small escape fraction fesc << 1, 2/3 < Q(H)/ṅα < 4, so
that the cumulative numbers of Lyα and LyC photons produced are comparable. The LyC photons are largely confined to the H II regions, producing Strömgren spheres,
with recombinations balancing photoionizations. For an assumed source spectrum varying as ν −αS , the photoionization rate per hydrogen atom a distance r from the source is
Γi ' [αS /(3 + αS )]Q(H)σL /(4πr2 ), where σL is the photoelectric cross section at the ionization threshold energy. For
a uniform density gas, the accumulated H I column density
through the Strömgren sphere is then
Str
NHI
≈

Mh > 3 £ 10 6 h ¡1 M ¯
Mh > 10 7 h ¡1 M ¯

²SF = 0: 003
10 -1

10 -1
10 -2
10 -3
10

10 1

10 0

²SF = 10 ¡1
²SF = 10 ¡2
²SF = 10 ¡3
²SF = 10 ¡4

Mh > 10 6 M ¯

-4

10 -2

10 2

P® =(1 ¡ fesc )Pth

10 1

The production rate Q(H) of LyC photons, allowing for an
escape fraction fesc , is related to ṅα by
ṅα
Q(H) =
,
(1 − fesc )P f¯coll

Mh > 10 6 h ¡1 M ¯

10 -3
10 -4 -2
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APPENDIX A: CONSTRAINTS ON Lyα
PHOTON SCATTERING RATE FROM
REIONIZATION LIMITS
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Figure A1. The integrated number density nL of LyC photons produced in the IGM for fesc > 0, normalized by the total
hydrogen density, against the Lyα scattering rate Pα , normalized by the thermalization rate Pth . The top panel shows the
variation for different minimum halo mass threshold values for
star formation, and the bottom panel shows the dependence on
nuclear star formation efficiency SF for a halo mass threshold
Mh > 106 h−1 M .

minimum halo mass for star formation of Mh > 106 h−1 M
at z < 13, assuming the number density of ionized hydrogen
and singly ionized helium atoms matches nL . Since τe n̄H /nL
generally exceeds 0.01 at z < 35, (bottom right hand panel
of Fig. 1), once nL > n̄H , the Thomson optical depth will
have reached 0.01. The IGM may thus become close to being fully photoionized before exceeding the CMB limit. The
emission of LyC radiation from galaxies, however, will have
to abruptly cease to allow the ionized gas to recombine to
avoid exceeding the CMB limit. At z = 15, the recombination time of 104 K is too long, of order 100 Myr, corresponding to an additional increment ∆τe ≈ 0.04. The Compton
cooling time, however, is very short, a little under 35 Myr.
Upon cooling to the CMB temperature, the gas will quickly
recombine. The incremental increase in the optical depth is
then only ∆τe ≈ 0.017 if fully ionized. It would thus be possible for about half of the IGM to become ionized briefly by
z = 15 without exceeding the CMB limit on the Thomson
optical depth. More generally, however, at higher redshifts
nL /n̄H <
∼ 0.5 is required to ensure the CMB limit is not
exceeded.
From Fig. A1 (upper panel), for an escape fraction
fesc < 0.2, requiring nL /n̄H < 0.5 imposes the restriction
Pα /Pth <
∼ 200 for SF = 0.003. Even for the extreme efficiency SF = 0.1, the cumulative number of ionization
proceeds much more quickly and Fig. A1 (lower panel)
shows Pα /Pth < 3000 (at an earlier epoch) is required. For
SF = 10−4 , the limit could be as low as Pα /Pth < 20. The
limits become even more severe for higher escape fractions.

APPENDIX B: CONTRIBUTION FROM
HIGHER ORDER LYMAN PHOTONS
The direct scattering rate of higher order Ly-n photons is
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Pndir = Pninc (0)Sn ,

(B1)

2
where Pninc (0) = σn Lνn /(4πrL
hνn ) is the scattering rate
assuming no intergalactic attenuation, rL is the luminosity distance from a source with specific luminosity Lνn at
the Ly-n transition frequency νn , and where σn is the total Ly-n resonance cross section. Intergalactic attenuation
is accounted for by the suppression factor Sn . To good ap>
γn , where γn = H(z)/[λn σn nHI (z)] is the
proximation, Sn ∼
Sobolev parameter for the Ly-n transtion of wavelength λn ,
H(z) is the Hubble parameter at redshift z, and nHI (z) is the
mean intergalactic neutral hydrogen density (Meiksin 2010;
Kakiichi et al. 2012). In addition to direct scatters, higher
order Lyman photons will generate lower order Lyman photons through radiative cascades. The net scattering rate of
higher Lyman photons may be expressed as

Pn =

nX
max
1
0 ,
Cn0 n Pndir
1 − pnn 0

(B2)

n =n

where the scattering cascade matrix is given by
0

Cn0 n =

n
X

Cn0 n00 ηn00 n ,

(B3)

n00 >n

where Cnn = 1, Cn0 n = 0 for n > n0 and ηn0 n = pn0 n /(1 −
pn0 n ), where pn0 n is the probability for a Ly-n0 photon to
convert into a Ly-n photon on scattering (Meiksin 2010;
Kakiichi et al. 2012). For the special case of Lyα photons,
Pα = Pαinc (0) + Nscatt

nX
max

0 ,
Cn0 2 Pndir

(B4)

n0 >2

and Nscatt = 1/γS is the number of scatters a Lyα photon
undergoes in the IGM before redshifting sufficiently far into
the Lorentz wing to escape.
The total heating rate per unit volume due to the scattering of Ly-n photons (n > 2) at rate Pn per neutral hydrogen atom is
Gn = Pn nHI

hνn
ma c2

Pn−1

n0 =1

×

A(n, 1; n0 , 0) + A(n, 1; n0 , 2)
An,1


T
K
, (B5)
hνnn0 1 −
hTnn0 iH

for an IGM kinetic temperature TK and harmonic mean light
temperature
R∞
dν nν ϕV (an , ν)
ν 0
hTnn0 iH = nn R ∞ 0
,
(B6)
νn 0 dν T 1(ν) nν ϕV (an , ν)
n
where

−1
h  d log nν 
Tn (ν) = −
k
dν

(B7)

for a photon number density nν (Meiksin 2010). Here νnn0 =
2
νL (1/n0 − 1/n2 ) (and νn = νn1 ), where νL is the frequency
of the Lyman edge. An,1 is the total decay rate of the pstate with principal quantum number n. (Note A(n, 1; n0 , 2)
is undefined for n0 < 3, and should be regarded as zero.)
A given position in the IGM at redshift z will receive
Ly-n photons only from within a restricted redshift range
given by

1 + znhor = (1 + z)

1 − (n + 1)−2
,
1 − n−2

(B8)

as photons emitted from greater distances that would have
redshifted to Ly-n will instead be scattered by the Ly(n + 1) transition of a neutral hydrogen atom along the way
(Barkana & Loeb 2005). For a comoving source luminosity
function Φ(L), representing the number of sources per unit
volume with luminosity between L and L + dL, the total
direct scattering rate for Ly-n photons is
Z znhor
drp
dz
Pndir,Tot =
(1 + z)3 4πrp2
dz
z
Z ∞
σn Lνn
dLνn
×
Sn Φ(Lνn )
2
4πrL
hνn
0
Z znhor
drp
σn n
(1 + z)3
Sn (z),
(B9)
dz
'
dz
hνn
z
R
where n = dLνn Lνn Φ(Lνn ) is the comoving source emissivity, and the luminosity distance rL is approximated as the
proper distance rp . A similar expression applies for Pαdir,Tot ,
with S2 = 1. To good approximation, Pndir,Tot may be used
in Eq. (B5) to obtain the total Ly-n heating rate from all
sources since hTnn0 iH is nearly independent of source distance (Meiksin 2010), although it is straightforward to integrate over sources as in Eq. (B9) if preferred, and is done
for the results presented here.
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