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Abstract. We study the possibility of explaining the recent EDGES detection by an energy
injection in the pre-recombination era. Our aim is to show that the residue of this energy
injection could give the resultant increase in the energy density at frequencies xe ≡ hν/(kT ) '
10−3, which is needed to explain the EDGES result. We consider two models of energy
injection: Gaussian profile with a fixed redshift of injection and radiative decay of a non-
relativistic particle. We show that the energy injection should occur in the redshift range
z . 4×103 to prevent free-free processes from thermalizing the injected energy. The injected
energy should be nearly 200–1000 times the CMB intensity at xe ' 10−3 to obtain the
requisite residue. A large fraction of the injected energy gets thermalized and therefore
distorts the CMB spectrum. We compute CMB spectral distortion for both the models and
show that the fractional change in CMB energy density, ∆ρCMB/ρCMB ' 10−6, which might
be detectable with the proposed experiment PIXIE. We also outline the implication of our
proposed scenario for CMB anisotropies.
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1 Introduction

In recent years, major advances have been made in our understanding of the formation
of structures in the universe via precise cosmic microwave background (CMB) anisotropy
experiments [1–3] and large scale structure surveys [4]. Another major cornerstone of modern
cosmology is the near-blackbody spectrum of CMB. The COBE-FIRAS experiment gave the
current upper bounds on the CMB spectral distortion parameters: |µ| . 9 × 10−5 and
|y| . 1.5 × 10−5 [5]. Such stringent upper limits on the deviation of CMB spectrum from
a blackbody put strong constraints on processes that inject energy into the plasma in the
universe after z ' 106 (for details e.g. [6–22]). The proposed experiment PIXIE [23] will
improve FIRAS limits by many orders of magnitude: y ' 10−9 and µ ' 10−8.

CMB physics has also enhanced our understanding of the dark age of the universe
which is predicted to have ended around redshift z ' 35 with the formation of first large-
scale structures (epoch of cosmic dawn). This era was followed by the epoch of reionization
(EoR) during which the UV photons from these collapsed structures emitted radiation which
heated and ionized their surrounding medium until z ' 8 ([24–27]). The CMB tempera-
ture and polarization anisotropy detection by WMAP and Planck determine the redshift of
reionization, zreion = 7.75± 0.73 ([1–3, 28–30]).

The cleanest probe of the physics of EoR is through the detection of redshifted hyperfine
21 cm line of neutral hydrogen (HI). This signal carries crucial information about the first
sources of radiation in the universe and their spectrum in three frequency bands: ultraviolet
(UV) radiation (ionizes the surrounding medium), Lyman-α radiation (determines the rela-
tive population of neutral hydrogen atoms in hyperfine states), and x-ray photons (heat and
partially ionize the medium). In addition, the sources that emitted soft radio photons would
also affect the observable HI signal (e.g. [31, 32]).
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The epochs of cosmic dawn and EoR have been studied in detail using numerical,
semi-analytic and, analytic methods (e.g. [33–43]). Theoretical estimates based on standard
thermal and ionization history suggest the global signal is observable in both absorption and
emission with strength −200–20 mK in a frequency range 50–150 MHz, corresponding to a
redshift range 25 > z > 8 (e.g. [44–47]). The fluctuating component of the signal is expected
to be an order of magnitude smaller on scales in the range 3–100 Mpc, which implies angular
scales ' 1–30 arc-minutes (e.g. [33, 48–50]; for comprehensive reviews see e.g. [25–27]).

The recent detection of a broad global absorption trough of strength 500 mK by the
EDGES group ([51]) at ν ' 80 ± 10 MHz is the only positive detection of HI signal at high
redshifts. This detection is in disagreement with the standard scenario and might be pointing
to the presence of unknown physics in pre- or post-recombination universe (e.g. milli-charged
dark matter or strong radio background at z ' 20 [31, 32, 52–55]). Such a feature could also
potentially be explained by absorption in the Galactic interstellar medium [56].

In this paper, we attempt to explain the EDGES results by an injection of energy in
the Rayleigh-Jeans part of the CMB spectrum in the pre-recombination era (for a detailed
discussion see [57]). If the injected photons equilibrate before the recombination occurs, there
would be no trace of the injection event except global distortion of CMB spectrum. However,
depending on the amount of injected energy and the time scale of equilibration, there could
be residue excess which might leave observable signatures on the CMB spectrum close to
energies of injection. This excess can explain the depth of EDGES’ absorption feature. The
possibility of such a signature depends on the competition between the rates of interaction
between the photon and matter field, the expansion rate, the frequency range, and redshifts at
which the photons are injected. In this paper, we address this question by evolving the CMB
spectrum after such an energy injection event, using both analytical and numerical methods.

One distinct advantage of studying an energy injection during this era is that both CMB
anisotropies and spectral distortion strongly constrain the scope of this injection. Therefore,
a generic episode of such energy injection would, in addition to explaining the EDGES de-
tection, likely leave detectable signatures on CMB.

In the next section, we review the HI signal from the EoR and cosmic dawn, the EDGES
results, and its proposed explanation. In section 3 we discuss the physical processes involved
in determining the CMB spectrum; the relevant time scales are given in the appendix. In
section 4, we discuss analytic approaches to solving the coupled evolution of the photon
occupation number (Kompaneets equation) and electron temperature. In section 5, the
numerical solutions are presented along with the particle decay model. In the final section,
we summarize our findings and outline future prospects. Throughout this paper, we assume
the spatially-flat ΛCDM model with the following parameters: Ωm = 0.310, ΩB = 0.049, and
h = 0.677 ([1]).

2 HI signal, EDGES detection, and possible explanations

In the atom rest frame, hyperfine splitting of the ground state of neutral hydrogen (HI)
causes an energy difference that corresponds to a wavelength λ = 21.1 cm. The excitation
temperature of this line, TS , is determined by three processes in the early universe: emission
and absorption of CMB radiation which is a blackbody of temperature TCMB, collisions with
atoms, and the mixing of the two levels caused by Lyman-α photons (Wouthuysen-Field
effect [58–60]). TS can be expressed in terms of the colour temperature of Lyman-α photons,

– 2 –



J
C
A
P
1
2
(
2
0
2
0
)
0
3
4

Tα, gas kinetic temperature TK , and TCMB ([26, 59, 60]):

TS =
TCMB + yαTα + ycTK

1 + yα + yc
(2.1)

Here yc ∝ nH and yα ∝ nα (nH and nα are the number densities of neutral hydrogen
atoms and Lyman-α photons, respectively) determine the efficiency of collisions and Lyman-
α photons, respectively. In the early universe, 1000 < z < 100, TS relaxes to TCMB. In
the redshift range 100 < z < 30, collisions determine the spin temperature and TS relaxes
to the kinetic temperature TK of the matter. As the epoch of reionization commences, the
production of Lyman-α photons couples the spin temperature to the colour temperature of
Lyman-α, Tα. It can be shown that multiple scattering of Lyman-α photons with HI causes
Tα to relax to the kinetic temperature (e.g. [61–63]). Therefore if ytot = yc+yα & TCMB/TK ,
then TS ' TK . Otherwise, it relaxes to TCMB.

The HI emits or absorbs 21-cm radiation from CMB depending on whether its excitation
temperature TS is greater than or less than TCMB. This temperature difference is observable
and, averaged over the sky, can be expressed as (e.g. [26, 44, 46, 47, 64]):

∆Tb '
τ

1 + z
(TS − TCMB)

' 26.25fHI

(
1− TCMB

TS

)(
1 + z

10

0.14

Ωmh2

) 1
2
(

Ωbh
2

0.022

)
mK (2.2)

Here fHI is the fraction of gas in the neutral phase.

Recent EDGES observation ([51]) reported a sky-averaged absorption feature of strength
∆T ' −500 mK in the frequency range 70–90 MHz, corresponding to a redshift range 15–19
for the redshifted HI line. It can be shown that, for standard recombination and thermal
history, the minimum temperature of the gas at z ' 19 is TK ' 6 K. It follows from eqs. (2.1)
and (2.2) that the absorption trough should not have been deeper than −180 mK.

One possible explanation of the EDGES result is additional radio background in the
redshift range 15 < z < 19 whose brightness temperature Tradio is higher than the CMB
temperature; in this case we can replace TCMB with the TCMB + Tradio in eq. (2.1) in the
relevant redshift range ([31, 32, 65]). With this replacement and suitable choice of Tradio the
EDGES result can be explained.

Another plausible explanation invokes the additional cooling of baryons owing to in-
teraction between dark matter and baryons [52]. In this case, we can explain the EDGES
detection using eqs. (2.1) and (2.2) if the dark matter-baryon coupling can cool the baryons
such that the matter temperature TK . 2.5 K in the redshift range of interest.1 Other pos-
sible explanations of this result include a possible systematic error [66] and absorption from
spinning dust grains in the Galactic ISM [56].

In summary, the EDGES result can be explained by raising TCMB or reducing TS by
a factor of roughly 2.5 in eq. (2.2). Given the uncertainty in other physical processes such
as Lyman-α coupling and x-ray heating, this factor provides a lower limit on the required
enhancement/reduction in the relevant frequency range (e.g. [43]).

1EDGES detection implies a sharp trough in the signal at z ' 19 and a sharp rise at z ' 15. As the
noise level for the detection is ' 20 mK [51], the trough at higher redshift can arise from complete Lyman-α
coupling being established close to z ' 19 with the rapid heating being responsible for the sharp rise at smaller
redshift (e.g. [43]).
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In this paper, we invoke pre-recombination physics to explain the EDGES result. In
particular, we note that the excess radio background needed to explain the EGDES result
could be a relic of the pre-recombination era.

We consider energy injection of suitable amplitude and frequency range to explain the
EGDES result. In the pre-recombination era, these photons are subject to multiple physical
processes which can upscatter (inverse Compton scattering), downscatter (Compton scatter-
ing), or absorb (free-free or double Compton processes) these photons. We study the impact
of all these processes to discern the range of redshifts at which these photons can be injected.
We also study the impact of these photons on other observables such as spectral distortion
of CMB and CMB anisotropies. In the next section, we review these physical processes.

3 CMB spectrum: physical processes

We assume that the energy is injected in a narrow range of frequencies into CMB at an early
epoch of the universe. Our aim is to study how this distorted spectrum evolves with time.
The redshift range of injection for our study is 103 < z < 105. The reason for this choice
has been elaborated upon in later sections. We need to understand the relative importance
of various radiative processes that are responsible for the time evolution of the spectrum.

The photon occupation number η(ν, t) is a function of the frequency (or equivalently,
the energy) and time. The following physical processes impact the evolution of the photon
occupation number:

• Compton and inverse Compton scattering

• Double Compton emission and absorption

• Free-free emission and absorption

Compton scattering (and its inverse process) only change the energy of photons without
affecting the photon number while the other two processes can absorb and create photons.

The rate of change of the photon occupation number due to Compton and inverse
Compton scattering off non-relativistic electrons is given by Kompaneets equation ([67–71]):(

∂η

∂t

)
C

=
ac
x2
e

∂

∂xe

(
x4
e

[
∂η

∂xe
+ η + η2

])
(3.1)

Here xe = hν/kTe is a dimensionless parameter, independent of redshift for equilibrium η,
expressed in terms of the physical (not comoving) frequency ν and the electron tempera-
ture Te;

2 ac = neσT c
(
kTe/(mec

2)
)
, where ne is the number density of electrons, σT is the

Thompson cross-section and me is the mass of an electron. The ∂η/∂xe term in the equation
corresponds to the contribution for inverse Compton scattering, which results in photons
gaining energy from heated electrons. The η and η2 terms on the right-hand side of the
equation correspond to spontaneous and stimulated scattering, respectively, both of which
contribute to the cooling of photons and are collectively referred to as Compton scattering.

2The electron temperature is the same as matter temperature throughout the pre-recombination era as the
physical processes that equilibrate energy between electrons and baryons act on time scales far shorter than
the expansion time scale.
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The time evolution of the photon occupation number from double Compton processes
— emission, absorption, and stimulated emission — is given by:(

∂η

∂t

)
DC

=
C(t)

x3
e

[1− η (exp(xe)− 1)] (3.2)

Here C(t) = (4α/(3π))(kTe/(mc
2))2(I(t)/tc), α = e2/~c is the fine structure constant and

tc = (neσTc)
−1 is the photon-electron collision time.

I(t) =

∞∫
0

x4
e(1 + η)dxe (3.3)

We follow the prescription of [72] in estimating I(t), which gives us I(t) ' 4π4/15 (for more
discussion on this approximation see [73]).

Similarly, the contribution of all the relevant free-free processes to the evolution of
photon occupation number is given by ([68–70]):(

∂η

∂t

)
B

= K0
g(xe) exp(−xe)

x3
e

(1 + η(xe)(1− exp(xe))) (3.4)

where g(xe) is the Gaunt factor. For xe � 1, g(xe) '
√

3/π ln(2.25/xe) (e.g. [6]; for a detailed
discussion on the Gaunt factor see e.g. [74]). The expression for K0 is given in eq. (A.3).

Combining the contributions from Compton, double Compton and free-free processes,
we obtain the generalized Kompaneets equation:(

∂η

∂t

)
=
ac
x2
e

∂

∂xe

(
x4
e

[
∂η

∂xe
+ η + η2

])
+
C(t)

x3
e

[1− η (exp(xe)− 1)]

+K0
g(xe) exp(−xe)

x3
e

(1 + η(1− exp(xe))) (3.5)

This equation is solved along with the evolution of the temperature, Te, which is the tem-
perature shared by all the baryons in the pre-recombination era (e.g. [6]):

dTe
dt

= −2ȧ

a
Te +

(Teq − Te)
teγ

+
qff + qdc

3nek
(3.6)

Here teγ = (3mec/4σTργ) and Teq, the effective temperature for an arbitrary photon occu-
pation number η, is ([75, 76]):

Teq =
h
∫∞

0 dνν4η(η + 1)

4k
∫∞

0 dνν3η
(3.7)

qff and qdc give the heating/cooling rates of the medium owing to free-free and double Comp-
ton processes:

qff =
8π(kTe)

3

c3h2
K0

∫ ∞
0

g(xe) exp(−xe) [1 + η(1− exp(xe))] dν (3.8)

qdc =
8π(kTe)

3

c3h2
C(t)

∫ ∞
0

[1− η(exp(xe)− 1)] dν (3.9)
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Before the energy is injected, the baryons and photons share a common temperature
with equilibrium photon occupation number given by the Planckian:

η(xe) =
1

exp(xe)− 1
(3.10)

It can readily be checked that for this form of equilibrium photon occupation number the
right hand sides of eqs. (3.5) and (3.6) vanish3 and eq. (3.7) yields Teq = Te. In an expanding
universe, eq. (3.10) is left unchanged as xe is an invariant at early times. After the injection
of energy, xe is not an invariant and we can choose another variable which remain invariant
during the expansion of the universe (see below).

The time scales of the physical processes discussed above are given in the appendix.

4 Analytical approach and approximations

Our aim is to solve eqs. (3.5) and (3.6) simultaneously after the injection of photons in
a narrow frequency range at xe � 1. We present numerical solutions in the next section.
Many of the results we find in this and the next section can also be obtained by an alternative
approach developed by Chluba [57]. In this section, we seek an analytic approach based on
the physical setting we propose in this paper. Its salient points can be summarized as:

1. The energy is injected in a frequency range for which xe � 1. To explain the EDGES
detection we require a residue of the energy injection in the range: xe ' 1.2–1.6×10−3.

2. The amount of injected energy is much smaller than the energy density of the CMB,
δργ � ρCMB. If the energy is injected for a range of frequencies between xf ≡ hνf/(kT )
and xi such that xf � 1, then

δργ '
8π(kT )4

3c3h3

(
x3
f − x3

i

)(TB
T

)
(4.1)

Here TB is the brightness temperature of the injected photons and T refers to the
equilibrium matter/radiation temperature. The CMB energy density, ρCMB = aT 4,
where a = 8π5k4/(15h3c3) is the radiation constant. For xf = 2 × 10−3, δργ '
(TB/T )x3

fρCMB ' 10−9ρCMB for TB = T .

3. At these frequencies, both double Compton and free-free processes play an important
role, as their time scales are ∝ x2

e. Double Compton processes are more important as
compared to free-free emission/absorption at higher redshifts as they scale as (1 + z)5

while free-free processes scale as (1 + z)5/2. For z < 104, the free-free absorption is the
dominant process (appendix A).

As the efficiency of double Compton and free-free processes is a sharp function of frequency,
it partly allows us to isolate the impact of these processes from Compton scattering.

We first consider the case for which double Compton and free-free processes are not
efficient. It is further assumed that the brightness temperature of photons, TB � Te, or the
energy density of injected photons far exceeds the energy density of the equilibrium Planckian

3The r.h.s. vanishes for only this function. However, if only Compton and inverse Compton scatterings are
considered, another equilibrium solution is Bose-Einstein distribution function with non-zero chemical poten-
tial.
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in the relevant frequency range. For xe � 1, the equilibrium photon occupation number,
η ' 1/xe � 1. With the injection of additional photons, the photon occupation number
becomes η ' 1/xB, with xB = hν/(kTB). As xB � xe, the η2 term (the term corresponding
to stimulated emission) in eq. (3.1) dominates the other two terms and eq. (3.1) reduces
to ([77–80]): (

∂η

∂y

)
C

=
1

x2
e

∂

∂xe

(
x4
eη

2
)

(4.2)

After substitution: f(xe, y) = xeη
2, this equation reduces to Burgers equation, which corre-

sponds to the formation of a one-dimensional shock, with solution (see also [6]):

f = g(xe + 2yf) (4.3)

where g(. . .) is any well-behaved function which provides the initial profile of the injected
photons. The behaviour of eq. (4.3) can be gauged from the well-known solution to Burgers
equation. It corresponds to the excess photon profile moving towards lower frequency with
a speed 2fac. The speed is higher for larger value of f , just like the passage to a shock
solution. This results in a steepening of the initial profile which cause the dη/dxe term to
become important in eq. (3.1).

In other words, if the injected energy dominates the background intensity in a narrow
range of frequencies such that η � 1/xe and its profile is smooth, the dominant process that
determines the initial evolution of the profile is the Compton scattering, which arises from
the recoil of electron in its rest frame. The Compton scattering causes the photons to lose
energy to electrons at a rate fac, which depends on both the height of the profile and the
Compton energy exchange time scale. However, the validity of eq. (4.2) breaks down after
the initial phase because its solution (eq. (4.3)) results in the steepening of the profile. As the
profile steepens, the dη/dxe term in eq. (3.1) cannot be neglected. As noted above, this term
corresponds to energy exchange owing to the motion of electrons in the lab frame (inverse
Compton scattering) and its net impact is to heat the photons. When the inverse Compton
scattering becomes important, the photons start gaining energy. (This situation is analogous
to the solution of Burgers equation for the one-dimensional shock solution. When velocity
gradients become large close to the shock front, the viscosity cannot be neglected, resulting
in the dissipation of energy and smoothening of the shock profile.)

The effect of these two competing processes is to shift a majority of excess photons
to smaller frequencies during the initial phase, followed by the smoothening of the profile
which upscatters a fraction of the photons to higher frequencies.4 In the inverse Compton
scattering, the photons gain energy as ∝ exp(y). As y ' 1 at z ' 2 × 105 and it scales as
(1 + z)2 (in radiation-dominated era) this gain could be negligible if the energy is injected
at a later redshift. If the injection of the energy is at redshifts such that y < 1, the inverse
Compton scattering cannot populate photons at frequencies much larger than the frequency
range of injected photons. This idealized case gives us important insights into the numerical
solutions of Kompaneets equation and we will compare our numerical solutions with eq. (4.3)
in the next section.

4It is easier to see how the two terms in eq. (3.1) compete if xe is explicitly written in terms of ν and electron
temperature Te. In equilibrium Te = TCMB these terms cancel each other. If Te > TCMB, the inverse Compton
scattering term dominates. In our case, Te ' TCMB even after the energy injection as these temperatures are
determined by ratio of injected and equilibrium energy density which is very small. Therefore, in our case,
the inverse Compton scattering becomes important owing to steepening of the η profile. This also allows us
to see how equilibrium is attained when only Compton/inverse Compton processes operate.

– 7 –



J
C
A
P
1
2
(
2
0
2
0
)
0
3
4

The absorption and emission of photons owing to double Compton and free-free pro-
cesses (eqs. (3.2) and (3.4)) also have significant impact on the evolution of the photon
occupation number for xe � 1 in the redshift range of interest, as the time scales for these
processes scale as x2

e (appendix A). If photons are injected such that TB � Te in a small
range of frequencies for xe � 1, eqs. (3.2) and (3.4) show that the dominant process is the
absorption of these photons. A fraction of this absorbed energy heats electrons (eq. (3.6))
and another fraction is re-emitted as soft photons. The loss of energy owing to expansion is
not important as the time scale of free-free processes, which are the dominant processes for
z < 104, is shorter than or comparable to the expansion rate before recombination.

We next consider the evolution of the electron temperature (eq. (3.6)). To simplify
eq. (3.6), let us write photon occupation number as:

η(t, xe) = η0(xe) + δη(xe, t) (4.4)

Here η0(xe) is the unperturbed distribution function at TCMB = Te. We note that this split
is not a perturbation expansion because δη could dominate the equilibrium distribution for
a range of frequency. However, electron temperature is determined by integrated quantities
such as photon energy density which are dominated by equilibrium distribution function.
Therefore, while such a split would be less appropriate for studying the evolution of photon
occupation number, it is suitable for studying the evolution of electron temperature. Using
eqs. (3.7) and (3.9) and dropping the logarithmic frequency dependence of g(xe), we get:

dTe
dt

= −2ȧ

a
Te +

(Teq − Te)
teγ

+
Te
tff

∫
δηxedxe +

Te
tdc

∫
δηxedxe (4.5)

In writing the free-free and double Compton terms in eq. (4.5) we have assumed that the
support of δη is in small range of frequencies for xe � 1. We expect the fractional change in
the temperature to be small as compared to the unperturbed temperature, which allows us
to replace temperature in xe with unperturbed temperature. Eq. (4.5) can then be solved
to give:

Te(t)'Te(ti)exp

[
−
∫ t

ti

dt′
(

1

teγ
+

2ȧ

a
+

1

t′ff
+

1

t′dc

)]
+exp

[
−
∫ t

ti

dt′
(

1

teγ
+

2ȧ

a
+

1

t′ff
+

1

t′dc

)]
×
∫ t

ti

dt′ exp

[
−
∫ t′

ti

dt′′
(

1

teγ
+

2ȧ

a
+

1

t′ff
+

1

t′dc

)]
Teq

teγ
(4.6)

Here we have redefined:

1

t′ff
=

1

tff

∫
δηxedxe (4.7)

1

t′dc

=
1

tdc

∫
δηxedxe (4.8)

For all the cases we consider, the integral over δη is less than 10−6. This, in addition with
a comparison between different time scales, (eqs. (A.2), (A.4), (A.6), and (A.7)), show that
the evolution of the matter temperature is predominantly governed by the inverse Compton
scattering time scale. First, this means all terms except the inverse Compton term in eq. (4.6)
can be dropped. As the inverse Compton scattering rate far exceeds the expansion rate, the
first term on the r.h.s. of the equation can also be dropped. By making a change of variables
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in the second term, we get Te ' Teq (see e.g. [81] for a similar physical setting). Teq can be
computed by solving the evolution of perturbed photon occupation number using Kompaneets
equation (eqs. (3.7) and (3.5)). In all the cases we consider, Te− Te0 � Te0, where Te0 is the
unperturbed temperature.

Using the expansion given by eq. (4.4), we get:

Teq =
Te0
∫∞

0 dxex
4
e

(
η0(η0 + 1) + δη(η0 + 1) + δη2

)
4
∫∞

0 dxex3
e (η0 + δη)

(4.9)

5 Numerical solution of Kompaneets equation

As discussed in the last section, our aim is to study the evolution of the photon occupation
number if the energy density of injected photons dominates the equilibrium distribution func-
tion, TB � Te, for a small range of frequencies with xe � 1. We discussed possible analytical
solutions in such a case taking into account Compton and inverse Compton scattering. We
also showed that electron temperature relaxes to an effective radiation temperature given by
eq. (4.9), which can be defined for arbitrary radiation fields, on time scales much shorter
than all the other time scales (appendix A). This allows us to split the problem of simultane-
ous determination of photon occupation number and electron temperature into one in which
slower processes determine the photon occupation number while the electron temperature
varies according to Te = Teq.

In this section, we seek numerical solutions to eq. (3.5). It is a one-dimensional PDE
in variables xe and y coupled to the evolution of electron temperature (eq. (3.6)).5 We used
MATLAB to solve eq. (3.5), making use of the inbuilt PDE solver (pdepe). In order to be
able to use the inbuilt solver to solve this equation, we convert it into the following form:

c

(
x, t, u,

∂u

∂x

)
∂u

∂t
= x−m

∂

∂x

(
xmf

(
x, t, u,

∂u

∂x

))
+ s

(
x, t, u,

∂u

∂x

)
(5.1)

The variable ηx3
e is used for numerical stability.

We assume two initial profiles for solving the Kompaneets equation: Gaussian and the
profile corresponding to a decay product (to be discussed in the next section). The initial
photon occupation number is given by η(xe, zi) = δη(xe, ti) + η0(xe), where η0(xe) is the
equilibrium distribution and δη is the profile of the injected energy.

We first consider the Gaussian profile, which is given by:

x3
eδη(xe, zi) =

A

σ
√

2π
exp

[
−(xe − µ)2/(2σ2)

]
(5.2)

Here zi is the redshift at which the energy is injected. A is an overall normalization that
determines the total amount of injected energy. In addition to ti and A, the mean and the
standard deviation of the Gaussian, µ and σ give the other two free parameters for our study.

We fix µ ' 2 × 10−3 as required by the EDGES detection. For zi � 105, y � 1,
which means Compton scattering time scales are short enough to thermalize the excess of
photons. This motivate us to consider zi < 105 for our study. The range of A is fixed by

5We note that the use of variable xe could be misleading when these two equations are coupled as electron
temperature enters the definition of xe. We use the variable xe with unperturbed electron temperature in this
case and redefine xe as xe = hν/(kTe0) and use the electron temperature explicitly in eq. (3.5). However as
Te − Te0 � Te0, our solutions are insensitive to the use of either of the two variables.
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Figure 1. The figures display the solution of eq. (3.1) for models in which a Gaussian profile is
injected with mean xe = 2 × 10−3 at two different redshifts. The y-axis displays the ratio of the
perturbed and the equilibrium CMB occupation number while the x-axis is in units xe ≡ hν/(kTe0).

the EDGES observation. For xe � 1, η ' 1/xe for a Planckian. A is chosen such that the
brightness temperature of injected photons, TB � Te, as the EDGES detection requires the
excess of photons to be at least a factor of 2.5 more than the unperturbed CMB spectrum
at xe ' 2× 10−3.

To gauge the importance of different physical processes, we show results for two different
cases: with only Compton/inverse Compton scattering and including all the physical effects
(Compton, double Compton and free-free processes). In figure 1, we show numerical solutions
to eq. (3.5) for only Compton processes. The evolution of the profile is displayed for a range of
redshifts with z < 8× 104. The profile stops evolving at z ' 1000 as the universe recombines
which causes all the relevant time scales to become much larger than the expansion rate.

Figure 1 shows that the numerical results agree with the analytic solutions (eq. (4.3)):
the Gaussian profile moves to lower energies with the steepening of the profile as the domi-
nant process corresponds to stimulated emission (η2 term in eq. (3.1)). As the profile evolves
and/or the injection energy is pumped at an earlier era, the ∂η/∂x (inverse Compton scatter-
ing) starts playing a role, leading to up-scattering of the low energy photons. As y < 1 and
the excess photons upscatter to frequencies xf ' xi exp(y), the inverse Compton scattering
creates a tail above the frequencies of injection in the profile, as is seen in figure 1. The net
impact of both these effects is to broaden the Gaussian, keeping invariant the number density
of excess photons ∝ ηx3

e while losing energy (∝ ηx4
e) through Compton scattering to electrons.

In figure 2 we include all the processes. For a photon excess, double Compton/free-free
processes mainly act as sink of photons. This is clearly seen when figures 2 and 1 are com-
pared. With only Compton processes the initial distribution moves to smaller frequencies
with a small tail at frequencies larger than injected frequencies owing to inverse Compton
scattering. However, most of these photons are absorbed by free-free absorption which dom-
inates at z < 104. It should also be noted from figure 2 that free-free absorption continues
to deplete photons until z ' 1000 as its time scale at x ' 10−3 remains comparable to the
expansion time scale until recombination. This also means that the EDGES result, which
requires a minimum residual excess of 2.5 at xe ' 2 × 10−3, can generically be achieved in
the pre-recombination era only if the amount of initial injection far exceeds the minimum
required residual excess, as is clear from figure 2.

Figure 2 shows that to explain the EDGES detection the energy injection redshift zi <
4 × 103. For energy injection at higher redshifts, free-free processes equilibrates the surplus
photons. It could be examined whether a larger amount of injection could potentially leave
a residue. We find this conclusion to be insensitive to the amount of injected energy because
this also increases the rate of absorption (eq. (3.4) and (3.2)).
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Figure 2. For Gaussian input profiles of different amplitude, width, and starting redshift, the panels
show the evolution of the profile, including all the relevant physical processes (eq. (3.5)). The axes
display the same quantities as in figure 1. The vertical lines correspond to xe = {1.2, 1.6}× 10−3. To
explain the EDGES detection, the ratio displayed on y-axis should exceed 2.5 in this range of xe.

5.1 Decaying particle

In this section, we consider particle decay as the mechanism of pumping photons in the
CMB at xe � 1. In this model, a non-relativistic particle of mass md decays into a neutral,
massless particle and a photon. To get the photon injection in the desired frequency range,
we need to assume that the mass of the particle is such that mdc

2 � kTe. If this particle
was coupled to the thermal bath of the universe in the early universe, it would be highly
relativistic. Therefore, our implicit assumption is that this particle was always decoupled
from the thermal bath (e.g. an axion). For our work we require md & 3 × 10−3 eV. The
occupation number of decay photons could be written as, in radiation dominated era (for
details see [81]):

ηdecay(ν, t) =
h2Bnd(τ)

2π(md/2)2νc

(τ
t

)1/2
exp

(
− t
τ

(
2hν

mdc2

)2
)

Θ

(
mdc

2

2
− hν

)
(5.3)

Here B is the branching ratio of photon decay. The initial conditions are set in the radiation
dominated era; we make the switch to the relevant expression in the matter dominated era
at matter radiation equality (for details see [81]). We can compute the ratio of the photon
occupation number of decay photons and CMB photons for xe � 1. Using nd(0)md/ρc(0) =
Ωd and, for CMB for xe � 1, η0 = 1/xe, we get, in the radiation dominated era:

ηdecay(ν, t)

η0
=

2Bh3ρc(0)Ωd(1 + zd)
3

πm3
dc(kTe)

(τ
t

)1/2
exp

(
− t
τ

(
2hν

mdc2

)2
)

Θ

(
mdc

2

2
− hν

)
(5.4)

Here zd is the redshift corresponding to t = τ . It should be noted that ηdecay(ν, t)/η0 is
independent of both redshift and frequency for t� τ .

It is easy to verify that our requirement, ηdecay(ν, t)/η � 1, can readily be achieved for
a wide range of md and τ for Ωd � 1.
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Figure 3. The evolution of the photon occupation number is shown for decaying particle model
(eq. (5.4)) for different values of decay redshift, zd, and particle mass, md. The panels (clockwise
from the top left) correspond to zd = {5.6× 103, 5.6× 103, 2× 103, 3× 103} and md = {2× 10−2, 9×
10−3, 3.1× 10−3, 3× 10−3} eV, respectively. The axes display the same quantities as in figure 2.

In figure 3, the evolution of an input energy profile given by eq. (5.4) is shown for
different decay times τ and particle mass md.

To understand the figure and its implication, the following two facts must be noted.
First, all photons have the frequency, ν = mdc

2/h, at the time of production. These photons
subsequently free stream in the expanding universe, losing their energy owing to redshift.
Therefore, at any fixed time, the photons with frequency ν � mdc

2/(2h) are old photons
that are absorbed with a greater probability because the rate of absorption is greater at
higher redshifts. Second, the photon production is a continuous process. For t � τ , the
number of decay photons, ' ndt/τ � nd. A majority of these photons are absorbed and
thermalized. While these photons do not play a role in explaining the residual, they are
responsible for spectral distortion of the CMB which will be discussed in the next section.
The photons that contribute to the observed excess are produced at t ' τ . Therefore, to
explain the residual photons at z ' 1000, we only need to model the late time evolution of
the decay photons and it suffices to evolve photons close to the energy mdc

2/2 at times close
to τ . We choose zi = zd as our initial condition. We note that our results are insensitive to
the choice of zi so long as zi & zd and we verify this by running our code with different zi up
to zi/zd = 10.

5.2 Explaining EDGES data

In section 2, we discussed the EDGES result and different ways to interpret it. One possible
explanation is to increase TCMB in eq. (2.2) by at least a factor of 2.5 in the observed
frequency range 70–90 MHz, which corresponds to xe = {1.2, 1.6} × 10−3. The range is
marked in figures 2 and 3.

In the Gaussian model, the requisite ratio of the residual excess TB/Te can be achieved
by varying zi and A. As noted above, if the redshift of injection zi > 5 × 103, the free-
free absorption causes the injected feature to be thermalized. For zi < 4 × 103 we can
get the desired ratio for the input Gaussian profile (figure 2). Figure 2 further shows that
TB/Te & 200 for acceptable models.
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For the decaying particle model, we find that md ' 3 × 10−3 eV and zd < 4 × 103 to
explain the EDGES data (figure 3). We note that the EDGES detection constrains both zd
and md.

All the cases shown in figure 2 and three of the four cases shown in figure 3 can explain
the EDGES data.

6 CMB spectral distortion

In this paper, we invoke spectral distortion of CMB at xe ' 10−3 to explain the EDGES
result. In addition to these frequencies, physical processes in the pre-recombination era
also impact other parts of the CMB spectrum, which we term ‘global’ and ‘local’ spec-
tral distortion.

The energy injected into the plasma heats electrons which, through inverse Compton
scattering, transfer a part of their energy to the CMB.6 This results in ‘global’ spectral
distortion as the energy can be transferred to CMB photons of any frequency. The other
‘local’ spectral distortion is caused by the upscattering/reemission of injected photons close
to the frequency of injected photons.

global spectral distortion: The global CMB distortion is a two stage process: transfer
of a fraction of injected photon energy (at xe ' 10−3) to electrons followed by a transfer of
a fraction of this energy to CMB at other frequencies (e.g. [81] for details). The dominant
physical process for the former is free-free absorption and inverse Compton scattering for the
latter. Eqs. (A.2) and (A.3) show that the time scales of these processes are shorter than
the expansion time in the pre-recombination era. This means that the loss of energy due
to the expansion of the universe during the energy exchange is insignificant. As Te ' Teq,
the thermal energy density of baryons ' nekT is negligible as compared to the CMB energy
density, which implies a negligible amount of injected energy is retained by particles.

Therefore, it is reasonable to assume that, apart from the residual, unthermalized energy,
all the injected energy is transferred to CMB. Figures 2 and 3 show that the residual is
generally a small fraction of the total injected energy. Using eq. (4.1) we can estimate
the amount of energy absorbed by the CMB. We require η/η0 ' 2.5, or TB/T ' 2.5 in
eq. (4.1), to explain the EDGES result. However, figure 2 shows that a much larger amount
of energy, η/η0 ' 200–1000, has to be injected to achieve the requisite residual. This yields
∆ρCMB/ρCMB0 ' 10−7–10−6, and it is a generic prediction of the model.

The case of decaying particles is more complicated as the injection is a continuous
process. To capture the time dependence of the energy exchange, we assume that all the
decay photons are absorbed at the redshift of production. This is a reasonable assumption
for photons close to xe ' 10−3 as seen in figure 3. The energy density of the decay photons
is ρdγ(z) ' mdc

2nd(z)(1 − exp(−t/τ))/2; nd(z) = n(0)(1 + z)3 exp(−t/τ) is the number
density of decay particles. At t � τ , ρdγ(z) scales as (1 + z) and, even though the transfer
of energy from decay photons to CMB is more efficient, the ratio of decay photons and CMB
energy density scales (1 + z)−3. This means the fractional change in CMB energy is smaller
at higher redshifts. The main contribution to CMB distortion arises from z . zd, which
allows us to compute the spectral distortion as in the previous case. The EDGES detection
requires zd . 4 × 103 and ηdecay/η0 ' 100–1000, which corresponds to Ωd ' 10−6–10−5

6Our main focus is y-distortion which is caused if the energy is injected at z . 105. In this case, the rate of
Compton processes is smaller than the expansion rate (eq. (A.1)), which prevents relaxation to an equilibrium
distribution (e.g. [18, 81] and references therein).
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for B = 1 (eq. (5.4) and figure 3). This yields fractional change in CMB energy density:
∆ρCMB/ρCMB0 ' 10−6–10−5.

The COBE-FIRAS data yields the best upper limit on the CMB spectral distortion:
∆ρCMB/ρCMB0 < 6 × 10−5 for ν & 60 GHz. Our predicted spectral distortion does not vio-
late the COBE-FIRAS bounds, and its detection is within the capabilities of the upcoming
satellite mission PIXIE ([23]).

local spectral distortion: The ‘local’ CMB distortion corresponds to the redistribution
of injected photons higher up the frequency ladder close to the frequency of injection. This
is of particular interest because CMB spectrum has been determined to high precision upto
ν ' 1.5 GHz, which is only roughly a factor of 20 more than the energy of injection [82].7 The
energy injection in the early universe can be constrained by ARCADE results [83]. Figures 3
and 2 show we do not expect significant emission at frequencies much larger than the injection
frequencies. We can explain it by considering the relevant physical processes.

Three physical processes can cause an increase in the frequency, through re-emission or
scattering, of injected photons: inverse Compton scattering, free-free emission, and double
Compton emission. As the time scale of free-free/double Compton processes scales as x2

e,
they are generally inefficient at re-emitting photons at frequencies 10 times larger than the
energy of injection.8 So the dominant process that re-distributes energy to higher frequency is
inverse Compton scattering, as our numerical results show. As the rate of inverse Compton
scattering is smaller than the free-free absorption and the process raises the frequency as
exp(y), we do not expect significant excess at frequencies separated from the frequency of
injection so long as y ≤ 1.

This means the ‘local’ spectral distortion could be negligible even if a large amount of
energy is injected. Alternatively, we could seek to explain, or put constraints from, ARCADE
results by adjusting the time of injection of energy and for the decaying particle model, md.
One of the panels of figure 3 (top left) shows a model in which ARCADE result at 408 MHz
is violated. However, this model is not consistent with the EDGES results for the following
reason: for causing substantial distortion at frequencies probed by ARCADE result, md

needs to be much larger than the value required to explain the EDGES result. This means
photons close to xe ' 1.5×10−3 are old photons, as explained above, and are absorbed more
efficiently at higher redshifts.

6.1 Impact on CMB anisotropies

The injection of photons at xe � 1 could leave detectable imprints on CMB anisotropies for
the following reasons:

1. The change in the matter/radiation content of the universe alters the matter-radiation
equality.

2. The photons and baryons are tightly coupled before the recombination commences,
as the time scale of photon-electron scattering, tc = 1/(neσT c), is shorter than the

7We refer to frequencies ν = {3.2, 1.42}GHz of ARCADE data here at which the extragalactic residual is
2.787± 0.01 K, 3.18± 0.516 K, respectively. We could also consider the data point at ν = 408 MHz at which
the extragalactic residual is 10.8± 3.5 K.

8Even if the time scale of emission is shorter than expansion time scale, the absorption time scales are
shorter than emission time scales if there is a photon excess (eqs. (3.4) and (3.2)). The net effect of these
processes is to create an equilibrium photon occupation number of temperature Te at frequencies smaller than
the xe at which these time scales are shorter than expansion time scale.
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expansion time scale during this era. The extra radiation energy, tightly coupled to
baryons, results in lower baryon loading R ≡ 3ρb/(4ργ), which is strongly constrained
by CMB anisotropies (for details see e.g. [84] and references therein).

The impact of these effects can be studied within the framework of a specific model, e.g.
decaying particle scenario we outlined above. In this model, a non-relativistic particle of
density parameter Ωd contributes to the cold dark matter of the universe before it decays
into radiation on a time scale τ . The relative impact of this model on CMB anisotropies can
be discerned from the range of permissible values of B and Ωd from Planck CMB data.

From eq. (5.4) it follows that, for B = 1, the ratio of decay photons to CMB occupation
number is unity for Ωd ' 10−8Ωm (for zd = 3 × 103), where Ωm = 0.315 ± 0.007 is the
best-fit matter density parameter from Planck. To explain the EDGES result, we require
Ωd ' 10−5 which is well within the precision with which Ωm has been determined by Planck.
However, for B � 1, the case for which only a small fraction of particles decay into photons,
Ωd needs to be larger by a factor 1/B to explain the EDGES result. It should be noted
that the amplitude of CMB spectral distortion also depend on the product, BΩd. However,
CMB anisotropies are sensitive to Ωd in addition. Therefore, CMB anisotropies provide a
complementary probe of the decaying particle model.

Planck data measures the angular acoustic scale with 0.03% precision [1]. The angular
acoustic scale is ∝ 1/(1 + R)1/2. From eq. (4.1) it follows that the additional energy δργ '
10−9ρCMB for TB = Te. For explaining the EDGES result we require TB/Te . 1000 which
causes a fractional change ∆R/R ' 10−6, which is well within Planck constraints. Similar
conclusions can be reached for the decaying particle model.

Therefore, the scenario studied in this paper is consistent with Planck data. However,
decaying particle models with B � 1 might yield observable features in CMB data and we
hope to return to this study in the future.

7 Summary and conclusions

In this paper we study the possibility of explaining the recent EDGES detection using energy
injection in CMB at xe � 1 during the pre-recombination era. We study, both analytically
and numerically, the evolution of the CMB spectrum in the presence of energy injection
of arbitrary amplitude and redshift of injection. All the important physical processes —
Compton/inverse Compton scattering, free-free absorption/emission, and double Compton
absorption/emission — are considered in our study. We analyze two different models of
energy injection: (a) Gaussian profile with varying amplitude and injection redshifts, (b)
decay of a non-relativistic particle parameterized in terms of its number density, mass, and
decay redshift.

We show that if the energy injection in the relevant frequency range (xe ' 2 × 10−3)
occurs after z ' 4 × 103, the energy density of the residual, unthermalized photons in the
CMB can explain the EDGES detection. Figures 3 and 2 also show that, for a generic
injection event, the injected energy needs to be more than two orders of magnitude larger
than the minimum residue required to explain the EDGES detection.

We find that the energy injection would also cause: (a) ‘global’ y-distortion of CMB
owing to the heating of electrons, (b) ‘local’ distortion of the CMB owing to the upscattering
of injected photons, (c) additional CMB anistropies because of the increased matter and
radiation energy density.

– 15 –



J
C
A
P
1
2
(
2
0
2
0
)
0
3
4

The ‘global’ y-parameter is currently constrained by COBE-FIRAS observation to be
. 10−5. The upcoming instrument PIXIE will improve this by up to four orders of magnitude.
The ‘local’ distortion is constrained by ARCADE observations. Planck results have precisely
determined both the radiation and matter energy density in the universe. We show that
our proposed scenario satisfies all these constraints. Therefore, the model we consider is
tightly constrained by current observations and make meaningful predictions for the future
observations. In particular, PIXIE might be able to detect such an energy injection in the
pre-recombination era.

It might be possible to distinguish the energy injection in the pre-recombination era
from other mechanisms that have been invoked to explain the EDGES detection in the post-
recombination era, e.g. production of photons owing to radio sources or the milli-charged dark
matter particle. Figures 3 and 2 show that there are no residual photons for xe < 10−3. This
is a generic feature of the pre-recombination physical processes as the free-free absorption
time scale for these photons is shorter than the expansion time scale even close to the epoch of
recombination. However, the low-redshift radio background is unlikely to have such a cut-off
and, therefore, it will also impact the pre-reionization EoR absorption feature at ν ' 30 MHz.
The proposed mission FARSIDE, which is capable of detecting the pre-reionization HI signal,
will be able to distinguish between these models.9

While the main aim of this paper is to explain the EDGES detection, we have presented
a general formalism to study the evolution of energy injection in the pre-recombination era
at xe � 1. It allows for the injected energy to far exceed the CMB energy for a small range
of frequencies if the total amount of injected energy remains small as compared to the total
CMB energy.

A Time scales of various radiative processes

In this appendix, we list different time scales relevant for our study.

Compton/inverse Compton scattering. For Compton/inverse Compton scattering, an
important time scale is the energy relaxation time scale between electrons and photons if
electron is the target. This time scale determines the evolution of the photon occupation
number:

tγe =

(
1

ne(z)cσT

)(
mec

2

kTCMB

)
= 4.8× 1013

(
104

1 + z

)4

sec (A.1)

Similarly, we can define a relaxation time scale if photon is the target. This time scale
determines the evolution of matter temperature.

teγ =
3mec

4σTρCMB
= 7.3× 103

(
104

1 + z

)4

sec (A.2)

Free-free emission/absorption. The relevant time scale for the evolution of photon oc-
cupation number is x3

eη/(g(xe)K0) (eq. (3.4)) with10

K−1
0 (z) =

(
8π1/2e6h2n2

e(z)

(54)1/2m
3/2
e (kTCMB)7/2

)−1

= 5.3× 1016

(
104

1 + z

)5/2

sec (A.3)

9https://www.lpi.usra.edu/leag/white-papers-astronomy/FARSIDE 190710 Final.pdf.
10see e.g. [6]; K0 is more readily derived by starting with the emissivity of thermal free-free emission (e.g. [63])

and diving by c3/(8πhν3) to convert from emissivity to the time derivative of the photon occupation number;
this yields K0/x

3
e.
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For determining the electron temperature, the time scale of interest is (eq. (3.9)):

tff =

(
8π(kTCMB)4K0

c3h3ne(z)kTCMB

)−1

= 7× 107

(
104

1 + z

)5/2

sec (A.4)

Double Compton emission/absorption. The relevant time scale for the evolution of
the photon occupation number is x3

eη/C(t) (eq. (3.2)) with

C−1(z) = 3.2× 1019

(
104

1 + z

)5

sec (A.5)

For determining the electron temperature, the time scale is (eq. (3.9)):

tdc =

(
8π(kTCMB)4C(t)

c3h3ne(z)kTCMB

)−1

= 1.1× 1012

(
104

1 + z

)5

sec (A.6)

Expansion time scale. It is given by the inverse of the expansion rate, H−1(z):

texp =
H−1

0

(Ωm(1 + z)3 + Ωr(1 + z)4)1/2
' 4.6× 1011

(
104

1 + z

)2

sec (A.7)

The numerical value quoted in eq. (A.7) correspond to radiation-dominated era, using Ωr =
4.3× 10−5.

Finally, we often use the Compton y parameter as the dimensionless time variable. It
is given by:

y(t) =

t∫
ti

dt′ac (A.8)

where ti is the time of energy injection and a−1
c is the characteristic time scale on which the

radiation spectrum reaches a state of quasi-equilibrium under Compton/inverse Compton
scattering alone. A useful expression for numerical computation is:

dy

dz
= −8.66× 10−11 (1 + z)3/2√

5725 + (1 + z)
(A.9)

The time scales discussed above could change substantially when the departure from
the equilibrium state is large. In this paper we study a scenario in which the injected number
of photons far exceeds the number of CMB photons in equilibrium for xe � 1. This means
the time scales for the evolution of photon occupation number for xe � 1 could depend
on the number of injected photons. If we assume the brightness temperature in a small
frequency range is TB such that TB � Te, it follows from eqs. (3.2) and (3.4) that the relevant
times scales for the evolution of the photon occupation number are ' x3

eη0Te/(C(t)TB) and
' x3

eη0Te/(K0TB) for double Compton and free-free processes, respectively. Similarly, as we
see in section 4, the time scale at which photons lose energy to electron through Compton
scattering is inversely proportional to the amount of injected energy (eq. (4.3)). However,
the times scales of the evolution of electron temperature, determined by eqs. (A.6) and (A.4),
are representative as the total amount of energy injected is small as compared to the total
CMB energy density.
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