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Current constraints on energy injection in the form of energetic particles before the epoch of
recombination using CMB spectral distortions assume that all energy goes into y and μ-type distortions.
We revisit these constraints with exact calculations of the spectral distortions by evolving the
electromagnetic cascades. The actual spectral distortion differs in shape and amplitude from the y-type
distortion and depends on the energy and nature of injected particles. The constraints on the energy
injection processes such as dark matter decay can be relaxed by as much as a factor of 5.
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I. INTRODUCTION

In the standard ΛCDM cosmology, the cosmic micro-
wave background (CMB) has an almost perfect blackbody
spectrum, a consequence of almost complete thermal
equilibrium in the early Universe. Any deviation from
equilibrium in the CMB spectrum is exponentially sup-
pressed at redshifts z≳ 2 × 106 [1–4]. The Planck spec-
trum once created is preserved by the expansion of the
Universe. At redshifts z≲ 2 × 106, it is no longer possible
to restore the equilibrium disturbed by, for example,
injection of energetic standard model particles such as
photons, electrons, and positrons. It therefore becomes
possible to create deviations in the CMB from a Planck
spectrum. By observing these spectral distortions of the
CMB, we can learn about the physical processes which
injected energy into the CMB at z≲ 2 × 106. The high
entropy per baryon in our Universe, quantified by the
photon-to-baryon number density ratio (∼109), means that
the recombination dynamics is controlled by the energetic
photons in the Wien tail of the Planck spectrum with the
recombination starting only when the temperature of the
CMB is more than a factor of 30 smaller than the Lyman-α
energy [5,6]. As a result, the recombining and subsequent
Universe, with most neutral atoms in the ground state, is
optically thin to the bulk of the photons in the CMB since
they are at energies much smaller compared to the energy
of the first excited state of neutral atoms. The CMB spectral
distortions, and the information about the energy injection
processes in the early Universe, are therefore preserved
through recombination and are observable today.
The measurement of the CMBmonopole spectrum in the

1990s by the Far Infrared Absolute Spectrometer (FIRAS)

onboard the Cosmic Background Explorer (COBE) satellite
[7,8] remains the best constraint on the deviation of the
CMB monopole spectrum from a blackbody until today.
The COBE-FIRAS data has been used by numerous
authors to constrain many exotic as well as standard model
energy injection processes in the early Universe (e.g.,
[9–11], see [12] for a review). Almost all calculations until
now have assumed that the injected energy ends up heating
the electrons [1,3,13–17] irrespective of the initial energy
or nature of the injected particles. The Compton scattering
of CMB photons on heated electrons produces y-type
distortions which then thermalize to i-type and μ-type
(Bose-Einstein spectrum) distortions [16]. We will call y, i,
and μ-type distortions collectively as yim-distortions and
the assumption that all energy goes into heat or yim-
distortions as the yim-approximation. The amplitude of the
yim-distortions depends on the amount of energy injected
while the shape depends on the redshift of energy injection,
with departure from the y-type distortion becoming impor-
tant at z≳ 104. The information hidden beyond y and
μ-type distortions, in the i-type distortions, has been
explored previously by [16–19].
We have recently shown that this simple picture of yim-

distortions is incomplete [20]. In particular, when the
energy is injected in the form of standard model particles,
with energy much greater than the average energy of the
CMB photons, not all of the energy goes into the yim-
distortions as is usually assumed. A significant fraction of
energy is lost by the particles as they collide with the
background electrons, ions, and photons and make their
way down in energy toward thermalization with the back-
ground. The Compton scattering of relativistic electrons,
produced in the cascade, with the CMB results in spectral
distortions with distinctly different shape and amplitude
compared to the yim-distortions. We call these distortions
nonthermal relativistic or ntr-type spectral distortions.
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The shape and amplitude of the ntr-type spectral distor-
tions depend on the energy, type, and redshift of injected
particles [20]. In particular, a fraction of the energy goes
into the high frequency Wien tail of the spectral distortions
resulting in decrease in the amplitude of the distortions in
the main observable CMB frequency range compared to the
yim-approximation. We therefore expect significant cor-
rections to the existing constraints on energy injection
scenarios in the early Universe.
A particularly interesting scenario which injects ener-

getic particles is decay of unstable dark matter particles.
The dark matter direct detection experiments, looking for
weakly interacting massive particles (WIMPs) have so far
not yielded any detection and the allowed parameter space
for WIMPs is gradually being ruled out. This has motivated
physicists to look beyond the simplest thermal WIMP
models. One way around the direct detection constraints is
super-WIMPs (SWIMP), where instead of producing the
usual lightest stable particle in the theory in a beyond
standard model theory like supersymmetry or Kaluza-Klein
models, the thermally produced WIMP is the next-to-
lightest particle which then decays to the lightest stable
particle of the theory with the right abundance needed for
dark matter [10,21]. For a review of dark matter models, see
[22]. We can escape the direct detection constraints if the
lightest particle, which would be the dark matter today, has
much weaker interactions with the standard model par-
ticles, i.e., is a SWIMP. We could in general have additional
unstable particles which were produced in the early
Universe, with lifetime of a few years to hundreds of
thousands of years, which would decay not into SWIMPs +
standard model particles but completely into standard
model particles. More generally, we would like to constrain
the energy injection in the form of different standard model
particles over the entire history of the Universe and look for
deviations from standard cosmology as a probe of beyond
standard model physics. Another interesting example of
energy injection in the form of energetic photons and other
particles is from evaporating primordial black holes [23] or
from accreting primordial black holes [24–26]. We note
that there are examples of long lived composite particles in
the standard cosmology. During the big bang nucleosyn-
thesis, tritium (3H) and beryllium (7Be) are produced which
decay to stable isotopes of helium (3He) and lithium (7Li)
at redshifts of z7Be ¼ 3 × 104 and z3H ¼ 2.5 × 105 respec-
tively injecting energy into the CMB [27]. Unfortunately
the abundance of these elements in our Universe is too low
for the resulting spectral distortions to be observable.
We use Planck [28] ΛCDM cosmological parameters for

all calculations and parameterize the injected energy, ρX, as
a fraction of CDM dark matter density, fX ¼ ρX=ρCDM,
where ρCDM is the ΛCDM (nondecaying) dark matter
density. When we consider only yim-distortions, fX and
lifetime τX or the corresponding redshift zX are the only
parameters that need to be considered. With the explicit

evolution of electromagnetic cascades, the spectral distor-
tions and constraints in addition become sensitive to the
dark matter mass, mX, as well as the decay channel or the
initial spectrum of photons, electrons and positrons injected
in the decay.

II. ELECTROMAGNETIC CASCADES IN THE
EXPANDING UNIVERSE

In this work, we explicitly follow the electromagnetic
cascade to calculate the ntr part of the distortion while
keeping track of energy that is lost to heat to calculate the
yim-type contribution to the total CMB spectral distortion
resulting from the injection of energetic particles. When
using COBE-FIRAS data, previous authors have approxi-
mated the full distortion with a y-type or μ-type distortion
[9–11]. We note that even in the all energy going to heat
approximation there is a small difference between the
y- and μ-distortion from the actual yim-distortion for 104 ≲
z≲ 2 × 105 [16]. We evolve even the heat contribution to
the spectral distortions with Kompaneets equation [29]
getting correctly the intermediate or i-type part of the
distortion and use the actual yim and ntr-distortions for our
COBE constraints.
At high redshifts(z≳ 2 × 105), the Compton scattering

process is very efficient and any initial distortion, including
the ntr-type, thermalizes to a Bose-Einstein spectrum or
μ-distortion irrespective of energy and type of injected
particles [16]. At z≲ 2 × 105, kinetic equilibrium is no
longer possible and we must follow the full particle cascade
to correctly calculate the final distortion.
We divide the energy range of interest into energy bins

for each particle (e.g., photons, electrons, and positrons).
The problem of electromagnetic cascade is then cast as a
system of ordinary differential equations describing the
flow of particles between different energy bins. This system
can then be solved using the inductive approach [30–32].
Staring with an initial high energy particle, the electro-
magnetic cascade proceeds by sharing the total energy with
more and more background particles, quickly multiplying
the number of energetic particles (i.e., with energy much
greater than the background electrons and photons). Since,
the energy cascade is one-way (i.e., higher to low energy),
solution for a given energy bin only depends on the cascade
solution for the lower energy bins. Therefore, starting with
the lowest energy bins, we can solve for populations of
higher and higher energy bins in the cascade. Details of our
numerical codes implementing the above method are
described in detail in [20].
The inductive approach is an exact solution to the

evolution equations under the assumption that a particle
in a particular energy bin can only scatter to a lower energy
bin. This is true as long as the thermal energies of CMB
photons and background electrons can be neglected at
desired numerical accuracy. Once this is no longer valid,
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which happens when the particles have become nonrela-
tivistic, we evolve the full Kompaneets equation which
takes into account thermal distribution of background
particles and scattering of particles into higher energy
bins. Our approximations are therefore driven by desired
numerical accuracy and not by ad hoc assumptions about
the physics. In this sense our calculations are exact.
Previous constraints were based on yim-distortions which
are the solutions of Kompaneets equation valid only in the
nonrelativistic limit. Therefore, the previous constraints
are inaccurate since they use nonrelativistic solutions even
when the injected particles are relativistic. We should
emphasize that we use Kompaneets equation only when
the energies of photons and electrons are much smaller than
the electron mass and the conditions for the validity of
Kompaneets equation are satisfied.
In an ionized universe, the most important scattering

process for low energy electronsð≲keVÞ is Coulomb
scattering and results in thermalization of the electron with
most of its energy going to heat or yim-type distortions.
The dominant energy loss mechanism for a relativistic
electron or positron is elastic scattering (inverse Compton)
with the CMB. Once a positron becomes nonrelativistic it
annihilates with a background electron to give two 511 keV
photons. The injection of a positron is therefore, to a very
good approximation, equivalent to an electron with same
initial kinetic energy and two 511 keV photons. Since, the
energy loss rates for electrons and positrons are extremely
rapid compared to Hubble scale, they deposit their energy
instantaneously [20,30].
For photons, the relevant scattering processes are

Compton scattering, pair production, and photon-photon
elastic scattering. For most of the relevant energy range,
the energy loss rate for photons is comparable to the
Hubble rate. Therefore, we evolve the photon spectrum
with background expansion taken into account. The most
important process which determines the shape of the
spectral distortion is elastic or Compton scattering of
photons and electrons. Energetic photons produce energetic
electrons and energetic electrons produce energetic photons
by Compton scattering. The cycle repeats until the elec-
trons start losing energy by Coulomb scattering to heat or
loss of energy by photons in Compton scattering (∝ν=me,
where ν is the photon frequency and me is the electron
mass) becomes inefficient, i.e., the spectral distortion is
frozen. Initial ∼10 keV electrons will just produce a
spectral distortion with significant high energy Wien tail
(x ¼ hν=ðkBTÞ≳ 20), where h is Planck’s constant and kB
is the Boltzmann constant, and T is CMB temperature)
compared to yim-distortions. As we increase the energy of
initial particles, they lose energy in smaller number of
scatterings, giving a smaller amplitude in the CMB band
and more photons at higher and higher energies in the Wein
tail. The highest energy photons in the distortion will
however lose their energy to background electrons which

will upscatter CMB and increase the amplitude of the
distortion in the main CMB band. Thus the energy from the
highest energy photons in the CMB spectral distortion
cycles back to the main CMB band (x≲ 20). The amplitude
of the distortions in the main CMB band therefore oscillates
as we increase energy of injected particles or the dark
matter mass. In addition, due to the cyclical production of
energetic electrons and photons, for very high energy
(≳10 GeV) electron injection and photon injection become
indistinguishable [20,30].

III. SPECTRAL DISTORTIONS FROM DARK
MATTER DECAY INTO PHOTONS AND

ELECTRON-POSITRON PAIRS

We can write the energy density (E) injection rate for
particle decay as

dE
dt

¼ fXρDM
τX

expð−t=τXÞ ð3:1Þ

where τX is the particle decay lifetime and zX is the redshift
at proper time t ¼ τX, ρDMðzÞ ¼ ð1þ zÞ3ρDMðz ¼ 0Þ is the
nondecaying dark matter energy density at redshift z and
fX is ratio of the initial energy density of decaying dark
matter to that of the nondecaying component.
We plot the energy density deposited as heat for 20 GeV

dark matter decaying into 10 GeV electron-positron pairs
per logarithmic redshift interval as a fraction of the CMB
energy density (ργ) with full evolution of particle cascades
in Fig. 1 and compare it with the “yim-approximation,”
i.e., instantaneous deposition of all energy as heat for
fX ¼ 0.0003. There is a clear time delay between energy
injection and deposition as heat in the exact calculation
and there is a bias in the temporal information also in the
yim-approximation.

10-6

10-5

10-4

104 105

 red-instant energy deposition as heat
black- heat deposition with exact calculation

zx
=2

×1
0

4

zx
=4

×1
0

4

zx
=6

×1
0

4-(
(1

+
z)

/ρ
γ)

dE
/d

z

redshift (z)

FIG. 1. Ratio of energy density deposited as heat with respect to
CMB energy density for varying zX and fX ¼ 0.0003 for 20 GeV
dark matter decay into monochromatic electron-positron pairs.
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In Fig. 2, we plot the spectral distortions for dark matter
decaying to two monochromatic photons and compare our
exact calculations with the spectral distortion in the yim-
approximation, the latter being insensitive to the mass of
dark matter. In our new calculation we find that the
amplitude of the distortion is very sensitive to the mass
of the dark matter, especially at low redshifts. The differ-
ence in shape is most evident in the high frequency tail of
the spectral distortion. As we increase the redshift, the
sensitivity to the initial dark matter mass decreases and the
spectral distortion becomes closer to the yim-approximation,
the two becoming indistinguishable and close to a Bose-
Einstein spectrum (μ-distortion) at zX ≳ 2 × 105.
To see the difference between our new calculations and

the yim-distortions, we fit the yim-distortions to our
solutions for a PIXIE like experiment [33]. We fit the
sum of y-type, μ-type, i-type at redshift 20000, and a
temperature shift (see Appendix C of [20]) with the
amplitude of the four spectra as free parameters. For the
fit we sample the distortions at equally spaced PIXIE
channels from 30 GHz to 600 GHz with 15 GHz spacing
between the channels. The results of such a fit are shown in
Fig. 3 for some of the decay channels shown in Fig. 2 for

decaying dark matter with decay redshift zX ¼ 2 × 104. We
also show the residuals which are the difference between
our calculation and the best fit yim-distortions. The
residuals are especially large at high frequencies as can
be already seen in Fig. 2. The presence of high frequency
channels and efficient removal of high frequency fore-
grounds will therefore be important for detecting the
nonthermal distortions in the future experiments.
As long as we do not have a detection but only upper

limits, we can get conservative limits by considering only
one type of distortion at a time. This is for example also
done by the COBE-FIRAS [8] team when they give limits
on y and μ-type distortions separately. However, once we
have a positive detection of distortion there will be
degeneracy between postrecombination and prerecombi-
nation distortions. The only way such a degeneracy can be
broken is if we can detect the nonthermal part of the
prerecombination distortions. This approach will however
not work for the yim-distortions, e.g., from Silk damping
[34,35]. Another way would be using 21 cm observations
to learn about the reionization epoch and subtract the
reionization contribution. Prerecombination distortions
would also modify the cosmological recombination
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FIG. 2. Spectral distortions for dark matter decay into monochromatic photons for different mX and zX and constant fX ¼ 0.0003.
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spectrum and can in principle be used to constrain
prerecombinational energy injection [36].
We use COBE-FIRAS data [8], publicly available on the

NASA LAMBDAwebsite,1 to constrain the fraction of dark
matter that can decay as a function of decay redshift zX. We
use the same procedure that was used by [8] for the μ-type
distortion and simultaneously fit the spectral distortion
from decay, a temperature shift and the galactic spectrum
given in Table 4 of [8] to the COBE-FIRAS monopole
residuals. We do not find any positive detection and plot
95% upper limits for fX in Fig. 4 for dark matter decaying
to monochromatic photons and electron-positron pairs.
We also show constraints in the yim-approximation.
If we assume that all energy goes into the spectral

distortion with fixed shape, e.g., a μ-type distortion, then
the amplitude of the distortion will just be proportional to
fXρDM=ργ ∝ fX=ð1þ zXÞ. At higher redshifts the decay of
same amount of dark matter will give a smaller distortion
because the energy density of CMB is higher by a factor of
ð1þ zXÞ. For a given sensitivity of the experiment, the
constraints on fX become weaker with redshift, ∝ð1þ zXÞ,
with some correction because the decay does not happen
instantaneously. This is what we see in the curve labeled

yim-approximation. Since we take into account that the
distortion at z≲ 2 × 105 is not exactly μ but i-type and
becomes y-type at z ∼ 104, there is a small departure from
this linear relation. For our exact calculation, explicitly
evolving the electromagnetic cascade, there is dramatic
departure from the yim-approximation, with the difference
of a factor of 4.7 for electron-positron channel for
mX ≈ 4 MeV and a factor of 4.1 for the photon channel
for mX ≈ 3 MeV at zX ≈ 5000 or dark matter lifetime
τX ¼ 8 × 1011 s. As we go to higher redshifts, the con-
straints become closer to the yim-approximation as
Compton scattering become more efficient in reprocessing
the energy trying to establish a Bose-Einstein spectrum.
The constraints in particular are very sensitive to the mass
of the decaying particle.
We show our new constraints from full evolution of

electromagnetic cascades in themX − zX; τX plane in Fig. 5
for decay to photons and electron-positron pairs. The color
scale represents the 95% upper limits on fX from COBE-
FIRAS data. In the yim-approximation there will be no
sensitivity to mX and the isocontours of fX would all be
vertical lines. This is what we see at high redshifts, where
yim-approximation holds. At lower redshifts the spectral
distortions and hence the constraints become sensitive
to mX. The cyclic nature of electromagnetic cascades, as
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FIG. 3. Best thermal distortion fit to actual distortion spectral and corresponding residual for decaying dark matter of lifetime
zX ¼ 20000.

1https://lambda.gsfc.nasa.gov/product/cobe/firas_products.cfm
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discussed above, is reflected in oscillation in the isocon-
tours in the mX direction. At z ≈ 2 × 106 the photon
creation processes, double Compton scattering and brems-
strahlung, become important suppressing the spectral dis-
tortions [1,2] and weakening the constraints. We have taken
this suppression into account using the blackbody visibility
function from [4].
We should also mention that there are existing con-

straints from big bang nucleosynthesis (BBN) with explicit
evolution of electromagnetic cascades [37–41] for
decaying dark matter with the same lifetimes as are
considered in this paper. We refer the reader to Fig. 9
of [41] for a comparison of constraints obtained from
spectral distortions and BBN. For photon injections with
energy close to photo-dissociation threshold of deuterium
(≲10 MeV), the constraints from spectral distortions
are stronger compared to BBN. This is because these
photons immediately scatter with the background electrons
dividing their energy into lower energy photons below the
deuterium dissociation threshold of 2.2 MeV and are
therefore unable to dissociate deuterium nuclei. As we

increase the energy of the injected photons, more and more
photons will be able to dissociate deuterium and, for high
enough energy, helium nuclei. Hence constraints from
BBN are stronger for photon injection with energies
≳10 MeV. For electron-positron pair injection in the
energy range 10 MeV-100 MeV, the low energy photons
produced by inverse Compton scattering are below the
deuterium dissociation threshold, though there are some
high energy photons produced by the final state radiation.
For higher energies, we expect the constraints from e−eþ
to be stronger than spectral distortion constraints and
follow similar patterns as for the photon injection (e.g.,
see Fig. 13 of [38]). Since, with our detailed calculations,
constraints from spectral distortions are relaxed, for most
of the energy range, constraints from BBN are still stronger
compared to spectral distortion with present data. Future
experiments will improve the spectral distortion con-
straints by many orders of magnitude and accurate calcu-
lations such as ours are essential to make the science case
and to arrive at the minimum improvement in sensitivity
that will be necessary to beat the BBN constraints.
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IV. CONCLUSIONS

We have derived new upper limits on dark matter decay
in the early Universe from COBE-FIRAS measurements of
the CMB monopole spectrum. We explicitly evolve the
electromagnetic cascades resulting from dark matter decay
into photons and electron-positron pairs, calculate the
resulting spectral distortions in the CMB band and use
these to constrain the dark matter decay into these two
channels. Previous COBE constraints have assumed that
all energy from decay goes into heat and gives y-type and
μ-type distortions and were therefore blind to the decay
channel. We show that these approximations fail at low
redshifts, zX ≲ 2 × 105 or dark matter lifetimes τX ≳
6 × 108 s. In addition, the spectral distortions, and hence
the constraints, are sensitive to the dark matter mass. Our
results show that the decay channels are important for
spectral distortions, just as they are important for the CMB
recombination history for larger lifetimes [42–45]. This
work motivates a more comprehensive study, in the future,

taking into account different decay channels motivated
by different particle physics models in specific cosmo-
logical scenarios such as in [11]. Future experiment like
Primordial Inflation Explorer (PIXIE) [33] would have a
sensitivity of 3-4 orders of magnitude better than COBE-
FIRAS [46] and may discover distortions from new
physics in the early Universe. Accurate calculations of
spectral distortions by explicitly evolving the electro-
magnetic cascades would be crucial in interpretation of
such a future detection.
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