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appearance the spectrum is very much like spectra of the Milky Way
clouds in Sagittarius and Cygnus, and is also similar to spectra of binary
stars of the W Ursae Majoris type, where the widening and depth of the
lines are affected by the rapid rotation of the stars involved.
The wide shallow absorption lines observed in the spectrum of N. G. C.

7619 have been noticed in the spectra of other extra-galactic nebulae, and
may be due to a dispersion in velocity and a blending of the spectral types
of the many stars which presumably exist in the central parts of these
nebulae. The lack of depth in the absorption lines seems to be more
pronounced among the smaller and fainter nebulae, and in N. G. C. 7619
the absorption is very weak.

It is hoped that velocities of more of these interesting objects will soon
be available.
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Determinations of the motion of the sun with respect to the extra-
galactic nebulae have involved a K term of several hundred kilometers
which appears to be variable. Explanations of this paradox have been
sought in a correlation between apparent radial velocities and distances,
but so far the results have not been convincing. The present paper is a
re-examination of the question, based on only those nebular distances
which are believed to be fairly reliable.

Distances of extra-galactic nebulae depend ultimately upon the appli-
cation of absolute-luminosity criteria to involved stars whose types can
be recognized. These include, among others, Cepheid variables, novae,
and blue stars involved in emission nebulosity. Numerical values depend
upon the zero point of the period-luminosity relation among Cepheids,
the other criteria merely check the order of the distances. This method
is restricted to the few nebulae which are well resolved by existing instru-
ments. A study of these nebulae, together with those in which any stars
at all can be recognized, indicates the probability of an approximately
uniform upper limit to the absolute luminosity of stars, in the late-type
spirals and irregular nebulae at least, of the order of M (photographic) =
-6.3.1 The apparent luminosities of the brightest stars in such nebulae
are thus criteria which, although rough and to be applied with caution,
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cold dark matter could be present in the late universe
[52].

The proposed dark matter decays are modeled using
two free parameters, namely the lifetime ⌧ = 1/� (where
� is the associated decay rate) and the fraction of rest
mass energy of the parent particle transferred to the
massless particle, ✏. In this scenario, the four-momenta of
the three particles involved are given by pµ,0 = (m0,0),
pµ,1 = (✏m0,p1), pµ,2 = ([1 � ✏]m0,p2), and the equa-
tions that govern the cosmological evolution of the mas-
sive parent and the massless daughter particles are:

d⇢0

dt
+ 3

ȧ

a
⇢0 = ��⇢0,

d⇢1

dt
+ 4
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a
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where a is the scale factor and we assume no decays oc-
curred prior to the redshift of recombination zrec ⇡ 1090
[1]. We assign initial conditions of the dark matter den-
sity at recombination, ⇢0(arec) = ⇢crit⌦DMa

�3
rec for any

given set of ⇤CDM values of ⌦DM and H0.
The evolution of the massive daughter particle is more

complex for two reasons. First this particle has a dy-
namic equation of state w2(a). It is possible for it to be
born relativistic at some early time aD < 1 (when the
expansion rate is given by HD), but behave like mat-
ter as the universe evolves. Second, at any time the
collective behavior of these particles needs to be aver-
aged over all particles that were born prior to that in-
terval. This means the redshift evolution of the energy
density of the massive daughter particle depends on the
sum of all contributions of particles born during the in-
terval 1 � a � aD, some of which were born relativistic
and redshifted away by a = 1 and some that are born
at late times but had no time to be redshifted). This
collective behavior can be expressed as (for details, see
Section II in [46])
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Where �2 ⌘ v2/c = ✏/(1 � ✏) and the constant C

is obtained from the initial conditions [46] as C =
⇢crit⌦DM� exp[�t(arec)]

p
1� 2✏.

It is important to emphasize that this approach is dif-
ferent from the models considered in [34, 53] where the
assumption was that dark matter decays only to radia-
tion; thus previously derived constraints and conclusions
do not apply here.

We can understand qualitatively the e↵ects of a de-
cay in this scenario in the following way. For a fixed
dark matter density ⌦DM and lifetime ⌧ , increasing ✏

lowers the value of H(z = 0) at low redshifts as more
non-relativistic energy density is transferred to radiation
whose energy density is diluted at a faster rate as the uni-
verse expands. On the other hand, keeping the value of
✏ constant and decreasing the lifetime of the parent par-
ticle ⌧ shifts the matter-dark energy equality to earlier
times and also decreases the value of H(z = 0) as more
dark matter will decay by the present epoch. Therefore

FIG. 1: Results of the MCMC analysis of the decaying dark
matter scenario with energy fraction ✏ and decay time ⌧ us-
ing the late universe data together with e↵ective data points
between z=3 and 1090. The Hubble parameter h and matter
density ⌦DM represent the values used in the ⇤CDM universe
that sets the initial conditions for the decaying dark matter
model and not the values obtained in the latter (see text for
details).

a combination of ✏ and ⌧ could bring the measured value
of the expansion rate at z = 0 in agreement with the
evolution of H(z) at higher redshifts as measured at re-
combination.
Given the above considerations, we use the Friedmann

equation for a flat geometry

H
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where
X

i

⇢i(a) = ⇢0(a) + ⇢1(a) + ⇢2(a)

+ ⇢r(a) + ⇢⌫(a) + ⇢b(a) + ⇢⇤, (4)

and perform a Monte Carlo Markov Chain (MCMC)
analysis of a decaying dark matter cosmology under the
assumption that no decays have taken place prior to re-
combination (in other words, the universe at recombi-
nation is correctly described by CMB measurements [1],
and ⌧ � 400, 000 years).
We allow four free parameters, ⌧ , ✏, ⌦DM, and h =

H0/(100km/sMpc�1). We assume flat logarithmic pri-
ors for the dark matter decaying parameters in the ranges
�4  log10 ✏ < log10(0.5), �3  log10 ⌧  4, and flat pri-
ors in the ranges 0  ⌦DM  1 and 0.5  h  1 for
the matter density and the hubble parameter. A sample
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cold dark matter could be present in the late universe
[52].

The proposed dark matter decays are modeled using
two free parameters, namely the lifetime ⌧ = 1/� (where
� is the associated decay rate) and the fraction of rest
mass energy of the parent particle transferred to the
massless particle, ✏. In this scenario, the four-momenta of
the three particles involved are given by pµ,0 = (m0,0),
pµ,1 = (✏m0,p1), pµ,2 = ([1 � ✏]m0,p2), and the equa-
tions that govern the cosmological evolution of the mas-
sive parent and the massless daughter particles are:
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sity at recombination, ⇢0(arec) = ⇢crit⌦DMa
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given set of ⇤CDM values of ⌦DM and H0.
The evolution of the massive daughter particle is more

complex for two reasons. First this particle has a dy-
namic equation of state w2(a). It is possible for it to be
born relativistic at some early time aD < 1 (when the
expansion rate is given by HD), but behave like mat-
ter as the universe evolves. Second, at any time the
collective behavior of these particles needs to be aver-
aged over all particles that were born prior to that in-
terval. This means the redshift evolution of the energy
density of the massive daughter particle depends on the
sum of all contributions of particles born during the in-
terval 1 � a � aD, some of which were born relativistic
and redshifted away by a = 1 and some that are born
at late times but had no time to be redshifted). This
collective behavior can be expressed as (for details, see
Section II in [46])
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It is important to emphasize that this approach is dif-
ferent from the models considered in [34, 53] where the
assumption was that dark matter decays only to radia-
tion; thus previously derived constraints and conclusions
do not apply here.

We can understand qualitatively the e↵ects of a de-
cay in this scenario in the following way. For a fixed
dark matter density ⌦DM and lifetime ⌧ , increasing ✏

lowers the value of H(z = 0) at low redshifts as more
non-relativistic energy density is transferred to radiation
whose energy density is diluted at a faster rate as the uni-
verse expands. On the other hand, keeping the value of
✏ constant and decreasing the lifetime of the parent par-
ticle ⌧ shifts the matter-dark energy equality to earlier
times and also decreases the value of H(z = 0) as more
dark matter will decay by the present epoch. Therefore

FIG. 1: Results of the MCMC analysis of the decaying dark
matter scenario with energy fraction ✏ and decay time ⌧ us-
ing the late universe data together with e↵ective data points
between z=3 and 1090. The Hubble parameter h and matter
density ⌦DM represent the values used in the ⇤CDM universe
that sets the initial conditions for the decaying dark matter
model and not the values obtained in the latter (see text for
details).

a combination of ✏ and ⌧ could bring the measured value
of the expansion rate at z = 0 in agreement with the
evolution of H(z) at higher redshifts as measured at re-
combination.
Given the above considerations, we use the Friedmann

equation for a flat geometry

H
2(a) ⌘

✓
ȧ
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assumption that no decays have taken place prior to re-
combination (in other words, the universe at recombi-
nation is correctly described by CMB measurements [1],
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whose energy density is diluted at a faster rate as the uni-
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is well correlated with their observed brightness profiles.
Therefore the only parameter affecting the observed lumi-
nosity flux is their luminosity distance—the main idea
behind the Hubble diagram and the revolutionary discovery
of the accelerated Universe. Luminosity distance is a
function of all known energy budget contributions to the
Universe and their dynamics (including relativistic and
nonrelativistic components). This fact is what motivates the
use of supernovae type Ia as a probe of the possibility of a
decaying dark matter scenario. Of course, as supernovae
type Ia are late-universe standard candles [i.e., located at
z ∼Oð1Þ], it is expected that their constraining power will
be concentrated towards long-living decaying dark matter
particles (of order the age of the Universe).
The paper is structured as follows. Section II derives the

two-body decay while Sec. III looks at the many-body
decay. Section IV details the data against which the models
will be compared and considers some of the other relevant
physics required to calculate the cosmological effects of
decaying dark matter. The results are given in Sec. V
alongside a detailed discussion on where these constraints
fit in the bigger picture.

II. TWO-BODY DECAY

In this section we consider two-particle decay, with a
parent dark matter particle (labeled with a subscript 0) with
mass m 0 moving at rest relative to the expansion of the
Universe, a massless and relativistic daughter particle (with
subscript 1) and a second daughter particle (subscript 2)
with mass m 2. The second particle may or may not be
relativistic at the time of its creation (see Fig. 1).
First, consider the 4-momenta of the particles at the time

of decay,

pμ;0 ¼ ðm 0c2; 0Þ;
pμ;1 ¼ ðϵm 0c2; p1Þ;
pμ;2 ¼ ðð1 − ϵÞm 0c2; p2Þ:

Here ϵ denotes the fraction of the energy of the parent
particle that has been transferred to the massless daughter
particle. Energy and momentum conservation implies

ϵ ¼
~m β2ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β22

p ; ð1Þ

and

ð1 − ϵÞ2 ¼ ~m 2 þ
~m 2β22
1 − β22

ð2Þ

where ~m ¼ m 2=m 0 and β2 ¼ v2=c. Note that throughout
the rest of the derivation we shall use natural units such
that c ¼ 1.

These two expressions give a unique relationship
between ϵ and ~m and ϵ and β2,

ϵ ¼ 1

2
ð1 − ~m 2Þ; ð3Þ

β22 ¼
ϵ2

ð1 − ϵÞ2
: ð4Þ

Note that ϵ ¼ 0 when m 2 ¼ m 0, and the maximum value is
ϵ ¼ 1=2 when ~m ¼ 0. As ϵ approaches the value of 1=2, β2
approaches the value of 1 which corresponds to the second
particle being relativistic with a boost given by

γ2 ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − ϵ2=ð1 − ϵÞ2
p : ð5Þ

Wewill now consider the evolution of the densities of these
three particle species.

A. The parent

The rate of change of the parent particle is straight-
forward. The density decreases over time due to the
expansion of the Universe and due to the decay. If the
decay rate is Γ ¼ 1=τ where τ is the lifetime of the particle,
the time evolution of the parent particle is given by

dρ0
dt

þ 3
_a
a
ρ0 ¼ −Γρ0 ð6Þ

or

ρ0ðaÞ ¼ A
e−ΓtðaÞ

a3
; ð7Þ

whereA is some normalization constant and tðaÞ is the age
of the Universe at a. We choose to normalize the density of
the heavy parent particle at the epoch of recombination
(at a scale factor of a%) using cosmic microwave back-
ground (CMB) data (see Sec. IV). We will further simplify
matters by assuming that no decays occur in the early
Universe before recombination. Under these assumptions
the normalization constant is

FIG. 1. A pictorial of a two-body decay from a massive,
stationary parent particle to a massless, relativistic particle and
a massive, possibly relativistic particle.
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cold dark matter could be present in the late universe
[52].

The proposed dark matter decays are modeled using
two free parameters, namely the lifetime ⌧ = 1/� (where
� is the associated decay rate) and the fraction of rest
mass energy of the parent particle transferred to the
massless particle, ✏. In this scenario, the four-momenta of
the three particles involved are given by pµ,0 = (m0,0),
pµ,1 = (✏m0,p1), pµ,2 = ([1 � ✏]m0,p2), and the equa-
tions that govern the cosmological evolution of the mas-
sive parent and the massless daughter particles are:
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where a is the scale factor and we assume no decays oc-
curred prior to the redshift of recombination zrec ⇡ 1090
[1]. We assign initial conditions of the dark matter den-
sity at recombination, ⇢0(arec) = ⇢crit⌦DMa

�3
rec for any

given set of ⇤CDM values of ⌦DM and H0.
The evolution of the massive daughter particle is more

complex for two reasons. First this particle has a dy-
namic equation of state w2(a). It is possible for it to be
born relativistic at some early time aD < 1 (when the
expansion rate is given by HD), but behave like mat-
ter as the universe evolves. Second, at any time the
collective behavior of these particles needs to be aver-
aged over all particles that were born prior to that in-
terval. This means the redshift evolution of the energy
density of the massive daughter particle depends on the
sum of all contributions of particles born during the in-
terval 1 � a � aD, some of which were born relativistic
and redshifted away by a = 1 and some that are born
at late times but had no time to be redshifted). This
collective behavior can be expressed as (for details, see
Section II in [46])
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is obtained from the initial conditions [46] as C =
⇢crit⌦DM� exp[�t(arec)]
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It is important to emphasize that this approach is dif-
ferent from the models considered in [34, 53] where the
assumption was that dark matter decays only to radia-
tion; thus previously derived constraints and conclusions
do not apply here.

We can understand qualitatively the e↵ects of a de-
cay in this scenario in the following way. For a fixed
dark matter density ⌦DM and lifetime ⌧ , increasing ✏

lowers the value of H(z = 0) at low redshifts as more
non-relativistic energy density is transferred to radiation
whose energy density is diluted at a faster rate as the uni-
verse expands. On the other hand, keeping the value of
✏ constant and decreasing the lifetime of the parent par-
ticle ⌧ shifts the matter-dark energy equality to earlier
times and also decreases the value of H(z = 0) as more
dark matter will decay by the present epoch. Therefore

FIG. 1: Results of the MCMC analysis of the decaying dark
matter scenario with energy fraction ✏ and decay time ⌧ us-
ing the late universe data together with e↵ective data points
between z=3 and 1090. The Hubble parameter h and matter
density ⌦DM represent the values used in the ⇤CDM universe
that sets the initial conditions for the decaying dark matter
model and not the values obtained in the latter (see text for
details).

a combination of ✏ and ⌧ could bring the measured value
of the expansion rate at z = 0 in agreement with the
evolution of H(z) at higher redshifts as measured at re-
combination.
Given the above considerations, we use the Friedmann

equation for a flat geometry
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and perform a Monte Carlo Markov Chain (MCMC)
analysis of a decaying dark matter cosmology under the
assumption that no decays have taken place prior to re-
combination (in other words, the universe at recombi-
nation is correctly described by CMB measurements [1],
and ⌧ � 400, 000 years).
We allow four free parameters, ⌧ , ✏, ⌦DM, and h =

H0/(100km/sMpc�1). We assume flat logarithmic pri-
ors for the dark matter decaying parameters in the ranges
�4  log10 ✏ < log10(0.5), �3  log10 ⌧  4, and flat pri-
ors in the ranges 0  ⌦DM  1 and 0.5  h  1 for
the matter density and the hubble parameter. A sample
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ors for the dark matter decaying parameters in the ranges
�4  log10 ✏ < log10(0.5), �3  log10 ⌧  4, and flat pri-
ors in the ranges 0  ⌦DM  1 and 0.5  h  1 for
the matter density and the hubble parameter. A sample
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I. INTRODUCTION

The origin of the gamma-ray excess in the multi-GeV
range, in observations of the galactic center by the Fermi-
LAT [1, 3, 7, 10, 12? , 13] is still a topic of debate. While
astrophysical sources could explain the signal, with mil-
lisecond pulsars being the favored candidate [5, 14, 15], is
still not clear whether the required numbers of millisec-
ond pulsars is consistent with theoretical and empirical
models [8]. Another possibility, is that the signal is the
signature of dark matter annihilating into charged par-
ticles which then lead to gamma rays. As of today, it
is still not possible to distinguish between the di↵erent
scenarios [4, 11].

In order to resolve the tension between the models
of dark matter that could fit the galactic center excess
and constraints coming from observations of the dwarf
spheroidal galaxies [2], Choquette et al [9] proposed the
p-wave annihilating Dark matter model. They take ad-
vantage of the higher velocity dispersion in the galactic
center compared to that in dwarf galaxies to assume a
velocity depended annihilation cross section for the dark
matter particle � which would lead to a suppression of
the annihilation rates in the dwarf galaxies. This as-
sumption leads to a problem though. A cross section of
h�vi ⇡ 3⇥ 1026cm3

/s is required to explain the galactic
excess today, but in the early universe it would have been
orders of magnitude larger which immediately rules out
the scenarios of a thermal origin for the relic density of
dark matter. They address this problem by introducing a
metastable predecessor dark matter particle  with ther-
mal origin, the decays of which give rise to the current
generation of p-wave annihilating dark matter �.

Among the decay scenarios they considered, they stud-
ied the case of a decay that includes a photon  ! ��

with an e↵ective interaction term analog of weak inter-
actions in the dark sector
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which leads to the annihilation rate
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where ⇤� is the heavy scale and �m = m �m�.
The same kind of interactions of a parent particle de-

caying into a massless and a massive daughter particles
was studied in Gordon et al [6]. The evolution of the mas-
sive particle’s equation of state was derived which allowed
for the complete description of the dynamical evolution
of the decaying dark matter model with two free param-
eters namely the lifetime ⌧ and the fraction of energy of
the parent particle transferred to the massless particle ✏.
Under the assumption that there are no decays before the
epoch of recombination at a scale factor of a? the energy
density of the the parent particle  is given by

⇢ (a) = Ae
���t(a)

a3
(3)

with the normalization constant A = ⇢c⌦cdme
��t(a?) be-

ing a function of the present value of the critical density
⇢c and the matter density ⌦cdm. The energy density of
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an integral equation that needs to be solved iteratively.
The velocity of the � particle is given by �2
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Then using the cosmological information encoded in
the observed brightness of supernovae of type Ia (SNIa),
it was possible to constraint the two free parameters
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Dynamical equation of state

One convenient way of expressing the cosmological
evolution of the massive daughter particle is the equation of
state,

w2ðaÞ ¼
1

3
hv2ðaÞ2i: ð19Þ

This useful quantity can be derived from some basic
thermodynamic assumptions and the results of the previous
section.
The velocity of a massive daughter particle, whose

parent decayed at aD , has velocity v at epoch a given by
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The averaged (over all particles) velocity is derived
by integrating over all particles that were created at or
before a,
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We can use Eq. (13), and by expressing the integral over
time as an integral over the scale factor in the first term
we get
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This expression must also be solved iteratively as H D is a
function of ρ2ðaÞ and its evolution with a [thus w2ðaÞ].
Figure 2 shows the evolution of the equation of state of the
massive daughter as a function of scale factor for various
values of ϵ and τ. For the highly relativistic case where ϵ
approaches the value of 1=2 the massive daughter behaves
at early times in a fashion similar to radiation (i.e., with a
value of w2 ≈ 1=3). At later times (depending on the decay
time scale) the value of w2 decreases, thus the massive
daughter behaves in a nonrelativistic manner, with an
equation of state that approaches w2 ≈ 0 as expected.
Note that Eq. (22) and Fig. 2 serve as a sanity check on

the validity of the calculation presented here; however,
in practice it is easier to implement (18) rather than (22)
(as we discuss in the next section).

III. MANY-BODY DECAY

In this section we discuss the relevant physics of many-
body decay in which the daughter products consist of many
relativistic particles and a single massive particle (see
Fig. 3). By loosening the constraint on the number of
relativistic particles we lose the ability to determine the
velocity of the heavy daughter. For this reason we assume
the particle to be stationary. Nonzero values of velocity
could have been assumed (as e.g., in [17]) but this is
necessarily arbitrary.
Parts of the derivation for the two-particle decay are

identical to the many-body case. For simplicity the parent
will still be referred to with subscript 0, the massless
daughter particles, even though there are many of them,
with subscript 1, and the heavy daughter with subscript 2.
Equation (7) for the parent particle density is the same as is
the formula for the relativistic particles in Eq. (12).
Note however that this density refers to many relativistic
particles created in each decay.
Note also that in the many-body decay ϵ has a slightly

different form. In the two-body decay ϵ was defined as the
fraction of the energy of the parent particle that was
transferred to the massless particle and a formula was
derived in terms of m 0 and m 2. We maintain this definition
but in the case where there are many massless, relativistic
particles and a single, stationary, massive particle formula
is more simply derived as being

FIG. 2 (color online). The evolution of the equation of state of
the massive daughter particle in two-body decays [Eq. (22)]. As
the value of ϵ approaches ϵ → 1=2 the value of w2 tends toward
w2 → 1=3. Increasing the lifetime prolongs the period of time
during which w2 has an elevated value. Note that the current
age of the Universe corresponds to the solid green curve with
log10ðτ=GyrÞ ¼ 10.14.

FIG. 3. A pictorial of a many-body decay from a massive,
stationary parent particle to many massless, relativistic particles
and a massive, stationary daughter particle.
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the scenarios of a thermal origin for the relic density of
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mal origin, the decays of which give rise to the current
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Then using the cosmological information encoded in
the observed brightness of supernovae of type Ia (SNIa),
it was possible to constraint the two free parameters
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cold dark matter could be present in the late universe
[52].

The proposed dark matter decays are modeled using
two free parameters, namely the lifetime ⌧ = 1/� (where
� is the associated decay rate) and the fraction of rest
mass energy of the parent particle transferred to the
massless particle, ✏. In this scenario, the four-momenta of
the three particles involved are given by pµ,0 = (m0,0),
pµ,1 = (✏m0,p1), pµ,2 = ([1 � ✏]m0,p2), and the equa-
tions that govern the cosmological evolution of the mas-
sive parent and the massless daughter particles are:

d⇢0

dt
+ 3

ȧ

a
⇢0 = ��⇢0,

d⇢1

dt
+ 4

ȧ

a
⇢1 = ✏�⇢0, (1)

where a is the scale factor and we assume no decays oc-
curred prior to the redshift of recombination zrec ⇡ 1090
[1]. We assign initial conditions of the dark matter den-
sity at recombination, ⇢0(arec) = ⇢crit⌦DMa

�3
rec for any

given set of ⇤CDM values of ⌦DM and H0.
The evolution of the massive daughter particle is more

complex for two reasons. First this particle has a dy-
namic equation of state w2(a). It is possible for it to be
born relativistic at some early time aD < 1 (when the
expansion rate is given by HD), but behave like mat-
ter as the universe evolves. Second, at any time the
collective behavior of these particles needs to be aver-
aged over all particles that were born prior to that in-
terval. This means the redshift evolution of the energy
density of the massive daughter particle depends on the
sum of all contributions of particles born during the in-
terval 1 � a � aD, some of which were born relativistic
and redshifted away by a = 1 and some that are born
at late times but had no time to be redshifted). This
collective behavior can be expressed as (for details, see
Section II in [46])
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Where �2 ⌘ v2/c = ✏/(1 � ✏) and the constant C

is obtained from the initial conditions [46] as C =
⇢crit⌦DM� exp[�t(arec)]

p
1� 2✏.

It is important to emphasize that this approach is dif-
ferent from the models considered in [34, 53] where the
assumption was that dark matter decays only to radia-
tion; thus previously derived constraints and conclusions
do not apply here.

We can understand qualitatively the e↵ects of a de-
cay in this scenario in the following way. For a fixed
dark matter density ⌦DM and lifetime ⌧ , increasing ✏

lowers the value of H(z = 0) at low redshifts as more
non-relativistic energy density is transferred to radiation
whose energy density is diluted at a faster rate as the uni-
verse expands. On the other hand, keeping the value of
✏ constant and decreasing the lifetime of the parent par-
ticle ⌧ shifts the matter-dark energy equality to earlier
times and also decreases the value of H(z = 0) as more
dark matter will decay by the present epoch. Therefore

FIG. 1: Results of the MCMC analysis of the decaying dark
matter scenario with energy fraction ✏ and decay time ⌧ us-
ing the late universe data together with e↵ective data points
between z=3 and 1090. The Hubble parameter h and matter
density ⌦DM represent the values used in the ⇤CDM universe
that sets the initial conditions for the decaying dark matter
model and not the values obtained in the latter (see text for
details).

a combination of ✏ and ⌧ could bring the measured value
of the expansion rate at z = 0 in agreement with the
evolution of H(z) at higher redshifts as measured at re-
combination.
Given the above considerations, we use the Friedmann

equation for a flat geometry
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⇢i(a) = ⇢0(a) + ⇢1(a) + ⇢2(a)

+ ⇢r(a) + ⇢⌫(a) + ⇢b(a) + ⇢⇤, (4)

and perform a Monte Carlo Markov Chain (MCMC)
analysis of a decaying dark matter cosmology under the
assumption that no decays have taken place prior to re-
combination (in other words, the universe at recombi-
nation is correctly described by CMB measurements [1],
and ⌧ � 400, 000 years).
We allow four free parameters, ⌧ , ✏, ⌦DM, and h =

H0/(100km/sMpc�1). We assume flat logarithmic pri-
ors for the dark matter decaying parameters in the ranges
�4  log10 ✏ < log10(0.5), �3  log10 ⌧  4, and flat pri-
ors in the ranges 0  ⌦DM  1 and 0.5  h  1 for
the matter density and the hubble parameter. A sample
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matter scenario with energy fraction ✏ and decay time ⌧ us-
ing the late universe data together with e↵ective data points
between z=3 and 1090. The Hubble parameter h and matter
density ⌦DM represent the values used in the ⇤CDM universe
that sets the initial conditions for the decaying dark matter
model and not the values obtained in the latter (see text for
details).
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Observation 1: 

Increasing h requires the universe to expand faster at late 
times which means matter-dark energy equality must occur 
earlier — thus lowered value of matter density.
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Observation 2: 

Lowering lifetime requires less matter density for same 
reason (need to move matter-dark energy equality earlier).
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Observation 3: 

Not enough data — LCDM dominant as there is only one data 
point at late times. 
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We sample these:

log10 ✏ = �0.78+0.14
�2.10

log10(⌧/Gyr) = 1.55+0.63
�0.25

⌦DM = 0.24+0.03
�0.03

h = 0.70+0.04
�0.03

68% confidence intervals
We obtain these:

We sample these:

However this is the derived value while this is the sampled value
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⌦DM = 0.24+0.03
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h = 0.70+0.04
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68% confidence intervals
We obtain these:

Part of this allowed values of the lifetime parameter 
space is ruled out by the SDSS Ly-alpha power 
spectrum (see Wang et al., PRD 85, 043514 (2012) & 
PRD 88, 123515 (2013))

However the preferred value of the lifetime may not 
correspond to the largest change in the value of H
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DESI 

4

FIG. 3: Left: The evolution of the equation of state w2 of the massive daughter particle as a function of redshift. The shaded
area represents the 68 percentile region. Right: Ratio of the di↵erence for the linear growth factor between the decaying dark
matter scenario proposed here and ⇤CDM. Future surveys such as the Dark Energy Spectroscopic Instrument (DESI) [54] will
be able to test the proposed decaying dark matter model. At lower redshifts DESI will constrain the growth factor with the
Bright Galaxy Survey (BGS), around z ⇡ 1 , with the Main Survey (MS) and at higher redshifts with the Lyman ↵ survey
(Ly-↵) [54].

TABLE I: 68% Confidence Limits
log10 ✏ log10(⌧/Gyr]) ⌦DM h

�0.78+0.14
�2.10 1.55+0.63

�0.25 0.24+0.03
�0.03 0.70+0.04

�0.03

[64, 65] (see however the di�culties in understanding the
systematics relevant to damped Lyman�↵ systems [66]).
However, the analysis presented here is not simply an es-
timate of the lifetime of the dark matter parent particle,
but a combination of the four free parameters that can
alleviate the H0 tension – in other words the preferred
value of the lifetime of the particle may not correspond
to the largest change in the value of H0.

The allowed parameter space encompasses dark mat-
ter decays that can alleviate some of the small scales
problems that exist in the context of galaxy formation
[67], as well as the amplitude of linear fluctuations [68].
For example, a dark matter particle with a long lifetime
(⇠ 150 Gyrs), and a value of ✏ ⇠ 10�2 provides a boost
of �2 = [1 � ✏

2
/(1 � ✏)2]�1/2

⇡ 1.00005, a characteristic
velocity dispersion of order O(103)km/s and a fraction of
dark matter that has already decayed of few percent.

Dark matter decays will also a↵ect the growth of struc-
ture. We can quantify the e↵ects of decays on structure
by calculating the linear growth factor D(z) as the grow-
ing mode solution to the di↵erential equation that gov-
erns the linear evolution of matter perturbations,

d
2
D

da2
+

✓
d lnH

da
+

3

a

◆
dD

da
�

4⇡G⇢m
a2

= 0, (5)

where ⇢m = ⇢0 + ⇢2 + ⇢b and D is normalized to unity
today. Here, we assume that the massive daughter con-
tributes to the matter content of the universe; in reality
(as we show above) this is not entirely correct as the

particle is warm, and therefore the derived result is a
conservative upper bound to the e↵ect. The right panel
in figure 3 shows the deviation of the linear growth fac-
tor from the standard ⇤ cosmology. Future surveys, such
as DESI [54] will be able to test the predictions of this
decaying dark matter scenario (see also [69]).
Finally, we can put the derived constraints on ⌧ and

✏ in the context of particle physics models that include
Super WIMPs or exited dark fermions that can decay
to a lighter fermion and a photon via a magnetic dipole
transition [50, 51]. In general, the rate will be given
by � ⇠ �m

3
/⇤2 where ⇤ is some high scale. The mass

di↵erence can be obtained from the kinematics of this
two-point decay and is given by �m = 1 �

p
(1� 2✏) in

units of the parent particle. Therefore a lower limit of
✏ ⇡ 0.17 and a lifetime of the parent particle of ⌧ ⇡ 20Gyr
implies that for a GeV scale particle �m ⇡ 180MeV with
⇤ ⇡ 1016GeV.
In summary, we have shown that dark matter decays

of the form of  ! � + �
0 potentially can relieve the

H0 tension between the value obtained by the local
measurements using the distance ladder and the value
obtained by observations of the CMB. Further analysis
of the related e↵ects on large scale structure formation
and the CMB power spectrum is required to confirm to
extent at which decays can solve the H0 problem.
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