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ABSTRACT

We propose a new class of metastable dark energy (DE) phenomenological models in
which the DE decay rate does not depend on external parameters such as the scale
factor or the curvature of the Universe. Instead, the DE decay rate is assumed to
be a constant depending only on intrinsic properties of DE and the type of a decay
channel, similar to case of the radioactive decay of unstable particles and nuclei. As
a consequence, the DE energy density becomes a function of the proper time elapsed
since its formation, presumably in the very early Universe. Such a natural type of
DE decay can profoundly affect the expansion history of the Universe and its age.
Metastable DE can decay in three distinct ways: (i) exponentially, (ii) into dark matter,
(iii) into dark radiation. Testing metastable DE models with observational data we
find that the decay half-life must be many times larger than the age of the Universe.
Models in which dark energy decays into dark matter lead to lower values of the Hubble
parameter at large redshifts relative to ACDM. Consequently these models provide a
better fit to cosmological BAO data (especially data from from high redshift quasars)
than concordance (ACDM) cosmology.
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1 INTRODUCTION natures; see (Amendola 2000; Guo et al. 2007; Boehmer et al.

. . . 2008; Valiviita et al. 2008; He & Wang 2008; Micheletti et al.
One of the main goals of physical cosmology s to understand 2009; He et al. 2011; Pavan et al. 2012; Faraoni et al. 2014;
the nature of the constituents of our Universe. Of these per- Salve;telli et al. 201’4' Ferreira et al. 5017) and references’
haps the most enigmatic are dark matter and dark energy therein. ’

(DE) which, together, constitute nearly 96% of the total den-
sity of the Universe (Sahni & Starobinsky 2000; Sahni 2004).
While many theoretical models have been advanced to ex-
plain the nature of the dark Universe, what has firmly been
established is that dark matter clusters and has a pressure-
less equation of state, while dark energy possesses negative
pressure which can cause the Universe to accelerate (Car-
roll 2001; Peebles & Ratra 2003; Padmanabhan 2003; Sahni
2005; Copeland et al. 2006; Sahni & Starobinsky 2006). It
is also widely believed that both dark matter and dark en-
ergy have a non-baryonic origin. The current debate on the
nature of the dark Universe allows for the fact that the two
dark components might interact with each other. The trans-
fer of energy between dark energy and dark matter could
lead to interesting, and possibly unique, observational sig-

Existing observational data do not show any statisti-
cally significant deviation from concordance cosmology in
which DE coincides with an exact cosmological constant A
and is therefore stable and eternal. However, the remark-
able qualitative similarity between the physical properties
of current DE and the primordial DE that drove inflation
in the very early Universe (the latter without a doubt be-
ing metastable) makes it rather natural (though not oblig-
atory) to put forward the hypothesis that the present DE
is metastable and not eternal, too !. Historically, such a hy-
pothesis was first advanced in a very old paper by the Soviet

arXiv

' Here we call DE any driving force for an accelerated expansion
of the Universe, irrespective of its nature. Using the terminology
introduced in (Sahni & Starobinsky 2006), DE can be physical (a
new field of matter) or geometrical (modified gravity), but most
* E-mail: shafieloo@kasi.re.kr generally it is mixed one like in the case of scalar-tensor gravity.
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physicist Matvei Bronstein in 1933 (Bronstein 1933) 2. More
realistic models of DE which differed from an exact A-term
began to appear in the 1980’s and there are plenty of them
by now.

However, in most of these models beginning from (Ozer
& Taha 1986), the DE energy density was assumed to
be determined by physical properties external to DE it-
self, for instance DE could depend upon the scale factor
of the Friedmann-Lemaitre-Robertson-Walker (FLRW) uni-
verse a(t), its expansion rate H(t), scalar curvature R, etc.
3 On the other hand, unstable nuclei and elementary par-
ticles decay exponentially with time with decay rates not
depending on external conditions but defined by their in-
trinsic composition and structure only. This simple and ob-
served manner of decay has attracted somewhat little atten-
tion in studies of the possible decay of DE. In particular,
one can hardly find a lower limit on the (decay channel de-
pendent) DE half-life in handbooks, in contrast for instance,
to the same quantity for the proton. That is why this paper
is devoted to the study of this problem for several models
(channels) of DE decay. Using this nuclear physics analogy,
we shall call all channels of DE decay in which the decay
rate is a constant not depending on space-time metric and
curvature radioactive-like ones. We assume that DE decays
totally (or almost totally) into other dark (i.e. not partic-
ipating in strong, electromagnetic and weak interactions)
constituents, since the decay of DE into visible matter is
strongly restricted by observations. Note that our model of
metastable DE closely resembles the decay of dark matter in
models in which the latter is composed of metastable parti-
cles such as a sterile neutrino. It is well known that a sterile
neutrino can decay through the mixing with virtual ("off
mass shell”) neutrinos and there are even reports that such
a decay may be responsible for the emission line at 3.52
keV in the x-ray spectra of the Andromeda galaxy and the
Perseus galaxy cluster (Boyarsky et al. 2014).

It follows from the assumption that the DE decay rate
is a constant and depends only on its internal composition
(in particular, it does not depend on the DE energy density
opE) that ppg should be a function of the proper time
elapsed since the formation of DE (which we assume occured
in the early Universe). Here it is important to emphasize that
the energy-momentum tensor of both decaying DE and its
decay products should be taken into account in the FLRW
equations for a(t) to avoid inconsistency with the Bianchi
identities 4. Thus, the equation of state w = p/p of the total
mixture of DE and its decay products may not be wyo; = —1
as is the case for A. In fact, wsoy > —1. This allows one to

2 Since this was shortly before the understanding of the structure
of atomic nuclei and the existence of strong interactions, Bron-
stein tried to use the instability of A as a source for the energy of
starlight. Still his estimate of the decay rate, considered simply as
a (unjustified) hypothesis, was A/A ~ 1072* s~!, which is so much
smaller than the inverse of the present age of the Universe that
it cannot be excluded by existing observational data.

3 The A(H) cosmological model (Shapiro & Sola 2002) and its
recent ”decaying vacuum” extensions such as (Lima et al. 2013)
also belong to this class.

4 Tt is interesting that a similar critical remark had been immedi-
ately made to M. Bronstein by L. Landau, and this was mentioned
in the 'Note added’ to the paper (Bronstein 1933)

find a system of reference where this mixture is at rest on
the average, and the time in terms of which the DE half-
life time is measured is the proper time in this system. We
assume that this system is at rest in the FLRW frame, so
this time is the usual cosmic time 7. >
This ’dark mixture’ can be described either totally as
one component, or as a sum of two interacting components.
In the first case, if some time dependence of ppg(f) is as-
sumed (we keep the name and index 'DE’ for this mixture
for simplicity and consider the exponential law in the first
approximation), the pressure ppg is defined from the con-
servation equation as
_PDE +3HppE _ ( r )
PDE

=—_— = 1 - —
PDE 3H

3H (1)

where H = d/a is the Hubble parameter and I' = const is
the decay rate. This is our model I. In the second case, we
may put w; = wpg = —1 in the first approximation, and
the products of its decay are modeled by either dust-like
dark matter with wp = 0 (model II) or by dark radiation
with w3 = 1/3 (Model III). Since the aim of the paper is to
confront three purely phenomenological ways of DE decay
with observational data, we don’t set a goal to construct mi-
crophysical models producing exactly the same behavior of
ppE(t) here. Still in the case of the Model I, a similar behav-
ior naturally occurs in the case of slow rolling quintessence,
i.e. if DE is modeled by a minimally coupled scalar field with
a sufficiently flat potential, and we discuss it in more details
in the Appendix.

In section 2 we discuss these models, while in section 3
we compare their properties against observations and
constrain their free parameters. Our results are presented
in section 4 and conclusions are drawn in section 5.
Broadly speaking our analysis shows that if dark energy
is metastable then its decay ‘half-life’ should exceed the
age of the Universe. We find that the decay of dark energy
into dark matter alleviates much of the tension faced
by concordance cosmology (ACDM) when simultaneously
fitting CMB data and BAO data from high redshift quasars.

In the Appendix, explicit expressions for the Hubble
factor behaviour as a function of redshift are presented in
the limit I' < Hy.

2 FORMALISM

In this paper we consider three models of metastable
dark energy (DE). In Model I, DE decays exponentially and
hence has an evolving effective equation of state (EOS). In
Model II, DE decays into dark matter, while in Model III,
DE decays into dark radiation. We assume that the decay
of DE is due to its intrinsic properties and is not related
to the expansion of the Universe. In particular it could also
occur in flat space-time with H = 0. For simplicity we assume

5 In the presence of isocurvature fluctuations, it is possible that
this system has some velocity with respect to the FLRW one, and
then part of the CMB temperature dipole is primordial. How-
ever, in the absence of extreme fine-tuning, this velocity is non-
relativistic and small, so we may neglect it for our purpose.
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that DE has the equation of state w = —1 at high redshift,
although the methods developed in our paper can easily be
generalised to other DE models.

2.1 Model I : Exponentially decaying DE

We assume a ‘radioactive decay’ scheme for the time-
evolution of dark energy. In other words, the present value
of the DE density, ppg(f), is related to its value at an earlier
time, ppg(?), by

PDE(t) = ppE(ty) X exp[-T'(t - 19)], (2)

here, the I is the only free parameter in the equation. Eqn
(2) follows from

ppE = -TpDE. ®3)

From (2) one finds the decay ‘half life’ of DE to be #1/, =
In(2)/T’, when I" > 0. Negative values of I imply an increase
in the DE density with time which corresponds to phantom-
like behaviour. Note that I' has the dimensions of inverse
time.

The Hubble parameter, h(z) = H(z)/Hy, is easily ob-
tained from the FRW equation to be

2 F z dZ
h(z)=(1 QOm)eXP[FO/O T+ 201
In what follows we shall solve this equation iteratively to
determine the expansion history of the Universe. Note that
DE can be described by the dimensionless free parameter
I'/Hy. Hence the decay rate (or growth rate) of DE can be
described without knowing the value of Hy. This is signifi-
cant since supernovae (SNe) data can directly constrain the
decay constant I'/ Hy, thereby describing the half-life of dark
energy in units of the age of the Universe.

It is seen from Eq. (1) that the phenomenological decay
law (2.1) does not correspond to a constant equation of state
wpE. Moreover, wpg exceeds unity for H < I'/6. This shows
that this law, if taken literally for all times, might require a
rather unusual microscopic model. However, first, we shall
use it around the present time only, when I' < H; and prob-
ably T < Hy, so that the fraction of already decayed DE is
small. Second, wpg > 1 is not prohibited by causality. E.g.,
it can be easily realized by a usual scalar field with a neg-
ative potential minimally coupled to gravity. Thus, because
of the ubiquitous appearance of this law in atomic and par-
ticle physics, it makes sense to confront it with observations
in the case of decaying DE.

] +Qom(1+2)%. (4)

2.2 Model II: Dark Energy decays into Dark
Matter

The basic equations for a model in which DE decays into
dark matter are

ppe = -TppE (5)
ppm +3Hppm = TppE (6)
3H2 3H} 3
= ——Qpp(1 .
e PDE + ppM + o= Qop(1 +2)°. (7)
where we have assumed that DE, prior to its decay, had the
form of a cosmological constant with w = —1. This model

formally belongs to the class of interacting DM-DE models
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considered in many papers, see (Amendola 2000; Guo et al.
2007; Boehmer et al. 2008; Valiviita et al. 2008; He & Wang
2008; Micheletti et al. 2009; He et al. 2011; Pavan et al.
2012; Faraoni et al. 2014; Salvatelli et al. 2014; Ferreira et al.
2017) and the recent review (Wang et al. 2016). However, in
almost all of these papers the parameter I' was assumed to
be proportional to H or some other time dependent variable
whereas we assume I' to be a fundamental constant. For
I' > 0 energy flows from the cosmological constant into dark
matter (not baryons). It therefore follows that the current
value of Qyn, when extrapolated to high redshifts via Qg (1+
z)> would be higher than the actual total matter density at
high z. This would imply that the expansion rate at high
z was lower that that in ACDM thereby alleviating some
of the tension which exists between concordance cosmology
and the lower value of H(z = 2.34) obtained from quasar-
based BAO data (Delubac et al. 2015).

2.3 Model III: Dark Energy decays into Dark
Radiation

For completeness we also consider a model in which DE de-
cays into ultra-relativistic “dark” particles:

ppe = -TppE (8)
ppR +4Hppr = TIppE 9)

3H2 3H? 3

— = —0 1 (1

e PDE + DR + g =Qom(l +2) (10)

Here the non-relativistic matter component includes
both dark matter and baryons, and we have neglected the
CMB density p, assuming it to be smaller than that of dark
radiation ppgr (this is plausible for z < 10).

3 ANALYSIS

In order to constrain our three models we use combinations
of different cosmological data sets, including;:

(i) Supernovae Type la data from the Union-2.1 compila-
tion containing 580 Supernovae (Suzuki et al. 2012) within
z ~0.015-1.4. We use the complete covariance matrix which
takes into account systematic effects.

(ii) Four BAO datasets: SDSS DR7 (z = 0.35) (Percival
et al. 2010), BOSS DR9 (z = 0.57) (Anderson et al. 2013),
6DF (z =0.106) (Beutler et al. 2011) and SDSS DR11 BAO
measurements of H(z) data at z = 2.34 (Delubac et al. 2015).

For SDSS DR7 and BOSS DR9 we calculate
Dy (2)/7s(zdrag) 6. We do not use the BAO data from
WiggleZ because the acoustic parameter A(z) is estimated
using a specific shape of the power spectrum. The WiggleZ
data may therefore be biased towards a particular form of
the primordial power spectrum and using it could bias our
overall results.

6 py (zdrag) is the comoving sound horizon at redshift zgng, when

baryons decouple from photons. Dy = [(1 + z)zD/i(z)Cz/H(Z)]l/3

where Dy is the angular diameter distance.
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(iii) We include the CMB into our analysis by using the
CMB shift parameters R, [, together with the baryon den-
sity Qoph?. The shift parameters are defined as follows:

R = JQOmng(z*)/c and I, = 7r(z.)/rs(z+), r(z+) being the
comoving distance to the photon-decoupling epoch z.. We

use the Planck constrains for these parameters as provided
in (Wang & Wang 2013).

For model I we solve the differential equation for h(z)
appearing from Eq. (4), get w(z) and use it for further eval-
uation. Since by definition i(z = 0) = 1 we can solve for
h(z) just by providing I'/Hy and Qq, for a flat Universe. For
model I and model IIT we solve equations (7) and (10) to
obtain A(z) and the density parameters. Note that in these
cases we keep the equation of state of the components of the
Universe to be same as in the standard case. For model III
we assume the dark energy is coupled to a radiation compo-
nent and hence we use wpgr(z) = 1/3 for dark radiation.

We work with three combinations of datasets: (i) We use
the Union-2.1 compilation jointly with BAO data. (ii) Next
we add H(2.34) to (i). (iii) Finally we include the values for
the CMB shift parameters to SNIa, BAO and H(2.34) data.
Note that for (i) and (ii) we use BBN constraints (Olive
et al. 2014) of Qqph? as a prior.

We use CosmoMC (Lewis & Bridle 2002) to obtain a
complete Markov Chain Monte Carlo (MCMC) estimation.
Note that for model IT and model III, there are certain non-

physical areas in the parameter spaces 7.

4 RESULTS

In order to gain a better understanding as to how our models
might provide good fits to the observational data, we begin
by showing results for concordance cosmology (ACDM). In
figure 1 (left panel) we show the 1D marginalized likelihood
of Qomh? obtained using different data combinations. In the
right panel the 2D marginalized contours of Qq,, vs Hy are
shown. Constraints on different cosmological parameters
are also given in table 1. We clearly see that the H(2.34)
data point pushes the best-fit ACDM model towards a
lower matter density as well as a lower Hubble parameter.
Including the CMB (in combination with other data sets)
pushes the best-fit back to a higher matter density and a
higher Hubble parameter. This tension had earlier been
reported in (Sahni et al. 2014; Delubac et al. 2015). One of
the aims of the present analysis is to see whether one can
alleviate this tension using our new DE models.

In figure 2 we show the results for Model I (exponen-
tially decaying dark energy). In the top-left panel we plot
the marginalized 1D likelihood of the decay parameter I'/ Hy
obtained from different combinations of datasets. In the
top-right panel we show the 1D marginalized likelihood for
Qomh? while in the bottom-left panel we show the marginal-
ized contour of Qo vs Hy (these two plots can be compared
with the corresponding results for ACDM shown in figure 1).

7 We have not taken into account the most recent data (Alam
et al. 2016) that was released when this paper was being prepared
for publication. We expect our results and conclusions will not
change considerably by incorporating these data.

In the bottom-right panel we show the marginalized contour
of {Qpg, '/Hy}. Our results indicate that the presence of the
additional degree of freedom, I, increases the area of the con-
fidence contours and reduces the tension between CMB data
and the H(2.34) data point present in ACDM. However, the
fact that the standard ACDM model lies close to the centre
of the marginalized likelihood contours (I'/Hy = 0) suggests
that while Model I is viable, it is not strongly preferred over
concordance cosmology.

From figure 2 we can see that both T >0 and I < 0 are
permitted by the data. As we mentioned earlier, a negative
values of I' imply an increase in the DE density with time
which corresponds to phantom-like behaviour with weg <
—1. In other words dark energy at late universe would have
more density in comparison to the earlier times (at higher
redshifts). I' > 0 implies decreasing in the DE density with
time that can be effectively correspond to quintessense-like
behaviour with weg > —1. We should also note that in both
cases of I' > 0 and T < 0, the effective equation of state of
dark energy cannot be a constant value and it would vary
by time.

In figure 3 we show a few important quantities charac-
terizing the expansion of the Universe. Top to bottom are
shown: (a) the equation of state of dark energy w(z), (b)
the Om diagnostic, Om(z) = (h2(z) - 1)/[(1 +27° - 1] (Sahni
et al. 2008; Shafieloo et al. 2012), (c) the deceleration pa-
rameter ¢(z) = —H/H? — 1. We plot 100 samples for these
three quantities uniformly chosen from within the 20~ range
of the MCMC chains corresponding to different datasets.
It is interesting that, for some parameter combinations, the
slowing-down of cosmic acceleration appears to be consistent
with the data.

In figures 4 and 5 we show our results for Model 1T (DE
decaying into dark matter). Our results show that in this
case there is no significant tension between the H(2.34) data
point and CMB data. In fact Model 11 allows for a wide range
of cosmological parameters to be consistent with the data.
One should note that, unlike ACDM, there is a large overlap
of confidence contours at the 1o level when plotted with
and without CMB data. However, as in the case of Model
I, ACDM lies close to the centre of the confidence contours,
which is an indication of how well concordance cosmology
is performing. From figure 4 we find that both I' > 0 and
I' < 0 are permitted by the data. I' > 0 implies the transfer
of energy from dark energy into dark matter, whereas I' < 0
implies the reverse. This transfer of energy results in the
effective equation of state of DE being phantom-like (weg <
-1) for I' < 0 and quintessence-like (weg > —1) for T' > 0.
Note that in both cases DE has the EOS of the cosmological
constant, namely w = —1. However, the fact that the density
of A is growing/decreasing at the expense of that of matter
leads to either weg < —1 when ppm — pp (I < 0) or to
weft > —1 when pp — ppm (T’ > 0).

Figures 6 and 7 show results for Model 111 (DE decaying
into dark radiation). This model has a particular characteris-
tic which precludes large flexibility if one considers high red-
shift data (such as CMB). In fact observational constraints
set stringent limits on the amount of radiation density in
the past. This is due to the fact that the radiation density
increases by (1 + 24, consequently its inferred value at high
redshifts can change considerably if we change its current
density by pumping energy from it into DE or vice versa.

MNRAS 000, 1-12 (2017)
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Figure 1. Observational constraints on standard ACDM. [Left] One dimensional marginalized likelihoods of Qyuh?. [Right] {Qom, Ho}

contours for different datasets. The color-code convention for the right panel is identical to the left.
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Figure 2. Results for Model I. [Top left] One dimensional marginalized likelihoods of the decay parameter in Eq. 2. [Top right] 1D
likelihoods of Qomh?. [Bottom left] 2D contours of {Qom, Ho}. [Bottom right] 2D contours of {Qpg, I'/Hp}. One can see that the tension

between CMB data and the H(2.34) data point is somewhat reduced in this model.

Confronted with the data, Model III show a tiny possibil-
ity that dark energy might decay to dark radiation in small
amounts. Our results also show that in this model one can-
not alleviate the tension between the H(2.34) data point and
CMB data. So in this sense model I1I resembles ACDM. This

space due to divergence of some quantities.

model also posed us with some technical difficulties to derive
the expansion history for different points in its parameter

In table 2 we show the derived values of the cosmological

parameters for all three models. It is interesting that for

MNRAS 000, 1-12 (2017)
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Model I and II the data permits a greater flexibility in the
selection of cosmological parameters than ACDM. Also in
these models, and especially in Model II, the tension between
CMB and the H(2.34) data point is absent.

5 DISCUSSION

In this paper we propose a new class of dark energy mod-
els in which dark energy can decay, either exponentially in
time, or into dark matter or into dark radiation with a time-
independent rate. One might note that decaying DE models
have been earlier discussed in the context of dark matter-
dark energy interactions (Amendola 2000; Guo et al. 2007;
Boehmer et al. 2008; Valiviita et al. 2008; He & Wang 2008;
Micheletti et al. 2009; He et al. 2011; Pavan et al. 2012;
Faraoni et al. 2014; Salvatelli et al. 2014; Ferreira et al.
2017), modified gravity (Sahni & Shtanov 2003; Shtanov
et al. 2009) and quintessence (Gu & Hwang 2006; Alam et al.
2003; Kallosh et al. 2003; Blais & Polarski 2004; Wang et al.
2004; Dutta & Scherrer 2008; Gupta et al. 2012; Bolotin
et al. 2012). The specialty of our model is that the decay of
DE is related to the intrinsic properties of DE and not to
the expansion of the Universe. Thus the properties of DE do
not depend upon cosmological expansion or on the presence
of a specific form of the DE potential or even on the equa-
tions governing cosmological expansion (viz. FRW, modified
gravity, etc).

In a certain sense our class of models have much in com-
mon with the radioactive decay of matter. In similar fashion,
one can describe the decay of DE in terms of a fundamen-
tal constant, I', which is related to the ‘half-life’ of DE as
t172 = In(2)/T. The three models which we consider, though
similar in equations and mechanism, give rise to somewhat
different observational predictions. Model I describes dark
energy decaying exponentially and as a result it has an evolv-
ing effective equation of state. Such models can be viable for
a large region in parameter space and can marginally allevi-
ate the tension between CMB and QSO based H(2.34) BAO
data which is faced by ACDM.

In Model II, dark energy decays into dark matter. In
this model the axis of confidence contours (derived from con-
fronting the model with different sets of cosmological data)
is rotated with respect to the case of Model I. Interestingly,
data analysis using Model II shows absolutely no tension be-
tween any two sets of cosmology data. Indeed, the derived
confidence contours all show proper overlap with each other
— see figure 4. Incorporating CMB data into the analysis we
find that Model II peaks strongly around the cosmological
constant, that sets strong limits on the half-life of dark en-
ergy, namely that it needs to be several times the age of the
Universe.

In Model IIT dark energy decays into dark radiation
(DR). Cosmological observations place tight constraints on
this model, especially when I' < 0 which corresponds to DR
decaying to DE and implies an increase in the radiation den-
sity at high redshift.

In figure 8 we plot the H(z) samples within the 20~ con-
fidence level for different models and for different dataset
combination that includes the QSO BAO data. Top left plot
show the ACDM model results where we find the samples for
the dataset combination with and without CMB data have

no overlap. Top right plot and bottom left plot show H(z)
for model-I and model-II respectively. Note that both these
models have substantial overlap of samples for Union-2.1 +
BAO + H(2.34) and Union-2.1 + BAO + H(2.34) + CMB
dataset combinations, suggesting no particular tension be-
tween CMB and QSO data. However as has been pointed out
earlier, model-III does not help in alleviating the tension and
the samples do not show consistency (unlike model-I and II).

To summarize, model II — in which DE decays to dark
matter, is perhaps the most compelling of the three models
which have been studied. All the three data sets which we
consider, namely SNIa, BAO and CMB show consistency
with each other for this fiducial cosmology and the 20~ upper
limit on |I'|/Hy is less than 0.041 if all data are taken into
account. Thus, since Hyty ~ 1 for the best-fit ACDM model,
this means that the half-life time for this channel of DE
decay 11 > 1719 = 7 X 10'8 s where ty is the present age of
the Universe! For the other two models, some tension exists,
especially between the CMB and the Lyman-a derived BAO
at z = 2.34. Due to this tension, the obtained 20 limits on
|T|/Hy for these channels of decay are not so strong as in
the previous case. Still they both are significantly less than
unity.
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Figure 3. The equation of state of dark energy, w(z), the Om diagnostic Om(z), and the deceleration parameter g(z) (top, middle,
bottom) are shown as a function of redshift for model I (Eq. 2). Left to right we plot samples within 20~ CL’s obtained from MCMC
chains corresponding to Union-2.1 + BAO, Union-2.1 + BAO + H(2.34) and Union-2.1 + BAO + H(2.34) + CMB respectively. The
black lines correspond to the best fit ACDM for the same combination of datasets.

Data Union-2.1 + BAO Union-2.1 + BAO Union-2.1 + BAO
+ H (2.34) + H (2.34) + CMB
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0.1119 +0.026 0.1023*0-9073 0.1166 + 0.0017
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0.134+0-02 0.124*+0-008 0.1394 +0.0016
Qom 0.29 0.28 0.296
0.29470-033 0.282+0-013 0.297 +0.01
Hy 66.78 66.48 68.59
67.2742:13 66.48 + 1.3 68.6+0-17
-2 In Lmax 546.1 546.2 550.25

Table 1. Best fit ,\(ﬁest g and cosmological parameters obtained for different datasets for ACDM model. The best fit values (first row in
each parameter) and the mean with 1o~ deviations (second row in each parameter) are also provided for some parameters.

Guo Z.-K., Ohta N., Tsujikawa S., 2007, Phys. Rev., D76, 023508 Kallosh R., Kratochvil J., Linde A. D., Linder E. V., Shmakova
Gupta G., Majumdar S., Sen A. A., 2012, Mon. Not. Roy. Astron. M., 2003, JCAP, 0310, 015

Soc., 420, 1309 Lewis A., Bridle S., 2002, Phys. Rev., D66, 103511
He J.-H., Wang B., 2008, JCAP, 0806, 010 Lima J. A. S., Basilakos S., Sola J., 2013, Mon. Not. Roy. Astron.
He J.-H., Wang B., Abdalla E., 2011, Phys. Rev., D83, 063515 Soc., 431, 923

MNRAS 000, 1-12 (2017)


http://dx.doi.org/10.1103/PhysRevD.76.023508
http://dx.doi.org/10.1111/j.1365-2966.2011.20114.x
http://dx.doi.org/10.1111/j.1365-2966.2011.20114.x
http://dx.doi.org/10.1088/1475-7516/2008/06/010
http://dx.doi.org/10.1103/PhysRevD.83.063515
http://dx.doi.org/10.1088/1475-7516/2003/10/015
http://dx.doi.org/10.1103/PhysRevD.66.103511
http://dx.doi.org/10.1093/mnras/stt220
http://dx.doi.org/10.1093/mnras/stt220

8  A. Shafieloo et al.

1 T T 1 ! T
UNION-2.1 + BAO UNION-2.1 + BAO
UNION-2.1 + BAO + H (2.3 -2.1 + BAO + H (2.34)
UNION-2.1 + BAO + H (2.44) UNIO AO + H (2.34) + CMB

05t 1 fost ]
J 3
0 0 :
15 -1 0.5 0.5 1 0 005 01 015 02 025 03
T'/H, Qom 1
0.38
0.8
0.36
0.34 075 +
c 0.32 .
0.7 +F
S 03 &
0.28 0.65 -
0.26
0.24 0.6
1 1 1 1 1 1
-1.5 -1 -0.5 0 0.5 1
T/H,

Figure 4. Results for Model II. [Top left] One dimensional marginalized likelihoods of the decay parameter I' are shown for model II
(Eq. 7). [Top right] 1D likelihoods of Qynh?. [Bottom left] 2D contours of {Qom, Ho}. [Bottom right] 2D contours of {Qpg, ['/Hp}. Unlike
ACDM, no tension between CMB data and the H(2.34) data point is indicated for Model II.
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Figure 5. Samples of Om(z) and g(z) for model IT (Eq. 7). The datasets are indicated at the top of each plot. The black lines correspond
to the best fit ACDM for the same combination of datasets.

MNRAS 000, 1-12 (2017)



LIL
o
9]

UNION-2.1 + BAO
NION-2.1 + BAO + H (2.34)
1+BAO +H (2.34) + CMB

04
0.35
Qg 0.3
0.25

0.2

1.5

T

Metastable Dark Energy 9

1 ‘ ‘
UNION-2.1 + BAO
ION-2.1 + BAO + H (2.34)
+ BAO + H (2.34) + CMB
5
G 05) ]
Q
0 L
2 0.04 0.08 0.12 0.16 0.2 0.24
Qom
0.16
0.12 -
2008 /
£o.
0.04
0 1 1 1 1
-0.5 0 5 1 1.5
I/H)

Figure 6. Results for Model III. [Top left] One dimensional marginalized likelihoods of the decay parameter I' for model III (Eq. 10).
[Top right] 1D likelihoods of Qopnh?. [Bottom left] 2D contours of {Qom, Ho}. [Bottom right] 2D contours of {Qpg, ['/Hy}. Model III seems
to fail in alleviating the tension between the datasets since radiation density is tightly constrained.

Data Union-2.1 Union-2.1 + BAO Union-2.1 + BAO
+ BAO + H (2.34) + H (2.34) + CMB
Model T Model IT Model III  Model T Model IT Model III  Model I Model IT Model IIT
QOCDMh2 0.111 0.113 0.104 0.102 0.116 0.1 0.116 0.116 0.117
0.11970-027 0.115+0-028 0.093+0-018 0.103 £ 0.008  0.109*0-222 0.08130-01 0.116 + 0.002 0.116 +0.002 0.119%0-002
Qomhz 0.133 0.135 0.126 0.124 0.138 0.122 0.139 0.138 0.139
0.141#0-027 0.137+0-928 0.114+0-018 0.123*0-91, 0.13+0-022 0.103*0-013 0.139 40,002 0.1380.002 0.14%0-002
Qqh? - - 0 - 0.01 - - 0
- - 0.01610-018 - 0.017+0-006 - 0.013%0-005
Qm 0.292 0.296 0.284 0.282 0.208 0.282 0.208 0.207 0.208
0.370-038 0.208+0.04 0.2870-03  0.283+0-013 0.28+0.03 0.260-928 0.2970.013 0.299 +0.01 0.3+0.01
Qqp - - 0 - 0.02 - - 0
) _ 0.0470-01 B 0.0410-01 _ ) 0.03%0-008
HU 67.52 67.6 6.8 66.26 68 66 68.34 8.2 68.5
68.1243-2  67.543.4 64472 | 664219 67428 63.471-75 68.5+1.6 68.1t1 68.5+1.2
F/HO -0.085 0.13 -0.12 0.03 0.16 0.13 0.046 -0.011 0.005
-0t 43 0032 012502 0.02820.3 0.0470-3% 0175034 0.02£0.25 ~0.015 £0.02 027095
-2 InLmax  546.1 546 546.1 546.2 546 546.2 550.2 550 550.2

Table 2. Best fit )(gest g obtained for different models considering different combination of datasets. The best fit values of cosmological
parameters is shown in the first row, and the mean (with 1o~ deviations) is shown in the second row. P.C. refers to the situation where
the posterior distribution is cut in the prior range. A ‘<’ symbol denotes that the parameter is unbounded from below.
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Figure 7. Samples Om(z) and ¢(z) as a function of redshift for model-III (Eq. 10). The datasets are indicated at the top of each plot.
The black lines correspond to the best fit ACDM, for the same combination of datasets.
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Figure 8. Samples H(z) as a function of redshift for different models are provided for 2 different dataset combination that include
H(z = 2.34) measurement. The datasets are indicated at the top of each plot. Note that we have 100 samples in each case representing
the allowed region within 20-. We find that for model-I and model-II there are large overlap between the samples while for ACDM and
model-I11, the samples show discordance, especially in the former case. The QSO BAO data is plotted in black with errorbar.
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(-9 z
h2(2) = 1= Qo + Qom(1 +2)° + ( Om)/
Hy 0

It is clearly seen that h2(z) in this model is always larger
in the past compared to the standard ACDM model with the
same value of Q,,,.

Let us now compare this result with what happens
in the case of DE being slowly rolling quintessence,
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APPENDIX A: H%(Z) IN THE LARGE DECAY
TIME LIMIT

Though to determine the evolution law h%(z) we have solved
Egs. (2.3), (2.4-2.6) and (2.7-2.9) exactly, to understand the
answers it is instructive to consider the limit of large decay
times |I'| < Hy which is both expected and follows from our
calculations. Then it becomes possible to present explicit
expressions for h2(z).

Al Model I

For I't < 1, we get in the first order:

pDE = €e”" " ~ (1 —T1) (A1)
h*(2) = Qom(1 + 2)° + (1 = Qop)[1 = It — 19)] (A2)

Here the #(z) dependence in the last term can taken from
the ACDM model with the same value of Q,,,:

1 [* dz -1/2
t(z):tO—H()l/O 1+121 [I—Qom+§20m(l+z1)3] (A3)

Thus, with the same accuracy:

dz;
1+Zl

517172
[1 — Qo + Qo1 +21) ] (A4)

(

i.e. a scalar field ¢ with a potential V(¢) minimally
coupled to gravity. The assumption I'fy <« 1 means
that the change in V(¢) is small up to the present
time f#5. So, we can expand V(¢) = Vy + Vgoy where

U= ¢ - o, ¢o = d(t0), Vo = V(do) Vo = 'fi—g(tﬁol Then

©odn n 3 ‘//2

l//=V/ / a’(t) dt, pDE = Vo + Vpot + —

*Ji B Jo P 0T Y0¥ T

1%/ 0 gt 4 V2 t 2
W= Qu(l+2)° +(1-Q 1+i°/ 2 By dey + =22 (/ A dt) A5
m(L+2)”" +( m) W Ji @) Jo (1) dty 225 \Jo (t1)dn (A5)

Once more, the #(z) dependence in all integrals is taken
from the ACMD model with the same value of Q,,. Though
Eq. (Ab) is slightly more complicated than Eq. (A4), consid-
eration of the future de Sitter stage with Hyg = HyV1 — Qyy
(that occurs as far as ['r < 1) shows that here

V2
#0
= A
3H; 5o (A6)
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A2 Model IT & III

In the same approximation:

ppe = -lTppE
I' = const
pm+3Hpm = TppE

const 4
ppE = € =T, pm~—=+ FGO/ a®dt
a 0

4]
hz(z) = 1- QOm + ng(l + 2)3 +T o — l‘(Z) - a_3/ a3(t1 )dl]]
t

r'(1-9 Z dz 121423
1= Qo+ Qo1+ 27 = 0’”)/ L 1= Qo + Qom(1 + 210 -1l (A7)
H o 1+z1 1+z1
(

Here, we find just the opposite, h%(z) is smaller in the IIT with DE decay into dark radiation. In this case the situ-
past compared to the standard case. This crucial difference ation appears to be the same as for the model I: h%(z) was
between the models is due to different equations of state of relatively larger in the past.
products of DE decay in them and because of their normal-
ization to the present relative amount of dark matter Q,,,. This paper has been typeset from a TEX/IATEX file prepared by
It is straightforward to generalize this result to the model the author.
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