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We exploit the complementarity among supersymmetry, inflation, axions, Big Bang Nucleosyn-
thesis (BBN) and Cosmic Microwave Background Radiation (CMB) to constrain supersymmetric
axion models in the light of the recent Planck and BICEP results. In particular, we derive BBN
bounds coming from altering the light element abundances by taking into account hadronic and elec-
tromagnetic energy injection, and CMB constraints from black-body spectrum distortion. Lastly,
we outline the viable versus excluded region of these supersymetric models that might account for
the mild dark radiation observed.

I. INTRODUCTION

The Standard Model (SM) is plagued by two unnatural
numbers that are yet to be conclusively understood: the
strong CP problem and the gauge hierarchy. The former
is usually addressed by introducing a spontaneously bro-
ken global symmetry (the Peccei-Quinn symmetry) [1, 2],
while the latter is addressed most popularly within the
framework of supersymmetry. Presumably, then, the su-
persymmetric axion finds its place in the framework of
particle physics, and the question becomes: what are its
consequences?

The purpose of this work is to highlight the fact that
the supersymmetric axion models address the question
of dark radiation (interpreted as new degrees of freedom
that contribute to the radiation density at the matter-
radiation equality) while being (a) tightly constrained
by experimental evidence from Big Bang Nucleosynthesis
(BBN) and Cosmic Microwave Background (CMB) and
(b) constrained, under broad assumptions on inflationary
reheating, by the recent observation (to be confirmed) of
primordial gravitational waves in the CMB [3]. The fact
that the framework can address the question of dark ra-
diation is a strong argument for supersymmetric axions.

Eagerly awaited precise measurements of the CMB and
Baryonic Accustic Oscilations (BAO) have been reported
recently and several combined data analyses have been
performed. In particular, the WMAP Collaboration has
presented their 9-year data and concluded that, after
combining with data from BAO, from the Atacama Cos-
mology Telescope (ACT), and from the Hubble Space
Telescope (HST) (H0 = 73.8 ± 2.4 km s−1 Mpc−1, [4]),
the number of effective massless neutrinos is Neff =
3.84±0.4 [5]. More recently, the Planck Collaboration has
reported their results, which at face value, does not bias
an extra radiation component with Neff = 3.36±0.34 [6].
It is important to notice, however, that the Planck collab-
oration adopted fairly low values (at the 2.2σ level) forH0

compared to previous studies [4]. Since Neff and H0 are
positively correlated, increasing H0 would naturally yield
higher values for Neff [6]. Interestingly, adding the H0

measurement and BAO data, the Planck Collaboration
finds, in fact, Neff = 3.52+0.48

−0.45 [6]. Lately, the surprising
BICEP2 results favor the presence of dark radiation at
3.6σ when combined studies are performed [7].

The situation is, however, quite complex and subtle
when the combined results of other experiments are con-
sidered, even though the recent results clearly favor the
presence of dark radiation. In light of the current sta-
tus regarding dark radiation, we will investigate the con-
ditions under which the supersymmetric axion can ac-
commodate dark radiation while obeying BBN and CMB
bounds.

Dark radiation in our scenario stems from the produc-
tion of axions via saxion decay. The amount of dark
radiation predicted is thus tightly related to the saxion
production mechanism, which depends crucially on the
inflationary reheating temperature and the saxion mass.
Observable tensor modes fix the scale of inflation near
the GUT scale, and, under broad assumptions, prefer
higher reheat temperatures. Therefore, current results
from BICEP2 play an important role in the overall dark
radiation-supersymmetric axions setting.

For the benefit of the reader, we summarize our main
results here. We find that saxion decay can give the ob-
served value of dark radiation, and the associated physics
depends non-trivially on the inflationary reheat temper-
ature. For low reheat Tr ∼ 106 GeV, light saxions with
mass below the pion production threshold ∼ 200 MeV
and axion decay constant fa ∼ 1010 GeV can give the
correct range of ∆Neff while evading all bounds. For
higher reheating temperature Tr ∼ 109 GeV as preferred
by observable tensor modes from BICEP2, heavier sax-
ions with mass ∼ O(10) GeV and fa ∼ 1011 − 1012 GeV
that decay before BBN can give the required ∆Neff .

The paper is structured as follows. In Section II we
introduce the supersymmetric axion and our set-up for
producing dark radiation. In Section III, we make the
connection to inflation, while in Section IV we give the
BBN and CMB bounds. We end with our conclusions.
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II. SUPERSYMMETRIC AXIONS AND DARK
RADIATION

The supersymmetric hadronic (KSVZ) axion model [8]
has been studied extensively; we refer to [9] for some re-
cent work in other contexts, and extract only the features
required for studying dark radiation. The SM fermions
are neutral under the PQ symmetry, hence the couplings
of SM fermions to the saxion and axion will be ignored.
The axion mass is assumed to be negligible (typically
ma ∼ O(µeV) ∼ 6× 10−6 eV (1012 GeV /fa)).

A chiral supermultiplet S containing the axion is in-
troduced. The multiplet may be written as follows

S =

(
fa +

s√
2

)
exp

(
ia√
2fa

)
+
√

2θψa + θ2FS ,

where, as usual, θ denote the fermionic coordinates. The
scalar component is necessarily complex, consisting of the
radial component s (the saxion) and the axionic phase a.
The superpartner is the axino ψa.

The interactions of the saxion, axion, and axino with
the strong force can be obtained by integrating out the
heavy colored fields charged under the PQ symmetry that
are introduced in the KSVZ model. In the limit of un-
broken supersymmetry, the effective Lagrangian can be
obtained from a supersymmetric version of the usual ax-
ion interaction term

L ⊃ − αs

2
√

2πfa

∫
d2θSTr[WαWα] + h.c. ,

where Wα is the vector multiplet containing the gluon
field. This sets the Lagrangian for the thermal pro-
duction of the members of the supermultiplet from the
plasma.

On the other hand, the non-thermal production of ax-
ions as dark radiation comes from saxion decays, which
requires interactions among the members of the super-
multiplet. These interactions are obtained from the ki-
netic energy term of the heavy fields charged under the
PQ symmetry. In particular, a field Φi with PQ charge
qi and vev vi can be expanded as Φi = viexp[qi(σ +

ia)/(
√

2fa)], with a corresponding kinetic term given by

LkinPQ =

N∑
i=1

∂µφi∂µφ
∗
i ∼ (1)

∼
(

1 +
s√
2fa

)[
λ1(∂µa)2 +

λ2
2
iψaγµ∂

µψa + . . .

]
.

Here, λ1 and λ2 are model-dependent parameters. For
the simplest KSVZ model with a single heavy PQ charged
field, one has v = fa and hence λ1 = λ2 ∼ O(1).

We will take ms and mψ denote the saxion and axino
masses, respectively. In gravity-mediated scenarios, the
saxion and axino mass are expected to be O(m3/2) due
to the presence of supersymmetry breaking effects, in the
absence of sequestering or fine-tuning. However, a whole

range of axino masses from the eV (produced from a sub-
GeV out-of-equilibrium photino) and keV range, to the
TeV range, has been considered in the literature. The
axino mass mψ is thus model-dependent; most cosmo-
logical studies of the supersymmetric axion assume mψ

to be a free parameter. While we will remain agnostic
about the axino mass, we note that its magnitude may
have profound implications for the nature of dark matter,
about which we will comment later on.

We will similarly assume that the saxion mass is a free
parameter, taking values in the O(MeV − TeV) range,
and that it decays primarily to axions. The decay to
axinos may be kinematically blocked, for example, if
ms ∼ mψ, or rendered irrelevant, in the limit ms � mψ.
In general, the decay widths to axions and gluons are
given by [14],

Γ(s→ 2a) ∼ λ21
64π

m3
s

f2a

Γ(s→ 2g) ∼ α2
s

64π3

m3
s

f2a
(2)

For λ1 ∼ 1, BR(a) ∼ 1, where BR(a) is the branching
to axions and the branching to gluons satisfies BR(g) '
10−3BR(a). For λ1 ∼ 10−3, one has BR(a) ∼ 10−3 and
BR(g) ' 1. The lifetime of the saxion is found to be,

τ(s→ aa) ' 1.3×105λ−2
1

( ms

100 MeV

)−3
(

fa
1012 GeV

)2

sec.

(3)
If such decay happens at late times, it surprisingly gives
rise to a non-negligible amount of dark radiation in the
early universe while circumventing the BBN and CMB
constraints on late decays as we shall see further [15, 16].
The idea of dark radiation coming from late decaying
particles can be explained simply from Eq.(4) below,

ρrad =

[
1 +Neff

7

8

(
Tν
Tγ

)4
]
ργ , (4)

where Tγ(Tν) is the photon (neutrino) temperature, Neff
is the effective number of neutrinos species, and ργ =
gπ2/30T 4

γ is the photon energy density.

Notice that after the e± annihilation (T < me) the only
remaining SM relativistic particles are the CMB photons
and the three SM neutrinos. Hence for precisely that rea-
son only the neutrino and photon energy densities have
been included in Eq.(4). More generally, in addition to
the SM neutrinos, there might be extra species that are
rather light and weakly coupled contributing to the radi-
ation density or species produced by the decays of heavy
particles [15, 16]. The new contribution to the radiation
density is often parametrized in terms of the number of
neutrinos species Neff as follows [17],

∆Neff (t) = Neff,SM
ρDR(t)

ρν(t)
=

(
8

7

)(
11

4

)4/3
ρDR(t)

ργ(t)
,

(5)
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where ρν = 7
8N

SM
eff T

4
ν ,ρDR is the extra relativistic en-

ergy density and ρDR = ρs(τ) = s(τ)msYs, where
s = 2π2/45g?sT

3 is the entropy density and Ys is the
saxion abundance. It is worth pointing out that the radi-
ation density is directly related to the saxion abundance,
and if all saxions decay into dark radiation then the rela-
tion above is preserved. Otherwise one has to introduce
the branching ratio to account for the fact that not all
saxion decays produce dark radiation, as we will do be-
low.

Notice that the energy densities are written in terms
of the temperatures, but there is a time dependence
in Eq.(5). Therefore we need to solve the Friedmann
equation for the radiation dominated universe namely,
(Ṫ /T )2 = 8πGN/3ρ, where ρ = π2/30g?T

4 , in order to
find the time-temperature relation and rewrite ∆Neff in
a general form as follows,

∆Neff (τs) = 7.1
( τs

106 sec

)1/2( (msYs)tot
1 keV

)
BR(a) ,

(6)
where Ys = ns/s, with (msYs)tot accounting for the to-
tal thermal and non-thermal saxion production that we
will describe further, and BR(a) is the branching ratio
into relativistic particles. In Eq.6, we used the sudden
decay approximation. In this work, we study the case
where BR(a) = 1. While we do not compute the case of
BR(a) = 10−3 explicitly, the BBN bounds are expected
to be much stronger there.

Now that we have derived the dark radiation expres-
sion in terms of the saxion lifetime, a few remarks are in
order:

(i) The entropy and energy densities have different
temperature dependences. This is a result of the intrinsic
definition of entropy, which is is a measure of the num-
ber of specific ways in which a thermodynamic system
may be arranged. Consequently, the values of g?s and
g? which appear in the entropy and energy density are
slightly different (g?s = 3.91 and g? = 3.36), due the dif-
ference of the photon and neutrino temperatures caused
by the e± annihilation. This has been taken into account
in the derivation of Eq.(6). At high temperatures g?s and
g? are identical though.

(ii) The saxion abundance receives contributions from
both thermal and non-thermal processes. The thermal
contribution (produced by scatterings of particles in the
high-temperature plasma) depends on the relative val-
ues of the inflationary reheating temperature TR and the
temperature Tdecoup ∼ at which the saxion thermally de-

couples. The thermal abundance is [18], [19],

(msYs)th ∼ 1× 10−3 GeV
( ms

1 GeV

)( TR
Tdecoup

)
for TR <∼ Tdecoup (7)

(msYs)th ∼ 1× 10−3 GeV
( ms

1 GeV

)
for TR >∼ Tdecoup , (8)

where decoupling temperature is given by Tdecoup ∼
109 GeV(fa/1011)2.

The non-thermal contribution, produced by coherent
oscillations of the saxion field, depends on the relative
values of the inflaton decay width Γφ and the scale of
the onset of the oscillations H ∼ ms. Assuming the
amplitude of the oscillations is ∼ fa, one obtains [20],

(msYs)non−th' 2.2 GeV

(
TR

1014 GeV

)(
fa

1012 Gev

)2

for TR <∼
√
msMp (9)

(msYs)non−th ' 0.15 GeV
( ms

104 GeV

)1/2( fa
1013 Gev

)2

for TR >∼
√
msMp, (10)

where Mp is the reduced Planck mass. Note that for

ms ∼ 10 MeV - 1 GeV,
√
msMp ∼ 109 GeV.

In Eqs.(6)-(10) we have gathered all the ingredients
needed in this dark radiation discussion with (msYs)tot
in Eq.(6) being given by the combination of Eqs.(7)-(10)
properly accounting for the reheating temperature con-
ditions as shown above. We note that our expressions
agree with the results in the literature; in particular, the
expressions for the thermal production agree with the
results of [18] after putting in the relevant value of the
strong coupling constant. The non-thermal production
depends on the initial amplitude of the saxion field, as we
have pointed out; we refer to [20] for a careful discussion
of the production mechanism. Notice that our results
depend on three free parameters namely, saxion mass,
reheating temperature and axion decay costant. These
parameters have a close relation to observables. Hence,
we will exploit complementary information coming from
different stages of the evolution of the Universe, such as
inflation, BBN and CMB to constrain these parameters
and draw our conclusions in the next section. For now
we will extend our discussions regarding the important
physics aspects of this dark radiation and supersymmet-
ric axion setting. We show in Fig.1 for TR = 106 GeV,
the axion decay constant × lifetime plane that yields
0.3 ≤ ∆Neff ≤ 0.7 for each saxion production setup
described in Eqs.(7)-(10) with the saxion mass bounded
to be in the MeV-TeV range, for saxion-axion branching
ratio (BR(a) = 1. In Fig.1 we stress that we have com-
puted ∆Neff without forcing the conditions described
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in Eqs.(7)-(10). The purpose of this plot is to show the
how the saxion production mechanisms induce different
regions of the parameter space and that for reasonable
values of lifetime, reheating temperature and axion de-
caying constant the excess of radiation favored in the
current data might be addressed. With the result shown
in Fig.1 the reader will be able to easily understand the
outcome in Fig.2 where we properly accounted for the
conditions aforementioned and presented the BBN and
CMB bounds.

To obtain Fig.1 we took (ms, fa) pairs and computed
the lifetime using Eq.(3). After comparing the decou-
pling temperature Tdecoup (given below Eq.(8)) with the
reheating temperature, we use either Eq.(7) or Eq.(8)
for the saxion abundance. That being determined, we
compute ∆Neff using Eq.(6), and plot the region of
the parameter space in the (fa, τ) plane that yields
0.3 < ∆Neff < 0.7 in Fig.1. Similarly, for the non-
thermal production, given the (ms, fa) pair, we calcu-
late the lifetime using Eq.(3) and check whether or not
TR <

√
msMp to select either Eq.(9) or Eq.(10) for the

abundance. We then again use Eq.(6) to calculate ∆Neff
and draw the curves.

Individual Contributions to Neff

f a
 (G

eV
)

108

109

1010

1011

1012

1013

τ (sec)
10−4 10−2 100 102 104 106 108 1010 1012

0.3 ≤ ΔNeff ≤ 0.7

TR = 106 GeV

Eq.7 
Eq.8

Eq.9 Eq.10 

FIG. 1. Axion decay constant × lifetime plane that yields
0.3 ≤ ∆Neff ≤ 0.7 for each saxion production setup de-
scribed in Eqs.(7)-(10) with the saxion mass bounded to be
in the MeV-TeV range for TR = 106 GeV. We emphasize that
we have computed ∆Neff without forcing the conditions de-
scribed in Eqs.(7)-(10). The purpose of this plot is to show the
how the saxion production mechanisms favor different regions
of the parameter space. With this result in mind the reader
will be able to easily understand the outcome in Fig.2 where
we accounted for the conditions aforementioned accordingly
and exhibited the BBN and CMB bounds.

Note that the contribution to dark radiation from ther-
mal axion production is subdominant to production from
saxion decay [21]. Thermally produced axions go out of
equilibrium at T > mZ , where mZ is the SM Z boson
mass, when the number of relativistic degrees of freedom
includes all SM particles. Thus, they have a present day
temperature of T ∼ Tγ(g∗s/gSM )1/3, which means that
they contribute at most ∆N th

eff ∼ 0.03 to the number of

effective neutrino species.
Moreover, one should in general be careful about en-

tropy diluton from saxion decay [14]. The dilution factor
is given by max(1,BR(g)msYs/Tdecay), where BR(g) is
the branching to gluons, and Tdecay is the temperature
at which the saxion decays. The values of Tdecay allowed
by BBN and CMB constraints will be evaluated later to
be in the keV - MeV range. Moreover, the allowed range
of the parameters will typically give msYs <∼ 10−3 GeV.
Using BR(g) ∼ 10−3, we can conclude that the dilution
factor from saxion decay is order unity and can be safely
ignored in our scenario.

We pause for some comments on dark matter, both
thermal and non-thermal, in these models. If a con-
ventional neutralino is the lightest supersymmetric par-
ticle (LSP), then dark matter considerations proceed
along usual lines1. If the axino, on the other hand, is
the LSP, in general there is some model-dependence in
the viability of thermal axino dark matter, as well as
some dependence on the relative values of the decou-
pling temperature and the inflationary reheating tem-
perature. In the KSVZ model, for example, axinos are
produced thermally in the early Universe through re-
actions like qq ↔ ψag̃ with a decoupling temperature
of Tdec ∼ 109GeV (fa/1011GeV)2 and the abundance
Ωψah

2 ∼ 0.6
( mψa
1 keV

)
, in the limit where the inflation-

ary reheating temperature is higher than the decoupling
temperature [23]. Notice, O(keV ) thermal axinos over-
close the Universe in this case and some sort of en-
tropy dilation mechanism is needed to remedy that. The
DFSZ axino with mass O(keV ), on the other hand, is
a viable warm dark matter candidate for fa ∼ 1010

GeV and could be produced by freeze-in. For the sce-
nario investigated here, axinos may be produced non-
thermally from saxion decay (if kinematically allowed),
with abundance given by Ωψa = 2BR(ψ)(mψ/ms)Ωs ∼
5.4 × 1010BR(ψ)(mψ/100GeV)Ys. Depending on the
branching BR(ψ) to axinos (which we consider in any
case to be � 1), viable cold or warm axino dark matter
may be obtained in these models [17].

One should also be careful about the decay of
other supersymmetric particles like the gravitino and
the next-to-lightest supersymmetric particle (NLSP).
The gravitino can decay to the axino and an ax-
ion, if kinematically allowed. The amount of
dark radiation produced is given by ∆Neff ∼
0.6(100 GeV/m3/2)5/2(mg̃/1 TeV)2(TR/1010 GeV) [24].
This is negligible for a heavy gravitino, as we assume
throughout. Similarly, the NLSP may be a neutralino,
and it will decay to the axino LSP, which should happen
before BBN. Since the decay is suppressed by the axion
decay constant, fa cannot be too large. The strongest
constraint comes in the case of a Bino, which decays to
an axino and a photon; the axion decay constant for an

1 See Ref.[22] for current indirect detection constraints.
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O(500) GeV Bino is constrained to be . 1012 GeV [25].
For Higgsino or Wino NLSP, the bounds are looser [26].

We now move on to our main points of interest: infla-
tion, BBN and CMB bounds on dark radiation produc-
tion.

III. CONNECTION TO INFLATION

The connection to inflation comes from the depen-
dence on the reheat temperature in Eq.(6), which
comes through the possible expressions for (msYs)tot
given before. The inflationary reheat temperature will
depend on the decay width of the inflaton TR =(
10/g∗(TR)π2

)1/4√
ΓφMp . The decay width depends on

the mass of the inflaton and its decay modes. While the
decay modes depend on the specific ways in which the in-
flaton couples to other fields, the mass of the inflaton can
be obtained in a rough estimate from the tensor-to-scalar
ratio.

We first turn to the question of decay modes. In many
models, the inflaton is a field with gravitational couplings
to the particles in the visible sector. For a gravitationally
coupled inflaton, the decay width goes as

Γφ ∼
c

2π

m3
φ

M2
P

. (11)

The precise value of the decay constant c is determined
within a UV theory of inflaton decay. While c may take
a variety of values, we consider c ∼ O(1). This is a
plausible value; within supergravity, we have explicitly
computed the inflaton decay into gauge bosons and gaug-
inos (through a tree-level coupling through the gauge ki-
netic function), supersymmetric scalars, fermions, and
the gravitino (for simple Kahler potentials and superpo-
tentials) summed them all and found Eq.(11) with c ∼ 1.
Substituting Eq.(11) into the expression for the reheat
temperature we find,

TR ≈ 5× 109 GeV
√
c
( mφ

1013 GeV

)3/2
(12)

Now we will use the recent measurements on the tensor-
to-scalar ratio to determine the mass of the inflaton. The
tensor-to-scalar ratio is defined as r ≡ ∆2

t (k)/∆2
s(k) with

∆2
t (k) ∼ (2/3π2)(V/M4

p )∆2
s(k) ∼ (1/24π2)(V/M4

p )(1/ε),

where ε is the usual slow-roll paramater, ∆2
t (k) and ∆2

s(k)
are the fluctuation amplitude squared of the tensor and
scalar modes, and k = aH is the scale of horizon crossing.
Notice that the tensor and scalar perturbations can be
expressed in terms of the inflationary potential V and its
derivatives in the context of slow-roll inflation.

The tensor-to-scalar ratio r is related to the scale
of inflation, the slow-roll parameter ε, and the dis-
placement ∆φ of the inflaton φ: r = 16ε; V 1/4 ∼
(r/0.01)

1/4
1016 GeV; (∆φ/Mp) = O(1)× (r/0.01)

1/2
.

Recent measurements of the WMAP9 satellite point to
a scalar spectrum ∆2

s(k) ∼ 2.2 × 10−9 [5] , whereas BI-
CEP2 collaboration has recently announced the detection

of primordial cosmic microwave background B-mode po-
larization, giving a tensor-to-scalar ratio of r = 0.2+0.07

−0.05

or r = 0.16+0.06
−0.05 after foreground subtraction, as com-

pared to upper bounds from the large-scale CMB tem-
perature power spectrum: r < 0.13 (WMAP) or r < 0.11
(Planck) at 95% CL [5, 6].

For r = 0.2, one obtains ε ∼ 1.3 × 10−2 and ∆φ ∼
O(Mp). For the case of V = m2φ2, this further implies
mφ ∼ 1012 GeV .

In fact, large field models with measurable tensor-to-
scalar ratio generally prefer the inflaton mass ∼ 1012

GeV. One thus obtains, combining Eqs. 12 and the above
discussion, that the reheat temperature corresponding to
the observed tensor-to-scalar ratio is

TR ∼ 109 GeV . (13)

Notice that we have brought information from cosmo-
logical inflation to pin down the favored reheating tem-
perature due to current measurements. This argument
relies, of course, on broad assumptions; a full theory of
reheating and pre-heating, which would include a precise
knowledge of the inflaton Lagrangian, would be needed
to make more precise statements.

Given the uncertainties concerning BICEP2 results
and the fact that different values of r imply different
reheating temperatures, we will draw our conclusions for
different reheating temperatures (TR = 106, 109 GeV),
merely noting that Eq.(13) is the value preferred by cur-
rent observation, under broad assumptions.

Now we will connect our setup of supersymmetric ax-
ions as dark radiation with BBN and CMB observables.

IV. CONNECTION TO BBN AND CMB

The light elements abundances and the power spec-
trum of the cosmic microwave brackground radiation are
the first places one should look at the for the presence of
new light species in the early universe given the current
precise measurements on both observables. Since we are
advocating the presence of late decays of saxions (mother
particles) into axions/gluons (daughter particles), strin-
gent constraints can be placed on the parameters that set
the lifetime and energy injection in this setup, because
those are the parameters that BBN and CMB are most
sensitive to for a given final state decay. That being said,
we follow the procedure described in Ref.[10] which used
a modified version of the KAWANO code [12] to compute
the creation and destruction of the light elements such
deuterium (D), 4He, 6He,7Li, due to electromagnetic and
hadron showers induced by the energy injection produced
in the saxion decays. We have used in our calculations
the bounds, 3.31 × 10−5 < D/H < 4.57 × 10−5; 0.227 <
Yp(

4He) < 0.249; 1.09 × 10−10 <7 Li/H < 4.39 × 10−10

and 0.18 × 10−11 <6 Li/H < 6.1 × 10−11 [10]. Because
in our scenario the saxion has a sizable branching ra-
tio into gluons (10−3) the most stringent constraint tipi-
caly comes from the hadrodissociation, which is induced
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)
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FIG. 2. BBN and CMB bounds on the axion decaying constant and lifetime of the saxion for different reheating temperatures.
For lifetimes smaller than 104 sec, a simple supersymmetric axion model can accommodate dark radiation and evade the bounds
even for high reheating temperatures currently favored by BICEP2 results in m2φ2 inflation models.

by the emission of energetic neutron and proton. Al-
though, if the production of the nuclei is kinematically
blocked, hadronic constraints become weak. Albeit, the
saxion decays with a large branching ratio (close to unity)
into axions that can be converted into photons, which in
turn induce photo-dissociation ( γ +X → Y ) capable of
still significantly altering the abundances in concern. We
have taken these effects into account as well following the
procedure described in Ref.[11]. In summary, BBN con-
strains (msYs)tot for a given lifetime. This bound can be
translated into limits in the axion decaying constant for
a given reheating temperature using Eqs.7-10.

Additionally, we derived CMB bounds related to dis-
tortions to the CMB black-body spectrum due to the en-
ergy injection. In this case, the photon spectrum relaxes
to a Bose-Einstein distribution with a chemical poten-
tial different from zero. Limits on chemical potential,
namely µ < 9× 10−5, can then be used to constrain this
additional energy injection as follows [13],

µ = 8× 10−4
( τ

106sec

)( (msYs)tot
210−9

)
exp−(tc/τ)

5/4

(14)

where

tc = 6.1×106sec

(
T0

2.725K

)−12/5(
Ωbh

2

0.022

)4/5(
1− Yp/2

0.8

)4/5

(15)
We now turn to a discussion of the results from Fig. 2.

The pink region is excluded by BBN, whereas blue one
reflects the CMB constraints following the recipe above.
The green area shows the region of parameter space that
reproduces 0.3 ≤ ∆Neff ≤ 0.7. We display our re-
sults for two cases: inflationary reheat temperature of
TR ∼ 106 GeV and TR ∼ 109 GeV. The allowed regions
are shown on the plane of saxion lifetime τ and the ax-
ion decay constant fa; thus, every point on the plane
corresponds to a different saxion mass determined from

Eq.(3). The saxion mass is varied from 1 MeV to 1 TeV.
We conclude that BBN is sensitive to smaller and large
lifetimes, whereas CMB is just sensitive to larger life-
times. The latter has to do with the thermalization pro-
cesses which are efficient at higher temperatures, leaving
no imprint on the CMB.

Although we used exact bounds in our calculations, it
is useful to mention order-of-magnitude approximations
to better understand the figures. Assuming a branching
to hadrons ∼ O(10−3), the energy density of the decaying
particle is approximately constrained to bemsYs . 10−11

GeV for a lifetime of order of 105 sec. This is smaller than
the (msYs)tot obtained from Eq.(7)-(10) for a large region
of the parameter space; hence these regions are excluded.
The triangular allowed wedge corresponds to ms < 200
MeV, for which the hadronic constraints basically vanish,
whereas the electromagnetic ones still give rise to some
important bounds.

It is clear from Eq.(7)-(10) that smaller the reheat
TR, smaller the quantity (msYs)tot. Consequently, from
Eq. 6, to obtain a fixed ∆Neff , smaller TR requires
greater lifetime τ . This is why the green allowed region
for ∆Neff is at higher lifetimes for the case TR = 106

GeV.

It is also instructive to understand the shape of the
∆Neff green regions. For simplicity, we consider the
case TR = 109 GeV. From Eq.(7)-(10), it is clear that

(i) for large fa >∼ 1012 GeV, the thermal contribution is
suppressed by the ratio TR/Tdecoup, and the non-thermal
contribution dominates; as fa becomes smaller in this
region, (msYs)tot decreases and τ must increase to keep
∆Neff in the allowed region, (ii) for fa . 1011 GeV,
the non-thermal contribution becomes small, while the
thermal contribution becomes maximal, and the allowed
region of ∆Neff shows the same trend as above, and (iii)
in the region 1011 GeV . fa . 1012 GeV, the two con-
tributions can become comparable; for ms

>∼ O(1) GeV,
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the thermal contribution can dominate and the saxion
decays early to produce the same amount of dark radia-
tion. This has been clearly shown in Fig.1 previously.

We will mainly be interested in the region 1010 GeV
≤ fa ≤ 1012 GeV. For the case of TR ∼ 106 GeV,
the green ∆Neff region is almost entirely ruled out, ex-
cept for some regions with fa ∼ 1010 GeV which evade
hadronic and electromagnetic energy injection bounds.

Summary of our Results
Higher saxion masses are preferred in the higher re-

heat regime by BBN constraints. As discussed above, the
green region corresponding to the allowed range of ∆Neff
moves to the left (shorter saxion lifetime or, equivalently,
large saxion mass) as the reheat temperature is increased.
In our Figure 2, for Tr = 109 GeV, we similarly see that
the allowed green band lies mainly in the small saxion
lifetime τ region, corresponding to higher saxion mass,
while the large saxion lifetime (small saxion mass) re-
gions start conflicting with BBN bounds. Our results
are in agreement with [18].

Result 1: For low reheat temperatures, TR ∼ 106 GeV,
and saxion-axion branching ratio close to unity, the su-
persymmetric axion can accommodate the observed dark
radiation for light saxionic decay with ms ∼ 200 MeV,
and fa ∼ 1010 GeV as shown in Fig.2.
Result 2: For high reheat temperatures, TR ∼ 109

GeV, and saxion-axion branching ratio close to unity,
the green curve has shifted to the left, and there is a
large area that evades the BBN and CMB constraints
entirely. In this region, the saxion is massive and de-
cays at higher temperatures. As a benchmark point, the
choices fa ∼ 1011 − 1012 GeV and ms ∼ 10 GeV repro-
duce ∆Neff ∼ 0.5.

Therefore, for high reheat temperatures as preferred by
the current observed tensor modes, the supersymmetric
axion can accommodate the observed dark radiation.

V. CONCLUSIONS

In this work we have exploited the complementarity
among axions, inflation, BBN and the CMB radiation in
the context of supersymmetry in the wake of the recent
results from Planck and BICEP2 regarding dark radia-
tion and the observation of B-mode polarization in the
CMB.

First, we derived the expression for dark radiation com-
ponent resulted from saxion decays and connected it to

different saxion production mechanisms which are com-
prised of thermal and non-thermal production and de-
pend on various input such as the saxion mass, reheating
temperature and axion decay constant.

Further, we brought inflation inputs into our analysis,
which tells us that a reheating temperature of 109 GeV is
preferred in the vanilla inflation model. Later, we derived
BBN and CMB bounds coming from the alteration of the
light element abundances and deviations from the Black-
body spectrum respectively, in the axion decay constant
× saxion lifetime plane, taking into account hadronic and
electromagnetic energy injection. We presented those
constraints in the regime where branching ratio into elec-
tromagnetic energy injection is close to unity. Lastly, we
combined all this information to outline the viable ver-
sus excluded region of the parameter space that might
account for the mild dark radiation observed, while obey-
ing the existing bounds aforementioned. We have found
two benchmark models satisfying all bounds,

(i) Low Reheat: The supersymmetric axion can ac-
commodate the observed dark radiation for saxion mass
ms ∼ 200 MeV, and axion decay constant fa ∼ 1010

GeV.
(ii) High Reheat: The supersymmetric axion can re-

produce the observed dark radiation for ms ∼ 10 GeV,
and fa ∼ 1011 − 1012 GeV.

The trend shows that higher saxion masses are pre-
ferred in the higher reheat regime by BBN constraints.
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