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In supersymmetric axion models, if the gravitino or axino is the lightest SUSY particle (LSP), the other 
is often the next-to-LSP (NLSP). We investigate the cosmology of such a scenario and point out that 
the lifetime of the NLSP naturally becomes comparable to the present age of the universe in a viable 
parameter region. This is a well-motivated example of the so-called decaying dark matter model, which 
is recently considered as an extension of the �CDM model to relax some cosmological tensions.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Supersymmetric (SUSY) version of the axion models have many 
good features: it solves the gauge hierarchy problem, strong CP 
problem [1] and provides dark matter (DM) candidates (see Ref. [2]
for a review of SUSY axion model). In particular, the existence of 
the axino, fermionic superpartner of the axion, makes the cos-
mological scenarios rich depending on its mass scale. Although 
model-dependent, the axino mass tends to be the same order of 
the gravitino mass in many realistic setups [2–6]. Then it happens 
that if the gravitino or axino is the lightest SUSY particle (LSP), 
the other naturally becomes the next-to-LSP (NLSP). In such a sit-
uation, the NLSP decays into the LSP plus axion, with a very long 
lifetime. Although this decay channel is an “invisible” process in a 
sense that all the gravitino, axino and axion hardly interact with 
other particles, such an invisible decay can leave distinct features 
in cosmological observations. We point out that the abundance of 
NLSP can be sizable and the lifetime of NLSP in this setup is natu-
rally predicted to be close to the present age of the universe for a 
reasonable scale of the Peccei–Quinn (PQ) symmetry breaking and 
the reheating temperature. This is a well-motivated example of the 
decaying DM scenario, which is recently studied in the context of 
solving/relaxing cosmological tensions, explained below.1

Since the discovery of our Universe’s accelerated expansion, 
�CDM (cosmological constant/dark energy + cold dark matter) 
has been becoming the standard paradigm for cosmology. Vari-
ous experiments have confirmed this simple picture by measuring 
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1 The gravitino (axino) decay into the axino (gravitino) and axion has been con-
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key observables precisely in cosmic microwave background (CMB), 
large scale structure (LSS), expansion rate and so on. In spite 
of those successes, there are still some persistent tensions be-
tween different measurements. One of the most notable tensions 
is the Hubble constant H0 measured by Hubble Space Telescope 
[14] and Planck [15]. The latest analysis [14] of HST data gives 
H0 = 73.24 ± 1.74 km s−1 Mpc−1, which is about 3.4σ higher than 
the value given by Planck [15] within the �CDM model. Also, on 
the structure growth rate σ8 (the amplitude of matter perturbation 
at scale around 8 Mpc), Planck data gives σ8 = 0.815 ± 0.009, 
which is relatively larger than other low redshift measurements, 
for example, σ8(�m/0.27)0.46 = 0.774 ± 0.040 from weak lensing 
survey CFHTLenS [16], and also about 2.3σ deviation with the re-
cent result from the KiDS-450 survey [17]. Those tensions deserve 
further investigations or improvements on the systematic uncer-
tainties. On the other hand, they could also indicate extensions of 
the standard �CDM model and guide to new physics [18–34]. In 
Refs. [30,31], a solution with decaying DM was proposed to resolve 
the above two tensions simultaneously by modifying the late-time 
cosmological evolution, where a sub-dominant component of DM 
(∼ 5%) decays with lifetime tD ∼ 1016 s, shorter than the age of 
Universe. On the other hand, Ref. [34] claimed that the decaying 
DM does not drastically improve the situation, but still alleviates 
the tension in a right way especially for tD longer than the present 
age of the universe. These observations may be regarded as a hint 
for decaying DM, or in the conservative viewpoint they just give 
constraint on the decaying DM scenario. In any case, the SUSY ax-
ion model is subject to these observations and it is worth studying 
its implications.

In Sec. 2 we show that SUSY axion model naturally fits into the 
decaying DM scenario for reasonable range of parameters. In Sec. 3
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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we construct an explicit model of SUSY axion which is suitable for 
the present purpose. Several cosmological constraints will also be 
discussed.

2. Gravitino/axino as decaying dark matter

In SUSY theories to address the strong CP problem, axino, the 
fermionic superpartner of axion, is predicted [35]. Although the 
exact mass spectrum of axino mã depends on the details of model 
which we shall come back later, some models could have mã of 
the order of gravitino mass m3/2 [3–6]. Thus, if the gravitino or 
axino is the LSP, the other is often the NLSP, and the NLSP naturally 
becomes a long lived particle (decaying DM).

The interaction among the gravitino, axion and axino is

Lint = − 1

2M P
∂νaψ̄μγ νγ μiγ5ã, (1)

where M P = 2.4 × 1018 GeV, ã is axino, a is the axion, and ψμ is 
the gravitino. We consider two scenarios; (i) the gravitino NLSP +
the axino LSP, and (ii) the axino NLSP + the gravitino LSP.

(i) In the models with the gravitino NLSP and the axino LSP, we 
obtain2

	(ψμ → ã + a) = m3
3/2

192π M2
P

(1 − rã)
2(1 − r2

ã )3, rã ≡ mã

m3/2
,

(2)

where m3/2 and mã denote the gravitino and axino mass re-
spectively and we have neglected the axion mass. When mã �
m3/2 the decay width or lifetime of gravitino goes as

	−1 � 192π M2
P

m3
3/2

� 2.35 × 1015 s ·
(

1 GeV

m3/2

)3

. (3)

(ii) In the models with the axino NLSP and the gravitino LSP, we 
obtain

	(ã → ψμ + a) = m5
ã

96πm2
3/2M2

P

(1 − r−1
ã )2(1 − r−2

ã )3. (4)

The above decay widths agree with [8–10] in the limit of massless 
final states.

Now let us discuss the abundances of the gravitino and the 
axino. The production rate of gravitino depends on the tempera-
ture of thermal bath. The relic abundance of gravitino is given by 
Refs. [36–38]

�3/2h2 � 0.02

(
T R

105 GeV

)(
1 GeV

m3/2

)(
M3(T R)

3 TeV

)2

×
(

γ (T R)/(T 6
R/M2

P )

0.4

)
, (5)

where T R is the reheating temperature after the inflation, M3(T R)

is the running gluino mass, and the last factor parametrizes 
the effective gravitino production rate whose value changes as 
γ (T R )/(T 6

R/M2
P ) � 0.4–0.35 for T R � 104–106 GeV [38]. Thermal 

gravitino production occurs mostly by the scattering processes 

2 Actually there may be a relative phase between the gravitino mass and axino 
mass in the model basis. This phase affects the decay rate through the term which 
is linear in rã .
of particles with strong interaction. Since the production is UV-
dominant, higher reheating temperature gives larger relic abun-
dance. Here we neglect the possible non-thermal contribution 
from, for example, other SUSY particle’s decay, which are highly 
model dependent. In the numerical calculation, we use an approx-
imation M3(T R) = mg̃ × (g3(T R)/g3(mg̃))

2, where mg̃ is the gluino 
mass and g3(μ) is the running SU(3) coupling.

The axino production may be dominated by the scatterings of 
gluons and gluinos. In such a case, the axino relic density depends 
on the axino mass mã , the reheating temperature T R and the PQ 
symmetry breaking scale fa [39,40],

�ãh2 � 0.30 × g3(T R)4
(

F (g3(T R))

23

)( mã

1 GeV

)(
T R

104 GeV

)
×

(
1012 GeV

fa

)2

, (6)

where the function F changes as F � 24–21.5 for T R �
104–106 GeV [40]. Here we assumed the KSVZ axion model [41,
42]. In the DFSZ model [43,44], the axino production would 
be dominated by the axino–Higgs–higgsino and/or axino–quark–
squark interactions and becomes independent of the reheating 
temperature [45,46].

To be complete, we also show the axion contribution to DM 
from the misalignment production [47],

�ah2 � 0.18θ2
i

(
fa

1012 GeV

)1.19

, (7)

where θi fa is the initial value of the misaligned axion field. Since 
we are interested in relatively low reheating temperature (T R �
fa), we naturally expect that the PQ symmetry is not restored dur-
ing/after inflation. Thus we do not need to take care of the axion 
production from topological defects.

For convenience, we define the following useful quantity F :

�NLSPh2 mNLSP − mLSP

mNLSP
� F�cdmh2, (8)

where �cdmh2 � 0.12 and F parametrizes the fraction of cold dark 
matter that is transferred into radiation. This definition also con-
tains the case where mNLSP is close to mLSP and the LSP remains 
non-relativistic.

In Fig. 1, we show the results for the gravitino NLSP sce-
nario in the plane of m3/2–T R , with gluino mass mg̃ = 3 TeV
and mã = 0.4m3/2. The blue dotted and dot-dashed curves give 
�3/2h2 + �ãh2 � 0.12 with fa = 1012 and 1013 GeV, respectively. 
For fixed fa , regions below the blue curves are allowed since the 
axion contribution to DM can compensate with proper initial θi
in Eq. (7). We also show the contours of the decaying DM frac-
tion F = 4%, 8% and 25% in solid black, dashed purple and long-
dashed orange lines, respectively, which illustrates how the grav-
itino contribution shifts in the m3/2–T R plane. Notably, within the 
allowed parameter ranges the gravitino lifetime is rather close to 
the present age of the universe t0 � 4 × 1017s, and also its energy 
fraction to the total DM is sizable. Therefore, the NLSP gravitino 
naturally becomes a good candidate of the decaying DM. The pa-
rameter region between the two vertical gray dashed lines may 
be interesting from the viewpoint of cosmological tensions [30,
31], 	 � 3.2 × 10−17 ∼ 1.6 × 10−16 s−1 and F ∼ a few percent. 
In addition, we also show the constraint on the decaying DM from 
Refs. [34] for 	 < H0 with red dotted lines in the upper part of the 
figure. The region inside this dotted triangle is excluded by com-
bination of various cosmological data. Conversely, the region near 
this red dotted line may be favored since the cosmological ten-
sions are relaxed. For the case of 	 > H0, Ref. [34] obtained an 
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Fig. 1. The relevant contours for the gravitino NLSP scenario in the plane of the grav-
itino mass m3/2 vs the reheating temperature T R , for mg̃ = 3 TeV and mã = 0.4m3/2. 
Contours of �3/2h2 + �ãh2 � 0.12 are shown in blue dotted and dot-dashed curves 
for PQ scales fa = 1012 and 1013 GeV, respectively. Contours of the decaying DM 
fraction, F = 4%, 8% and 25%, are shown in solid black, dashed purple and long-
dashed orange lines, respectively. Region between the two vertical gray dashed lines 
may be interesting from the viewpoint of cosmological tensions [30,31]. Region in-
side the red dotted triangle in the upper part indicates the exclusion from Ref. [34]. 
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 2. The relevant contours for the axino NLSP scenario in the plane of the axino 
mass mã vs the reheating temperature T R , for fa = 2 × 1012 GeV and m3/2 = 0.4mã . 
Contours of �3/2h2 + �ãh2 � 0.12 are shown in blue dot-dashed and dotted curves 
for the gluino mass mg̃ = 2 and 3 TeV, respectively. Other lines are the same as 
Fig. 1. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

upper bound on F � 4%, which coincides with our solid black line 
and, if robust, would exclude the region above.

Fig. 2 shows the case of the axino NLSP scenario, with fa =
2 × 1012 GeV and m3/2 = 0.4mã . In this case, a relatively lower 
reheating temperature T R is necessary to give a viable DM relic 
density, which can be understood by comparing the mass scales in 
Eqs. (5) and (6). For fixed mg̃ , regions below the blue curves are 
allowed. As can be seen in the figure, there is a parameter space 
between the two vertical gray dashed lines that might be interest-
ing for cosmological tensions. Again, the constraint from Ref. [34]
is shown by the red dotted triangle.
We emphasize that the allowed parameter regions are not so 
large in both cases and hence it is the prediction of the grav-
itino/axino LSP scenario that the NLSP has a lifetime comparable 
to the present age of the universe, as often considered in the con-
text of decaying DM model to relax the cosmological tensions.

3. A model of SUSY axion

Now we provide one of the concrete setups of a SUSY axion 
model and its cosmological implications. Let us consider a SUSY 
axion model with superpotential

W = λX(φφ̄ − f 2) + Wφ + W0, (9)

where φ and φ̄ are PQ scalars with global U(1) charges of +1 and 
−1 while X is neutral under the U(1), W0 = m3/2M2

P is a con-
stant term and Wφ involves the coupling of φ with some other 
sector to make the global U(1) anomalous under the QCD. In 
the KSVZ model we have Wφ = yφQ Q with Q and Q denot-
ing the additional vector-like quarks and in the DFSZ model we 
have Wφ = κφ2 Hu Hd/M P with Hu and Hd denoting the up- and 
down-type Higgs doublets, which may also solve the so-called μ
problem [48], although we focus on the KSVZ model in this let-
ter. We also assume gauge-mediated SUSY breaking model [49] to 
make the gravitino mass much smaller than the soft SUSY breaking 
scale.

Without loss of generality, all the parameters in Eq. (9) are 
taken to be real and positive by field redefinition. Including the 
SUSY breaking effects, the scalar potential is given by

V = m2
φ |φ|2 + m2

φ̄
|φ̄|2 + λ2

(∣∣∣φφ̄ − f 2
∣∣∣2 + |X |2(|φ|2 + |φ̄|2)

)
+ 2λm3/2 f 2(X + X†). (10)

The soft masses are naively mφ ∼ mφ̄ ∼ O(m3/2) from gravity me-

diation effects. In the KSVZ model, φ couples to Q and Q and 
hence it also receives soft masses from gauge mediation effect. 
This gives negative contribution to the soft masses as m2

φ

(GMSB) ∼
−y2m2

soft/π
2 [50–53]. If this is dominant, we need some extra po-

tential to stabilize the PQ field at appropriate field value. In the 
present analysis, we neglect it by assuming that y is small enough. 
The potential minimum is

〈X〉 = − 2m3/2 f 2/λ

〈|φ|〉2 + 〈|φ̄|〉2 , (11)

〈|φ|〉 = f

⎛⎝m2
φ̄

+ λ2 〈X〉2

m2
φ + λ2 〈X〉2

⎞⎠1/4

+O
(

m2
φ

f

)
, (12)

〈|φ̄|〉 = f

⎛⎝m2
φ + λ2 〈X〉2

m2
φ̄

+ λ2 〈X〉2

⎞⎠1/4

+O

⎛⎝m2
φ̄

f

⎞⎠ . (13)

The PQ scale fa which appeared in the previous section is given by 
fa =

√
2
(〈|φ|2〉 + 〈|φ̄|2〉)/NDW where NDW denotes the domain wall 

number which is equal to unity in the simplest KSVZ axion model. 
Note that the phase of the product φφ̄ , or arg(φ) +arg(φ̄), is deter-
mined by minimizing the potential to be zero, but arg(φ) − arg(φ̄)

remains undetermined, corresponding to the axion. This freedom 
allows us to redefine the phases so that arg(φ) = arg(φ̄) = 0. The 
mass matrix of the fermionic components are given by

L = −1

2

(
X̃, φ̃, ˜̄φ)

M

⎛⎝ X̃
φ̃˜̄φ

⎞⎠ + h.c., M = λ

⎛⎝ 0
〈
φ̄
〉 〈φ〉〈

φ̄
〉

0 〈X〉
〈φ〉 〈X〉 0

⎞⎠.

(14)
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Since 〈φ〉 , 
〈
φ̄
〉 
 〈|X |〉, the two heavy mass eigenvalues are both 

found to be mheavy � λ

√
〈φ〉2 + 〈

φ̄
〉2

. Noting that det(M) =
2λ3φφ̄ X � 2λ3 f 2 X , the light mass eigenvalue is given by

mã =
∣∣∣∣∣ 2λ f 2 〈X〉
〈φ〉2 + 〈

φ̄
〉2

∣∣∣∣∣ = 4 f 4m3/2(
〈φ〉2 + 〈

φ̄
〉2)2

, (15)

This light state is identified with axino. Neglecting corrections of 
O(m3/2/ f ), the axino mass eigenstate is

ã = 1√
〈φ〉2 + 〈

φ̄
〉2 (

−〈φ〉 φ̃ + 〈
φ̄
〉 ˜̄φ)

. (16)

In general, 〈φ〉 ∼ 〈
φ̄
〉 ∼ f and hence mã ∼ m3/2. Thus the gravitino 

mass is comparable to the axino mass in this model. It is possible 
to make a slight hierarchy between the gravitino and axino mass 
if either m2

φ > m2
φ̄

or m2
φ < m2

φ̄
so that 

〈
φ̄
〉
> f > 〈φ〉 or 

〈
φ̄
〉
< f <

〈φ〉.3

Let us briefly consider the saxion cosmology. Because of the 
holomorphic property of the superpotential, the global U(1) in-
dicates the existence of the flat direction in the scalar potential, 
which is only lifted up by the SUSY breaking effect and it is identi-
fied with the saxion. In the model presented above, there is a mod-
uli space along φφ̄ = f 2 and the mass of this direction is of the 
order of m3/2. The saxion begins a coherent oscillation when the 
Hubble expansion rate becomes comparable to the saxion mass, 
H ∼ m3/2, with amplitude of ∼ f . Thus, its the abundance is4

ρs

s
∼ T R

8

(
θ f

M P

)2

∼2 × 10−9 GeV

(
T R

105 GeV

)(
f

1012 GeV

)2

θ2,

(17)

where θ ∼ O(0.1) represents the uncertainly of the initial ampli-
tude. Saxions are also produced thermally by the scatterings of 
particles in thermal bath, but it is subdominant or at most compa-
rable to the coherent oscillation for the parameters of our interest. 
The lifetime of the saxion (assuming that it mainly decays into the 
axion pair) is given by [5,57]

τs �
(

x2m3
s

32π f 2
a N2

DW

)−1

∼ 2 × 102 s x−2
(

1 GeV

ms

)3 (
fa NDW

1012 GeV

)2

, (18)

where x ≡ (〈|φ|2〉 − 〈|φ̄|2〉)/ 
(〈|φ|2〉 + 〈|φ̄|2〉) is in general an O(0.1)

numerical coefficient. Therefore it may decay after the Big-Bang 
Nucleosynthesis (BBN) begins and hence we must take care of the 
BBN constraint. Although the saxion dominantly decays into the 
axion pair, a small fraction goes into the visible sector. For the 
saxion mass of ∼ 1 GeV, it may decay into two photons and two 
mesons. First, the branching fraction of two-photon decay is about 
Br ∼ α2

EMN2
DW/(8π2x2) ∼ 10−6 with αEM being electro-magnetic 

fine structure constant. It is harmless for this mass range since 
the constraint reads Br(ρs/s) � 10−9 GeV for τs ∼ 104 s, for ex-
ample [58]. (See also Ref. [59] for more detailed constraints in a 
similar setup.) Second, the branching fraction of two-meson decay 

3 In the KSVZ model, the axino may radiatively obtain a mass from the gauge me-

diation effect as m(GMSB)

ã ∼ y2 Aφ/π2 with Aφ being the soft SUSY breaking A-term 
related to the superpotential Wφ . This contribution is small enough once we as-
sume that the gauge-mediation contribution to the saxion mass is small enough.

4 For the KSVZ model, thermal effects may be marginally important for interest-
ing parameter regions [54–56].
is expected to be Bh ∼ α2
s N2

DW/(πx)2 ∼ 10−3 with αs being the 
QCD fine structure constant. According to Ref. [60], the constraint 
roughly reads Bh(ρs/s)/ms � 10−10–10−9 for τs � 102–105 s. This 
is also not a strong constraint in the parameter ranges of our in-
terest. Let us also comment on the constraint from the axion dark 
radiation abundance. It requires that the extra effective number 
of neutrino species should be smaller than O(0.1) [15], which 
roughly means that the saxion must decay before it dominates the 
universe [13,59]. From Eq. (17) and Eq. (18), it is well satisfied in 
the parameter ranges of our interest.

Finally, the lightest SUSY particle except for the gravitino/axino 
(stau, for example) can decay into the gravitino/axino that may be 
able to affect BBN. For the stau mass mτ̃ larger than 200 GeV and 
m3/2 ∼ 1 GeV, the BBN bound is safely evaded [61].

4. Conclusions

We have shown that SUSY axion models naturally predict the 
gravitino/axino LSP-NLSP system, and the lifetime of the NLSP be-
comes of the order of the present age of the universe for natural 
parameter ranges of the PQ breaking scale and the reheating tem-
perature. This is a good example of the so-called decaying DM 
scenario, which is recently introduced in the context of tensions 
between cosmological parameters deduced from the CMB observa-
tion and low-redshift astronomical observations. Taking the tension 
seriously, the decaying DM scenario is one of the options as an 
extension of the �CDM model and hence it is worth studying 
whether such a model is natural or not from the particle physics 
point of view.

If the cosmological tension is really explained by the grav-
itino/axino decaying DM scenario, there are several observable pre-
dictions. First, the PQ scale is close to 1012 GeV and the axion 
coherent oscillation is expected to constitute sizable fraction of 
DM. It is within the reach of the cavity search experiment [62–64]. 
The future of proposed experiment to measure the effect of long-
range force mediated by the axion may also be sensitive to this 
axion mass scale [65]. Second, the lightest SUSY particle except 
for the gravitino/axino is long-lived at the collider scale. If it is 
the stau, charged tracks may be observed at the LHC. The current 
bound [66] is mτ̃ � 360 GeV and the future data at 14 TeV LHC 
might probe up to mτ̃ � 1.20 TeV [67]. Thus the discovery of both 
the axion and long-lived SUSY particle signatures would test or 
support our scenario.

Acknowledgements

This work was supported by the Grant-in-Aid for Scientific Re-
search on Scientific Research A (No. 26247038 [KH], No. 26247042 
[KN], No. 16H02189 [KH]), Young Scientists B (No. 26800121 [KN], 
No. 26800123 [KH]) and Innovative Areas (No. 26104001 [KH], 
No. 26104009 [KH and KN], No. 15H05888 [KN], No. 16H06490 
[YT]), and by World Premier International Research Center Initia-
tive (WPI Initiative), MEXT, Japan.

References

[1] R.D. Peccei, H.R. Quinn, CP conservation in the presence of instantons, Phys. 
Rev. Lett. 38 (1977) 1440–1443.

[2] M. Kawasaki, K. Nakayama, Axions: theory and cosmological role, Annu. Rev. 
Nucl. Part. Sci. 63 (2013) 69–95, arXiv:1301.1123.

[3] T. Goto, M. Yamaguchi, Is axino dark matter possible in supergravity?, Phys. 
Lett. B 276 (1992) 103–107.

[4] E.J. Chun, J.E. Kim, H.P. Nilles, Axino mass, Phys. Lett. B 287 (1992) 123–127, 
arXiv:hep-ph/9205229.

[5] E.J. Chun, A. Lukas, Axino mass in supergravity models, Phys. Lett. B 357 (1995) 
43–50, arXiv:hep-ph/9503233.

http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5065636365693A313937376868s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5065636365693A313937376868s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323031336165s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323031336165s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib476F746F3A313939316771s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib476F746F3A313939316771s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756E3A313939327A6Bs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756E3A313939327A6Bs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756E3A313939356863s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756E3A313939356863s1


K. Hamaguchi et al. / Physics Letters B 772 (2017) 415–419 419
[6] J.E. Kim, M.-S. Seo, Mixing of axino and goldstino, and axino mass, Nucl. Phys. 
B 864 (2012) 296–316, arXiv:1204.5495.

[7] K.A. Olive, D.N. Schramm, M. Srednicki, Gravitinos as the cold dark matter in 
an � = 1 universe, Nucl. Phys. B 255 (1985) 495–504.

[8] E.J. Chun, H.B. Kim, J.E. Kim, Dark matters in axino gravitino cosmology, Phys. 
Rev. Lett. 72 (1994) 1956–1959, arXiv:hep-ph/9305208.

[9] H.B. Kim, J.E. Kim, Dark matter and structure formation with late decaying par-
ticles, Nucl. Phys. B 433 (1995) 421–434, arXiv:hep-ph/9405385.

[10] T. Asaka, T. Yanagida, Solving the gravitino problem by axino, Phys. Lett. B 494 
(2000) 297–301, arXiv:hep-ph/0006211.

[11] K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami, F. Takahashi, Increasing 
effective number of neutrinos by decaying particles, J. Cosmol. Astropart. Phys. 
0705 (2007) 008, arXiv:hep-ph/0703034.

[12] J. Hasenkamp, Dark radiation from the axino solution of the gravitino problem, 
Phys. Lett. B 707 (2012) 121–128, arXiv:1107.4319.

[13] P. Graf, F.D. Steffen, Dark radiation and dark matter in supersymmetric ax-
ion models with high reheating temperature, J. Cosmol. Astropart. Phys. 1312 
(2013) 047, arXiv:1302.2143.

[14] A.G. Riess, et al., A 2.4% determination of the local value of the Hubble con-
stant, Astrophys. J. 826 (1) (2016) 56, arXiv:1604.01424.

[15] Planck Collaboration, P.A.R. Ade, et al., Planck 2015 results. XIII. Cosmological 
parameters, Astron. Astrophys. 594 (2016) A13, arXiv:1502.01589.

[16] C. Heymans, et al., CFHTLenS: the Canada–France–Hawaii telescope lensing sur-
vey, Mon. Not. R. Astron. Soc. 427 (2012) 146, arXiv:1210.0032.

[17] H. Hildebrandt, et al., KiDS-450: cosmological parameter constraints from to-
mographic weak gravitational lensing, arXiv:1606.05338.

[18] A. Pourtsidou, T. Tram, Reconciling CMB and structure growth measure-
ments with dark energy interactions, Phys. Rev. D 94 (4) (2016) 043518, 
arXiv:1604.04222.

[19] E. Di Valentino, A. Melchiorri, J. Silk, Reconciling Planck with the local value 
of H0 in extended parameter space, Phys. Lett. B 761 (2016) 242–246, 
arXiv:1606.00634.

[20] Q.-G. Huang, K. Wang, How the dark energy can reconcile Planck with lo-
cal determination of the Hubble constant, Eur. Phys. J. C 76 (2016) 506, 
arXiv:1606.05965.

[21] M. Archidiacono, S. Gariazzo, C. Giunti, S. Hannestad, R. Hansen, M. Laveder, 
T. Tram, Pseudoscalar–sterile neutrino interactions: reconciling the cosmos 
with neutrino oscillations, J. Cosmol. Astropart. Phys. 1608 (08) (2016) 067, 
arXiv:1606.07673.

[22] J. Lesgourgues, G. Marques-Tavares, M. Schmaltz, Evidence for dark matter in-
teractions in cosmological precision data?, J. Cosmol. Astropart. Phys. 1602 (02) 
(2016) 037, arXiv:1507.04351.

[23] R. Murgia, S. Gariazzo, N. Fornengo, Constraints on the coupling between dark 
energy and dark matter from CMB data, J. Cosmol. Astropart. Phys. 1604 (04) 
(2016) 014, arXiv:1602.01765.

[24] P. Ko, Y. Tang, Light dark photon and fermionic dark radiation for the Hub-
ble constant and the structure formation, Phys. Lett. B 762 (2016) 462–466, 
arXiv:1608.01083.

[25] P. Ko, Y. Tang, Residual non-Abelian dark matter and dark radiation, Phys. Lett. 
B 768 (2017) 12–17, arXiv:1609.02307.

[26] E. Di Valentino, F.R. Bouchet, A comment on power-law inflation with a 
dark radiation component, J. Cosmol. Astropart. Phys. 1610 (10) (2016) 011, 
arXiv:1609.00328.

[27] G. Barenboim, W.H. Kinney, W.-I. Park, Flavor versus mass eigenstates in neu-
trino asymmetries: implications for cosmology, arXiv:1609.03200.

[28] Z. Chacko, Y. Cui, S. Hong, T. Okui, Y. Tsai, Partially acoustic dark matter, inter-
acting dark radiation, and large scale structure, J. High Energy Phys. 12 (2016) 
108, arXiv:1609.03569.

[29] M.-M. Zhao, D.-Z. He, J.-F. Zhang, X. Zhang, A search for sterile neutrinos in 
holographic dark energy cosmology: reconciling Planck observation with the 
local measurement of Hubble constant, arXiv:1703.08456.

[30] Z. Berezhiani, A.D. Dolgov, I.I. Tkachev, Reconciling Planck results with low 
redshift astronomical measurements, Phys. Rev. D 92 (6) (2015) 061303, 
arXiv:1505.03644.

[31] A. Chudaykin, D. Gorbunov, I. Tkachev, Dark matter component decaying after 
recombination: lensing constraints with Planck data, Phys. Rev. D 94 (2016) 
023528, arXiv:1602.08121.

[32] K. Enqvist, S. Nadathur, T. Sekiguchi, T. Takahashi, Decaying dark matter 
and the tension in σ8, J. Cosmol. Astropart. Phys. 1509 (09) (2015) 067, 
arXiv:1505.05511.

[33] L.A. Anchordoqui, V. Barger, H. Goldberg, X. Huang, D. Marfatia, L.H.M. da Silva, 
T.J. Weiler, IceCube neutrinos, decaying dark matter, and the Hubble constant, 
Phys. Rev. D 92 (6) (2015) 061301, arXiv:1506.08788.

[34] V. Poulin, P.D. Serpico, J. Lesgourgues, A fresh look at linear cosmological con-
straints on a decaying dark matter component, J. Cosmol. Astropart. Phys. 
1608 (08) (2016) 036, arXiv:1606.02073.

[35] K. Rajagopal, M.S. Turner, F. Wilczek, Cosmological implications of axinos, Nucl. 
Phys. B 358 (1991) 447–470.
[36] M. Bolz, A. Brandenburg, W. Buchmuller, Thermal production of gravitinos, 
Nucl. Phys. B 606 (2001) 518–544, arXiv:hep-ph/0012052;
M. Bolz, A. Brandenburg, W. Buchmuller, Nucl. Phys. B 790 (2008) 336, Erratum.

[37] J. Pradler, F.D. Steffen, Thermal gravitino production and collider tests of lepto-
genesis, Phys. Rev. D 75 (2007) 023509, arXiv:hep-ph/0608344.

[38] V.S. Rychkov, A. Strumia, Thermal production of gravitinos, Phys. Rev. D 75 
(2007) 075011, arXiv:hep-ph/0701104.

[39] A. Brandenburg, F.D. Steffen, Axino dark matter from thermal production, J. 
Cosmol. Astropart. Phys. 0408 (2004) 008, arXiv:hep-ph/0405158.

[40] A. Strumia, Thermal production of axino dark matter, J. High Energy Phys. 06 
(2010) 036, arXiv:1003.5847.

[41] J.E. Kim, Weak interaction singlet and strong CP invariance, Phys. Rev. Lett. 43 
(1979) 103.

[42] M.A. Shifman, A.I. Vainshtein, V.I. Zakharov, Can confinement ensure natural CP 
invariance of strong interactions?, Nucl. Phys. B 166 (1980) 493–506.

[43] M. Dine, W. Fischler, M. Srednicki, A simple solution to the strong CP problem 
with a harmless axion, Phys. Lett. B 104 (1981) 199–202.

[44] A.R. Zhitnitsky, On possible suppression of the axion hadron interactions (in 
Russian) Sov. J. Nucl. Phys. 31 (1980) 260, Yad. Fiz. 31 (1980) 497.

[45] E.J. Chun, Dark matter in the Kim–Nilles mechanism, Phys. Rev. D 84 (2011) 
043509, arXiv:1104.2219.

[46] K.J. Bae, K. Choi, S.H. Im, Effective interactions of axion supermultiplet and 
thermal production of axino dark matter, J. High Energy Phys. 08 (2011) 065, 
arXiv:1106.2452.

[47] M.S. Turner, Cosmic and local mass density of invisible axions, Phys. Rev. D 33 
(1986) 889–896.

[48] J.E. Kim, H.P. Nilles, The μ-problem and the strong C P -problem, Phys. Lett. B 
138 (1984) 150–154.

[49] G.F. Giudice, R. Rattazzi, Theories with gauge mediated supersymmetry break-
ing, Phys. Rep. 322 (1999) 419–499, arXiv:hep-ph/9801271.

[50] T. Asaka, M. Yamaguchi, Hadronic axion model in gauge mediated supersym-
metry breaking, Phys. Lett. B 437 (1998) 51–61, arXiv:hep-ph/9805449.

[51] N. Arkani-Hamed, G.F. Giudice, M.A. Luty, R. Rattazzi, Supersymmetry break-
ing loops from analytic continuation into superspace, Phys. Rev. D 58 (1998) 
115005, arXiv:hep-ph/9803290.

[52] K. Choi, E.J. Chun, H.D. Kim, W.I. Park, C.S. Shin, The μ-problem and axion in 
gauge mediation, Phys. Rev. D 83 (2011) 123503, arXiv:1102.2900.

[53] K. Nakayama, N. Yokozaki, Peccei–Quinn extended gauge-mediation model 
with vector-like matter, J. High Energy Phys. 11 (2012) 158, arXiv:1204.5420.

[54] M. Kawasaki, N. Kitajima, K. Nakayama, Inflation from a supersymmetric axion 
model, Phys. Rev. D 82 (2010) 123531, arXiv:1008.5013.

[55] M. Kawasaki, N. Kitajima, K. Nakayama, Cosmological aspects of inflation in a 
supersymmetric axion model, Phys. Rev. D 83 (2011) 123521, arXiv:1104.1262.

[56] T. Moroi, M. Takimoto, Thermal effects on saxion in supersymmetric 
model with Peccei–Quinn symmetry, Phys. Lett. B 718 (2012) 105–112, 
arXiv:1207.4858.

[57] P. Graf, F.D. Steffen, Axions and saxions from the primordial supersymmetric 
plasma and extra radiation signatures, J. Cosmol. Astropart. Phys. 1302 (2013) 
018, arXiv:1208.2951.

[58] M. Kawasaki, K. Kohri, T. Moroi, Big-Bang nucleosynthesis and hadronic decay 
of long-lived massive particles, Phys. Rev. D 71 (2005) 083502, arXiv:astro-
ph/0408426.

[59] M. Kawasaki, K. Nakayama, M. Senami, Cosmological implications of su-
persymmetric axion models, J. Cosmol. Astropart. Phys. 0803 (2008) 009, 
arXiv:0711.3083.

[60] M. Pospelov, J. Pradler, Metastable GeV-scale particles as a solution to the cos-
mological lithium problem, Phys. Rev. D 82 (2010) 103514, arXiv:1006.4172.

[61] M. Kawasaki, K. Kohri, T. Moroi, A. Yotsuyanagi, Big-Bang nucleosynthesis and 
gravitino, Phys. Rev. D 78 (2008) 065011, arXiv:0804.3745.

[62] P. Sikivie, Experimental tests of the invisible axion, Phys. Rev. Lett. 51 (1983) 
1415–1417;
P. Sikivie, Phys. Rev. Lett. 52 (1984) 695, Erratum.

[63] R. Bradley, J. Clarke, D. Kinion, L.J. Rosenberg, K. van Bibber, S. Matsuki, M. 
Muck, P. Sikivie, Microwave cavity searches for dark-matter axions, Rev. Mod. 
Phys. 75 (2003) 777–817.

[64] ADMX Collaboration, S.J. Asztalos, et al., A SQUID-based microwave cav-
ity search for dark-matter axions, Phys. Rev. Lett. 104 (2010) 041301, 
arXiv:0910.5914.

[65] A. Arvanitaki, A.A. Geraci, Resonantly detecting axion-mediated forces with 
nuclear magnetic resonance, Phys. Rev. Lett. 113 (16) (2014) 161801, 
arXiv:1403.1290.

[66] CMS Collaboration, Search for heavy stable charged particles with 12.9 fb−1 of 
2016 data, CMS-PAS-EXO-16-036.

[67] J.L. Feng, S. Iwamoto, Y. Shadmi, S. Tarem, Long-lived sleptons at the LHC and a 
100 TeV proton collider, J. High Energy Phys. 12 (2015) 166, arXiv:1505.02996.

http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B696D3A323031326262s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B696D3A323031326262s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4F6C6976653A313938346269s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4F6C6976653A313938346269s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756E3A31393933767As1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756E3A31393933767As1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B696D3A313939347562s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B696D3A313939347562s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4173616B613A323030306577s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4173616B613A323030306577s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib496368696B6177613A323030376A76s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib496368696B6177613A323030376A76s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib496368696B6177613A323030376A76s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib486173656E6B616D703A32303131656Ds1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib486173656E6B616D703A32303131656Ds1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib477261663A32303133787065s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib477261663A32303133787065s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib477261663A32303133787065s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib52696573733A323031366A7272s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib52696573733A323031366A7272s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506C616E636B3A32303135787561s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506C616E636B3A32303135787561s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4865796D616E733A323031326767s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4865796D616E733A323031326767s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib48696C64656272616E64743A32303136697167s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib48696C64656272616E64743A32303136697167s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506F7572747369646F753A3230313669636Fs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506F7572747369646F753A3230313669636Fs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506F7572747369646F753A3230313669636Fs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib446956616C656E74696E6F3A32303136686C67s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib446956616C656E74696E6F3A32303136686C67s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib446956616C656E74696E6F3A32303136686C67s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib51696E672D47756F3A32303136796B74s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib51696E672D47756F3A32303136796B74s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib51696E672D47756F3A32303136796B74s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4172636869646961636F6E6F3A323031366B6B68s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4172636869646961636F6E6F3A323031366B6B68s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4172636869646961636F6E6F3A323031366B6B68s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4172636869646961636F6E6F3A323031366B6B68s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4C6573676F7572677565733A32303135777A61s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4C6573676F7572677565733A32303135777A61s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4C6573676F7572677565733A32303135777A61s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4D75726769613A32303136636370s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4D75726769613A32303136636370s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4D75726769613A32303136636370s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B6F3A32303136756674s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B6F3A32303136756674s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B6F3A32303136756674s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B6F3A32303136666364s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B6F3A32303136666364s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib446956616C656E74696E6F3A32303136756362s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib446956616C656E74696E6F3A32303136756362s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib446956616C656E74696E6F3A32303136756362s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib426172656E626F696D3A323031366C7876s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib426172656E626F696D3A323031366C7876s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib436861636B6F3A323031366B6767s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib436861636B6F3A323031366B6767s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib436861636B6F3A323031366B6767s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5A68616F3A3230313775726Ds1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5A68616F3A3230313775726Ds1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5A68616F3A3230313775726Ds1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib426572657A6869616E693A32303135797461s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib426572657A6869616E693A32303135797461s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib426572657A6869616E693A32303135797461s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756461796B696E3A3230313679666Bs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756461796B696E3A3230313679666Bs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756461796B696E3A3230313679666Bs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib456E71766973743A32303135617261s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib456E71766973743A32303135617261s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib456E71766973743A32303135617261s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib416E63686F72646F7175693A323031356C7161s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib416E63686F72646F7175693A323031356C7161s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib416E63686F72646F7175693A323031356C7161s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506F756C696E3A323031366E6174s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506F756C696E3A323031366E6174s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506F756C696E3A323031366E6174s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib52616A61676F70616C3A313939307978s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib52616A61676F70616C3A313939307978s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib426F6C7A3A323030306675s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib426F6C7A3A323030306675s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib426F6C7A3A323030306675s2
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib507261646C65723A323030367168s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib507261646C65723A323030367168s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib527963686B6F763A323030377571s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib527963686B6F763A323030377571s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4272616E64656E627572673A323030346475s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4272616E64656E627572673A323030346475s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib537472756D69613A323031306161s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib537472756D69613A323031306161s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B696D3A313937396966s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B696D3A313937396966s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib536869666D616E3A313937396966s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib536869666D616E3A313937396966s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib44696E653A313938317274s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib44696E653A313938317274s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5A6869746E6974736B793A313938307471s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5A6869746E6974736B793A313938307471s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756E3A323031317A64s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4368756E3A323031317A64s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4261653A323031316A62s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4261653A323031316A62s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4261653A323031316A62s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5475726E65723A313938357369s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib5475726E65723A313938357369s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B696D3A313938336474s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B696D3A313938336474s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib476975646963653A313939386270s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib476975646963653A313939386270s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4173616B613A313939386E73s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4173616B613A313939386E73s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib41726B616E6948616D65643A313939386B6As1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib41726B616E6948616D65643A313939386B6As1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib41726B616E6948616D65643A313939386B6As1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib43686F693A323031317273s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib43686F693A323031317273s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4E616B6179616D613A323031327A63s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4E616B6179616D613A323031327A63s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323031306776s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323031306776s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A32303131796Ds1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A32303131796Ds1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4D6F726F693A323031327675s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4D6F726F693A323031327675s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4D6F726F693A323031327675s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib477261663A323031326862s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib477261663A323031326862s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib477261663A323031326862s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323030347175s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323030347175s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323030347175s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323030376D6Bs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323030376D6Bs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323030376D6Bs1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506F7370656C6F763A323031306377s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib506F7370656C6F763A323031306377s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323030387165s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib4B61776173616B693A323030387165s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib53696B697669653A313938336970s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib53696B697669653A313938336970s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib53696B697669653A313938336970s2
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib427261646C65793A323030336B67s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib427261646C65793A323030336B67s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib427261646C65793A323030336B67s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib41737A74616C6F733A323030397970s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib41737A74616C6F733A323030397970s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib41737A74616C6F733A323030397970s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib417276616E6974616B693A32303134646661s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib417276616E6974616B693A32303134646661s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib417276616E6974616B693A32303134646661s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib46656E673A32303135777161s1
http://refhub.elsevier.com/S0370-2693(17)30547-6/bib46656E673A32303135777161s1

	Gravitino/axino as decaying dark matter and cosmological tensions
	1 Introduction
	2 Gravitino/axino as decaying dark matter
	3 A model of SUSY axion
	4 Conclusions
	Acknowledgements
	References


