arXiv:1310.1774v1 [hep-ph] 7 Oct 2013

DESY 13-181, TU-948, ICRR-661-2013-10, IPMU13-0197

Axions as Hot and Cold Dark Matter

Kwang Sik Jeong^{a ∗}, Masahiro Kawasaki^{b,d†}, Fuminobu Takahashi^{c,d ‡}

a Deutsches Elektronen Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany b Institute for Cosmic Ray Research, University of Tokyo, Kashiwa 277-8582, Japan c Department of Physics, Tohoku University, Sendai 980-8578 , Japan d Kavli IPMU, TODIAS, University of Tokyo, Kashiwa 277-8583, Japan

Abstract

The presence of a hot dark matter component has been hinted at 3σ by a combination of the results from different cosmological observations. We examin e a possibility that pseudo Nambu- Goldstone bosons account for both hot and cold dark matter co mponents. We show that the QCD axions can do the job for the axion decay constant f_a ≲ O(10^{10} ) GeV, if they are produced by the saxion decay and the domain wall annihilation. We also investigate the cases of thermal QCD axions, pseudo Nambu-Goldstone bosons coupled to the st andard model sector through the Higgs portal, and axions produced by modulus decay.

∗ email: kwangsik.jeong@desy.de † email: kawasaki@icrr.u-tokyo.ac.jp ‡ email: fumi@tuhep.phys.tohoku.ac.jp

I. INTRODUCTION

The standard lambda cold dark matter (LCDM) model of cosmology p rovides an excellent fit to various cosmological observations, and there is no dou bt that the current Universe is dominated by dark energy and dark matter, while ordinar y matter is only a minor component. Yet this apparent success does not preclude th e existence of an extra component in the dark sector.

Recently it has become clear that there is a tension among different c osmological observations, which gives a preference to a hot dark matter (HDM) comp onent [1–4]. According to Ref. [2], a combination of Planck data, WMAP-9 polarization data, m easurements of the BAO scale, the HST measurement of the H_0, Planck galaxy cluster counts and galaxy shear data from the CFHTLens survey yields

Δ N_{eff} = 0 .61 ± 0.30, (1) m^{eff}_{HDM} = (0 .41 ± 0.13) eV, (2)

at 1 σ, where Δ N_{eff} denotes the additional effective neutrino species and m^{eff}_{HDM} denotes the effective HDM mass (see Eqs. (4) and (5) for the definition). The ot her groups obtained similar results.

Let us focus on the extension of the LCDM cosmology by adding a HDM component, although the above results do not exclude the existence of massles s dark radiation.^1 The important difference of HDM from massless dark radiation is that it ha s a small but nonzero mass^2, which calls for some explanation. The light mass could be the result of an underlying symmetry such as shift symmetry, gauge symmetry, or chiral symmetry [6]. In the case of shift symmetry, the corresponding Nambu-Goldstone (NG) boson is expected to have a small but non-zero mass as it is widely believed that there is n o exact global

1 If there are both massless dark radiation and HDM, there will be thr ee coincidences of the abundances of ρ_{baryon} ∼ ρ_{CDM} , ρ_{photon} ∼ ρ_{dark radiation} , and ρ_{neutrino} ∼ ρ_{HDM} . The solution may be the dark parallel world with particle contents and interactions that are quite similar, if not identical, to the standard model [5].

2 There are numerous works on dark radiation. See e.g. Refs. [6–8] for thermal production and Refs. [9] for non-thermal production of dark radiation.

symmetry [10]. The effect of mass is twofold. First, the pseudo Namb u-Goldstone (pNG) bosons behave like HDM whose effect on the cosmological observable s cannot be mimicked by massless dark radiation [11]. Secondly, the mass enables the pNG b osons to oscillate around the potential minimum, and the coherent oscillations will cont ribute to CDM if they are stable in a cosmological time scale. Then there is an interest ing possibility that the pNG bosons explain both HDM and CDM, thereby providing a unified picture of the two dark components.

One of the well-studied pNG bosons is the QCD axion, which arises in ass ociation with the spontaneous breakdown of the Peccei-Quinn (PQ) symmetry, and its mass is assumed to come predominantly from the QCD anomaly [12]. Not only does the ax ion provide the most elegant solution to the strong CP problem, but it also contribut es to dark matter. See Refs. [13] for the review.

The purpose of this paper is to investigate a possibility that pNG boso ns, especially the QCD axions, account for both HDM and CDM, the former of which is preferred by the recent observations. We will also discuss whether a pNG boson coup led to the standard model (SM) through the Higgs portal as well as axions in string theo ry can similarly do the job.

II. HOT DARK MATTER

Here let us summarize the properties of hot dark matter suggeste d by the observations [1–4]. The HDM component is relativistic and contributes to the t otal radiation energy density ρ_{rad} after the electron-positron annihilation and (much) before the ph oton decoupling. It is customary to express ρ_{rad} in terms of the photon energy density ρ_γ and the effective neutrino species N_{eff} as

ρ_{rad} = � 1 + N_{eff} 7 8 � T_ν T_γ

�_4� ρ_γ , (3)

where T_γ and T_ν (= (4 /11)^13 T_γ ) are the temperature of photons and neutrinos, respectively. While the effective neutrino species N_{eff} is equal to 3 .046 in the standard cosmology, it takes a larger value in the presence of extra relativistic degrees of freedom. The additional effective neutrino species Δ N_{eff} ≡ N_{eff} − 3.046 is given by

Δ N_{eff} = ρ_{HDM} ρ_{ν1}

, (4)

where ρ_{HDM} is the HDM energy density, and ρ_{ν1} = (7 π^2/120) T^4_ν is the energy density of a single neutrino species (e.g., ν_e + ν̄_e). Note that Δ N_{eff} is evaluated when the HDM component is relativistic.

Following Ref. [14], we define the effective HDM mass m^{eff}_{HDM} as

m^{eff}_{HDM} ≡ m_{HDM} n_{HDM} n_ν = (94 .1 Ω_{HDM} h^2) eV, (5)

where m_{HDM} is the physical HDM mass, n_ν = (3 ζ(3)/2π^2)T^3_ν is the number density of a single neutrino species, and Ω_{HDM} is the density parameter for the HDM with h being the present Hubble parameter in the unit of 100 km s^{− 1} Mpc^{− 1}. The second equation is derived using the density parameter for the ordinary neutrinos, Ω_ν h^2 = ( � m_ν )/94.1 eV.

If the HDM is thermally distributed, Δ N_{eff} and m^{eff}_{HDM} are given by

Δ N_{eff} = 4 7 x g � T_{HDM} T_ν

�_4

, (6)

m^{eff}_{HDM} = 2 3 y g � T_{HDM} T_ν

�_3

m_{HDM} = 2y 3 � 7 4x � 3_4

g^{14} (Δ N_{eff} )^{34} m_{HDM} , (7)

with x = � � � 1 for boson 7/8 for fermion

, (8)

y = � � � 1 for boson 3/4 for fermion

, (9)

where T_{HDM} is the HDM temperature, g is the internal degrees of freedom: e.g. g = 1 for a real scalar and g = 2 for a sterile neutrino. The HDM component becomes non-relativis tic when T_{HDM} ∼ m_{HDM} , i.e., T_ν ∼ m^{eff}_{HDM} /Δ N_{eff} .

The effect on cosmological observables is similar when the HDM is non-t hermally produced by particle decay [15]. To be concrete, let us suppose that it h as a monochromatic spectrum. Then Δ N_{eff} and m^{eff}_{HDM} are written as

Δ N_{eff} =

E_{HDM} n_{HDM} ρ_{ν1}

, (10)

m^{eff}_{HDM} =

7π^4 180ζ(3)

Δ N_{eff} � T_ν E_{HDM} � m_{HDM} , (11)

where E_{HDM} is the energy of the HDM particle. The HDM component becomes nonrelativistic when E_{HDM} ∼ m_{HDM} , i.e., T_ν ∼ m^{eff}_{HDM} /Δ N_{eff} as in the case of thermal distribution. Note that, as we shall see in the case of axions, m_{HDM} can be significantly different from m^{eff}_{HDM} depending on the production process and the evolution of the Unive rse. For instance, the effective mass can be of order 0 .1 eV even for a much lighter (heavier) physical mass, if the axions are much “colder (hotter)” than the a mbient plasma, i.e., E_{HDM} ≪ T_ν (E_{HDM} ≫ T_ν ) .

Interestingly, a combination of several different observations su ggests the existence of the HDM component in the Universe as in (1) and (2). In the next thr ee sections, we consider various scenarios to examine a possibility that pNG bosons a ccount for both HDM and CDM.

III. QCD AXION DARK MATTER

One of the well-studied pNG bosons is the QCD axion. We introduce a PQ scalar ϕ, which develops a non-zero vacuum expectation value (vev), leading to the spontaneous breakdown of the U(1)_{PQ} symmetry: ϕ = f_a + s √ 2 e^{iθ} , (12)

where f_a ≡ √ 2 ⟨ϕ⟩ is the axion decay constant. Throughout this paper the radial com - ponent s is called the saxion. The axion appears as a result of the spontaneou s U(1)_{PQ} breaking. Since the kinetic term for ϕ leads to

∂ϕ^†∂ϕ= 1 2 (∂s)^2 + f^2_a 2 (∂θ)^2 + f_a s(∂θ)^2 + s^2 2 (∂θ)^2, (13) the canonically normalized axion field is a ≡ f_a θ. The axion is assumed to acquire a mass predominantly from the QCD anomaly:

m_a ≃ 6.0 eV � f_a /N_{DW} 10^6 GeV

�_{− 1}

, (14)

where N_{DW} is the domain wall number. In the following we will set N_{DW} = 1 unless otherwise stated.

In the following we consider thermal and non-thermal production o f the axion HDM in turn, and then discuss the axion CDM production by the initial misalign ment mechanism and the domain wall annihilation.

A. Thermal production of axion HDM

In the early Universe, axions are produced in thermal plasma, and t hey contribute to HDM. For the decay constant f_a ≲ 10^8 GeV, the axions are dominantly produced by the process π + π → π + a, and decouple after the QCD phase transition. The abundance of thermal axions was evaluated in Ref. [16]. Using the results of Ref. [1 6], one can estimate Δ N_{eff} and m^{eff}_{HDM} as

f_a [GeV] g_∗(T_D ) Δ N_{eff} m^{eff}_{HDM} [eV] 3 × 10^6 14.54 0.382 0.99 1 × 10^7 16.43 0.325 0.26 3 × 10^7 21.10 0.233 0.068

Here g_∗(T_D ) denotes the relativistic degrees of freedom at the decoupling tem perature T_D , and we have used the expression of Δ N_{eff} [6],

Δ N_{eff} = 4 7 � g_{∗ν} g_∗(T_D )

� 4_3 ≤ 4 7 ≃ 0.57, (15)

with g_{∗ν} = 43 /4. Therefore, the axion decay constant in the range between f_a = 3 × 10^6 GeV and 1 × 10^7 GeV seems consistent with the observationally inferred values (1) and (2).

We here note that the decay constant in the above range is in tensio n with constraints from various astrophysical arguments. One of the most tight con straints comes from the star cooling argument [17, 18]. The limits however rely on the model-d ependent axion couplings with photons and electrons, which can be significantly supp ressed in a certain set-up [19]. On the other hand, the axion couplings with nucleons are constrained by the energy loss argument of SN1987A, leading to f_a ≳ 4 × 10^8 GeV [20, 21]. However the energy loss from the supernova core due to axion emission beco mes ineffective for a sufficiently small decay constant, leaving a narrow allowed range at f_a = O(10^6) GeV, called the hadronic axion window. Although the above range of f_a = 3 × 10^6 − 1 × 10^7 GeV is slightly above the hadronic axion window, it is worthwhile noting th at the limits from SN1987A could contain relatively large uncertainties originated from the adopted assumptions and treatment of the nuclear reaction rate and the s tate of the nuclear matter in the supernovae core.

The cold axions are produced by the initial misalignment mechanism. Fo r f_a in the above range, however, the abundance of axion coherent oscillatio ns is too small to account for the total dark matter abundance. Alternatively, as we shall s ee later in this section, a right amount of axion CDM can be produced by the domain wall annihilat ion.

B. Non-thermal production of axion HDM

Here we will show that the axions produced by the saxion decay can c ontribute to the HDM, and in particular, it can mimic the hot dark matter with m^{eff}_{HDM} ∼ O (0.1) eV even for f_a ≳ 4 × 10^8 GeV satisfying the limits from SN1987A.

The saxion is produced by coherent oscillations, and its energy dens ity often dominates or comes close to dominating the Universe. For instance, if th e saxion is trapped at the origin by thermal effects, it often drives thermal inflation [22–2 9]. Furthermore, in a supersymmetric theory, the saxion is a flat direction lifted dominant ly by the supersymmetry breaking effect, and therefore it is plausible that the saxion s tarts to oscillate with a large amplitude, contributing to a significant fraction of the energ y of the Universe.

The saxion decays into a pair of axions with the rate

Γ_s = c 32π m^3_s f^2_a

, (16)

where c depends on the details of the saxion stabilization [30, 31]. Here we ta ke c = 1, which is the case for (13) where U(1)_{PQ} is broken mainly by ϕ, and assume a sudden decay when the Hubble parameter equals to the decay rate, H = Γ_s . The saxion can decay into gluons (and gluinos) as well as into Higgs bosons in the DFSZ axion mode l [32, 33], but for the moment we assume that the saxion mainly decays into axions. In the following we consider two cases, in which ( i) the saxion dominates the Universe before the decay and subsequently entropy production occurs to dilute the axion densit y to the observationally allowed value; ( ii) the saxion energy density is subdominant at the decay.

We note that, even if the saxion dominates the Universe, a significan t fraction of the saxion coherent oscillations can evaporate into thermal plasma thr ough the dissipation effect, suppressing the abundance of relativistic axions [34].^3 This is an attractive possibility because the saxion can reheat the Universe without late-time e ntropy production. This scenario can be approximately modelled by our analysis on the cas e (ii).

First let us consider the case ( i), in which we assume that the Universe was once dominated by the axion radiation and subsequently a late-time entro py occurs to dilute the axion density to the observationally allowed value. The effective n eutrino species Δ N_{eff} receives a contribution from axions according to [26, 35]

Δ N_{eff} = 43 7 � 43/4 g_{∗R}

� 1_3

r, (17)

with r ≡ � ρ_a ρ_r � R , (18) where g_{∗R} denotes the relativistic degrees of freedom at the entropy produ ction, and r denotes the ratio of the axion energy density ρ_a to the SM radiation energy density ρ_r at

3 In Ref. [34], the axion contribution to Δ N_{eff} was evaluated, but the effect of the axion mass was neglected. We point out that such axions naturally explain the HDM su ggested by the recent observations.

the entropy production. The subscript R means that the variables are evaluated at the entropy production. Note that r < 1 is required for Δ N_{eff} to be in the allowed range of Eq. (1).

The axion has an energy equal to m_s /2 at the production, and it is red-shifted as the Universe expands. What is relevant for the observation is the effec tive mass m^{(eff)}a defined by (cf. Eq. (11)) m^{(eff)}_a =

7π^4 180ζ(3)

Δ N_{eff}

T_ν E_a � � � ν dec

m_a , (19)

where T_ν is the neutrino temperature, E_a the axion energy, and the subscript ν dec means that the variables are evaluated at the decoupling of neutrinos. We can evaluate m^{(eff)}a as follows,

T_ν E_a � � � ν dec = s^13 E_a � � � �_R

T_ν s^13 � � � ν dec = T_R E_a � � � �_R × � g_{∗R} g_{∗ν}

� 1_3

, (20)

where s is the entropy density, g_{∗ν} = 43 /4 is the relativistic degrees of freedom at the neutrino decoupling, and T_R is the temperature of the SM plasma at the entropy production. Here T_R /E_a |_R is given by

T_R E_a � � �_R = � π^2g_{∗R} 30 �_− 1_4 2 m_s

(3Γ^2_s M^2_p )^14 r^14

. (21)

Substituting this result into (19) leads to

m^{(eff)}_a ≃ 0.6 eV � Δ N_{eff} 0.6 � 3_4 � m_s 10^4 GeV

� 1_2 � f_a 10^9 GeV

�_{− 2} , (22)

where we have used (14).

In the case ( ii), the effective neutrino species Δ N_{eff} is similarly given by

Δ N_{eff} = 43 7 � 43/4 g_{∗d}

� 1_3

r̃, (23)

with

r̃ = ρ_s ρ_r � � � �_{decay} , (24)

10^9 10^{10}

10^1

10^2

10^3

10^4

10^5

10^6

10^7

10^8

10^9

10^{10}

10^{11}

f_a /GeV m_s /GeV

10^9 10^{10}

10^1

10^2

10^3

10^4

10^5

10^6

10^7

10^8

10^9

10^{10}

10^{11}

f_a /GeV m_s /GeV

FIG. 1: The HDM abundance and mass (Δ N_{eff} , m^{eff}_a ) fall in the 1 σ allowed values (1) and (2) in the shaded region on the plane of the axion decay constant f_a and the saxion mass m_s for the case (i) (left) and case ( ii ) (right). The line inside the shaded region corresponds to t he center values of Eq. (1) and (2).

where r̃ denotes the ratio of the saxion energy density to the radiation ene rgy density evaluated at the saxion decay. The effective mass is

m^{(eff)}_a ≃ 0.4 eV

� g_{∗d} 106.75

� 1_{12} � Δ N_{eff} 0.6 � � m_s 10^4 GeV

� 1_2 � f_a 10^9 GeV

�_{− 2}

, (25)

where g_{∗d} counts the relativistic degrees of freedom in the thermal plasma at the saxion decay, and we have approximated 1 + ~ r ≃ 1 in the above expression. In the numerical estimate we do not use this approximation, but the results are prac tically the same.

In Fig. 1, we show the 1 σ allowed region for Δ N_{eff} and m^{eff}_a in the ( f_a , m_s ) plane. One can see that, in both cases ( i) and ( ii), the axion produced by the saxion decay can account for the HDM for m_s ≈ 10^3 − 10^5 GeV (f_a /10^9 GeV)^4 as long as Δ N_{eff} ∼ O (0.1). Note that the axion decay constant f_a is bounded above, f_a ≲ 3 × 10^{10} GeV, for the perturbative stabilization of the PQ scalar.

When the saxion starts to oscillate from the origin after being trapp ed by thermal effects, the saxon coherent oscillations partially evaporate to for m thermal plasma through the dissipation processes, suppressing the axion abundance [34]. Specifically, Δ N_{eff} = O(0.1) is realized for the saxion mass ranging from 10^3 GeV to 10^4 GeV at f_a = 10^9 GeV in a certain set-up. Combined with the above analysis, therefore, w e conclude that the axions produced from the saxion decay naturally behave as HDM, an d such axion HDM will be a natural outcome of the saxion trapped at the origin.

C. Axion CDM

The axion coherent oscillations are produced by the initial misalignmen t mechanism, and they contribute to the CDM. Suppose that the PQ symmetry is b roken during and after inflation. Then the abundance of axion CDM is approximately giv en by [36]

Ω_a h^2 ≃ 0.195 θ^2_∗F (θ_∗) � f_a /N_{DW} 10^{12} GeV

�_{1.184}

, (26)

where θ_∗ ≡ a_∗/f_a is the initial misalignment angle, and F (θ_∗) represents the anharmonic effect [37], F (θ_∗) = � ln � e 1 −^{θ2∗}_{π 2}

�_{1.184} , (27)

where we have changed the exponent from the original one so as to be consistent with the axion abundance (26). For θ_∗ = O(1), the total CDM abundance can be explained by the axion coherent oscillations with f_a ≈ 10^{11− 12} GeV. Actually, however, the axion can account for the total CDM abundance even for f_a ≲ O(10^{10}) GeV, if it initially sits near the hilltop of the potential, thanks to the anharmonic effec t. For instance, one needs to fine-tune the initial position near the hilltop at 1 (0 .01)% level for f_a ≃ 3 × 10^{10} (10^{10}) GeV [38].^4

If the PQ symmetry is restored and becomes spontaneously broke n after inflation, topological defects such as cosmic strings and domain walls are prod uced. Most importantly, the axions are radiated by those topological defects. It d epends on the evolution of the string-wall network how many axions are produced. If N_{DW} is equal to unity, strings and domain walls disappear soon after the QCD phase transit ion due to the tension of the domain walls. The axions radiated by the string-wall netwo rk can account

4 Note that the isocurvature density perturbations are enhanced toward the hilltop initial condition, thereby tightening constraints on the inflation scale [38].

for the total CDM abundance for f_a ≈ (2.0 − 3.8) × 10^{10} GeV [39]. On the other hand, if N_{DW} ≥ 2, domain walls are stable, leading to the cosmological domain wall prob lem. To avoid the cosmological catastrophe, one needs to add small PQ s ymmetry breaking effect, which lifts the degeneracy among different CP conserving va cua. As a result, the domain walls annihilate when the pressure due to the bias becomes com parable to the wall tension [40, 41]. According to Ref. [42], such long-lived domain walls lead to the axion overproduction for f_a ≳ 4 × 10^8 GeV, unless the CP phase of the PQ symmetry breaking term is finely tuned at more than 1% level. Interestingly, ho wever, the right amount of axions can be produced in the hadronic axion window withou t fine-tuning of the CP phase of the PQ symmetry breaking term.

In the case where the axion HDM is thermally produced, the required f_a is of order 10^{6− 7} GeV, for which the abundance of the axion coherent oscillations is to o small to account for the total DM. As we have seen above, the right amoun t of axion CDM can be produced by domain wall annihilation without fine-tuning of the CP p hase of the PQ symmetry breaking operator. On the other hand, in the case wher e the axion HDM is non-thermally produced by the saxion decay, the decay constan t should be in the range of f_a = 4 × 10^8 GeV − 3 × 10^{10} GeV. For f_a = O(10^{10} ) GeV, the right amount of axion CDM can be produced by the misalignment mechanism with a hillto p initial condition or by axion radiation from string-wall networks with N_{DW} = 1. For a lower f_a , one needs to rely on the domain wall annihilation, which however requir es a fine-tuning of the CP phase of the PQ-symmetry breaking at about 1% level. Not e that the axion isocurvature perturbation is enhanced at small scales if the axions are produced by domain wall annihilation (see footnote 6).

IV. NAMBU-GOLDSTONE BOSONS THROUGH THE HIGGS PORTAL

We consider a Higgs portal to the global U(1) sector through the in teraction,

λ|ϕ|^2|H |^2, (28) for ϕ = ( F + s)e^{ia/F} / √ 2 with F ≡ √ 2⟨|ϕ|⟩. Here H is the SM Higgs doublet developing ⟨|H^0|⟩ = v/ √ 2, and ϕ is the scalar field which breaks spontaneously the U(1) symmetry.

Then the radial scalar s and the NG boson a have

L = L_{SM} + μvsh + 1 2 μ^′s^2h + 1 2 m^2_s s^2 + s Λ (∂a)^2 + · · ·, (29)

where h is the Higgs boson with mass m_h ≃ 125 GeV, and the ellipsis denotes the kinetic terms for s and a, and also the interactions of s and other hidden sector particles if exist. The SM and U(1) sectors are connected via the μ and μ^′ terms:

μ = λF, μ^′ = λv, (30)

while the model-dependent parameter Λ is generally of order F . Since the radial scalar couples to ( ∂a)^2 and mixes with the Higgs boson h, integrating it out gives rise to the effective interaction μ Λ m_ψ m^2_h m^2_s

(∂a)^2 ψ̄ψ, (31)

through which the NG bosons can be thermalized with ordinary partic les. Here ψ is the SM fermion with mass m_ψ . The contribution of NG bosons to Δ N_{eff} is not much smaller than 4 /7 if they decouple after the QCD phase transition [6, 7]. For this to b e the case, the radial scalar should be much lighter than the Higgs boson so that the above interaction is strong enough for Λ around F . The NG bosons remain in thermal equilibrium until the era of muon annihilation if the portal takes place with μ Λ ≈ 10^{− 3}

� m_s

200 MeV

�_2 , (32)

for m_s around or above the muon mass. One should note that the mixing bet ween s and h is suppressed when

μ ≪ m^2_h /v ∼ 10^2 GeV, (33)

implying that Λ should be lower than about 10^5 GeV. In addition, μ/Λ is constrained to be smaller than 10^{− 2} from the requirement that the branching fraction of Higgs decay into NG bosons be smaller than about 0.2 [43]. Combined with the conditio n (32), this requires the radial scalar to be lighter than about 1 GeV.

On the other hand, if the global U(1) symmetry is only an approximat e one, the NG boson acquires a non-zero mass. Such pNG boson may be able to acc ount for both HDM and CDM. We pursue this possibility in the rest of this section.

Suppose that the global U(1) symmetry is explicitly broken to the Z_n subgroup by the following interaction; Δ L = ϕ^n nM^{n − 4}

+ h .c., (34) with an integer n ≥ 5, where M is a cut-off scale. Assuming that the above interaction does not change the potential minimum for s, the potential of a reads V = m^2_a F^2 n^2 � 1 − cos

� na F � , (35)

with the pNG boson mass given by

m^2_a = n 2^{n/2− 1}

F^{n − 2} M^{n − 4}

. (36)

For instance, the mass is about 1 eV for the case with F = 50 TeV, n = 6 and M = M_p:

m_a ≃ 1 eV � F 50 TeV

�_2 �

M_p M � , (37)

where M_p ≃ 2.4 × 10^{18} GeV is the reduced Planck mass.

The pNG bosons are thermalized through the Higgs portal if the rad ial component s is relatively light. Specifically, one can obtain Δ N_{eff} = O(0.1) for m_s ≈ 100 MeV and F ≲ 10^5 GeV, while satisfying the limit coming from the invisible Higgs decay [7]. The effective HDM mass is calculated as

m^{eff}_a ≃ 0.69 � Δ N_{eff} 0.6 � 3_4

m_a , (38)

by using the relation Eq. (7).

One important phenomenon associated with the spontaneous brea k down of such discrete symmetry is the domain wall formation. We consider the produ ction of pNG bosons from the domain walls in the rest of this section, because a coherent production of the pNG bosons cannot generate the right amount of CDM for the deca y constant F that leads to thermalization of pNG bosons through the Higgs portal.

The tension of the domain wall σ is given by σ = 8m_a F^2 n^2

. (39)

According to the numerical simulation [42, 44], the domain-wall netwo rk exhibits a scaling behavior. Assuming the radiation dominated Universe, the scaling re gime implies

ρ_{dw} = 2 A σH, (40)

where H = 1 /2t is the Hubble parameter, and A ≃ 2.6 was obtained in the numerical simulation [42].

The domain walls should disappear before they start to dominate the Universe, as the Universe would be significantly anisotropic. The domination takes plac e when

H_{dom} = 2Aσ 3M^2_p

. (41)

Hence H_{decay} ≫ H_{dom} must be satisfied, where H_{decay} is the Hubble parameter when the domain walls annihilate. In order to make the domain walls annihilate, we need to introduce a bias that lifts the degeneracy among the n vacua. It is customary to parameterize the bias parameter as

δV = − √ 2ξF^3ϕe^{iδ} + h .c., = − 2ξF^4 cos (θ − δ), (42)

where ξ is a dimensionless parameter. The typical difference of the energy d ensity between the adjacent vacua is roughly estimated to be ϵ ∼ 8ξF^4 n (43)

or less. Naively, the domain walls start to disappear when the pressu re due to the bias ϵ becomes comparable to the energy of the walls. This happens when ϵ ∼ ρ ≃ 2AσH , i.e.,

H_{decay} = 1 2βA nξF^2 m_a

, (44) where we have inserted a numerical coefficient β to represent the uncertainty of such naive analytic estimate. According to the numerical simulation [45], it is give n by βA ∼ 18.^5 There is another important parameter to evaluate the pNG boson a bundance. That is the average momentum of the pNG bosons produced by the domain w all annihilation. It was shown that thus produced pNG bosons are marginally relativistic , and the ratio of the averaged momentum to the mass, ϵ_a , is given by

ϵ_a ∼ 1.2 − 1.5. (45)

Thus, the produced pNG bosons will soon become non-relativistic du e to the cosmic expansion. The precise value of ϵ_a is not important, but we will set it to be 1 .5 in the following discussion.

The domain walls should annihilate much before the matter-radiation e quality, as the dark matter isocurvature perturbations get enhanced at sm all scales as ∝ k^32 .^6 In order to be consistent with the primordial density perturbations in ferred from various observations [47–49], we require H_{decay} ≳ O(10^{− 22}) eV, which corresponds to the decay temperature T_d ≳ keV. The axion abundance is therefore given by ρ_a s = 1 � 1 + ϵ^2_a

2AσH_{decay}

2π^2 g_{∗ s}

45 T^3_d

, (46)

or equivalently,

Ω_a h^2 ≃ 0.1 � 6 n �_2 � m_a 1 eV

� � F 2 × 10^3 TeV

�_2 � T_d 1 keV

�_{− 1} . (47)

Thus, the decay constant is required to be larger than O(10^3) TeV for the pNG bosons produced by the domain wall annihilation to comprise the total dark m atter. This is slightly too large for the pNG bosons to be thermalized through the H iggs portal at temperature after the QCD phase transition.

5 Note that this estimate based on the numerical simulation may conta in a relatively large systematic uncertainty, because it relies on extrapolating the results by many orders of magnitude.

6 This may lead to the formation of ultra-compact mini-halos. If a small fraction of dark matter consists of thermally-produced weakly-interacting massive particles, they may annihilate inside the mini-halos, producing an observable amount of gamma-rays [46].

The tension for obtaining both HDM and CDM can be understood as fo llows. In order to keep the pNG bosons in thermal equilibrium after the QCD ph ase transition, its interactions should be strong enough, placing an upper bound on F . On the other hand, one needs a larger value of F to produce the right amount of CDM by domain walls (cf. Eq. (47)).

The crucial assumption in the above argument is that the domain wall network follows the scaling law. We may parameterize the deviation from the scaling law as

ρ_{dw} ≈ σH_{form} � H H_{form}

�_p . (48)

The scaling regime is recovered for p = 1, and the so called frustrated domain wall network correspond to p = 1 /2 [50]. In the extreme case of the frustrated domain walls, the doma in wall abundance can be enhanced by a factor of T_{form} /T_{decay} ∼ 100MeV/1keV ∼ 10^5. Then we can explain the DM abundance even for F ∼ O (10) TeV, with which the thermalized pNG bosons decouple after the QCD phase transition, leading to Δ N_{eff} = O(0.1), for a sufficiently light m_s . Thus, deviation from the scaling law is required for the pNG bosons to account for both HDM and CDM.

Alternatively, if we extend the set-up by introducing additional inte ractions of ϕ, we may be able to evade this conclusion.^7 For instance, the ϕ may be thermalized while it is trapped at the origin by its additional interactions. Then, after t he phase transition, a half of the thermalized ϕ particles will be transformed to the pNG bosons. If this phase transition occurs after the QCD phase transition, Δ N_{eff} = O(0.1) will be realized. We may also introduce multiple scalar fields by extending the global U(1) symm etry to a larger group, which relaxes the upper bound on F . Also, if the mass of ϕ is time-dependent, it may affect the evolution of the domain-wall network, alleviating the aforementioned tension.

7 One may also consider the Higgs portal implemented by another scala r field, for instance, by a real scalar φ . The effective action for φ at scales below F is read off from (29) by taking the replacement s → φ . For F ≳ 10^3 TeV, one can then obtain Δ N_{eff} within the range of (1) by taking Λ smaller than F and an appropriate value of μ satisfying the condition (32).

If the pNG bosons are produced non-thermally by the decay of s, we may be able to relax the tension. In particular, the effect of thermal evaporatio n may also help. We leave the detailed analysis in this case for future work.

V. AXIONS FROM MODULUS DECAY

Moduli fields are ubiquitous in the supergravity/string theory, and they must be successfully stabilized in order to get a sensible low-energy theory. Man y of them can be stabilized by the flux compactification [51, 52] or by the KKLT mechan ism [53]. In this case the moduli fields have approximately supersymmetric spectru m, and in particular, there are no light axions. However, some of them may be stabilized by supersymmetry breaking effects in such a way that their axionic fields remain light d ue to the shift symmetry. The corresponding moduli fields tend to be lighter than t hose stabilized in a supersymmetric fashion, and their masses are comparable to or ligh ter than the gravitino mass. Such light non-supersymmetric moduli fields tend to dominate the Universe and so play an important cosmological role. Indeed, it was recently pointed out in Ref. [62] that axions are often overproduced by the decay of non-supersymme tric moduli, contributing to Δ N_{eff} . (See also Refs. [63, 64] in the context of LARGE volume scenario.) H ere we consider a case in which the produced axions have a small mass and be have as HDM.

Let us suppose that the modulus field ϕ dominates the Universe and decays into axions as well as the standard model particles. The contribution of axions to Δ N_{eff} is given by [26, 35]

Δ N_{eff} = 43 7 � g_{∗ν} g_∗(T_d)

� 1_3 B_a 1 − B_a

, (49)

where B_a denotes the branching fraction into axions. The 1 σ allowed range of Δ N_{eff} given by Eq. (1) is realized with B_a = 0 .09 ± 0.04 (0.18 ± 0.06) for g_∗ = 10 .75 (106.75). Here T_d is the decay temperature of the moduli defined by

T_d = (1 − B_a )^{14} � π^2g_∗(T_d) 90 �_− 1_4 � Γ_ϕ M_p , (50) with Γ_ϕ being the total decay rate of the modulus ϕ. Let us parameterize the total decay rate by Γ_ϕ = β 4π m^3_ϕ M^2_p

, (51) where β is a numerical coefficient of order unity. In order not to spoil the su ccess of big bang nucleosynthesis, the modulus mass should be heavier than abo ut 100 TeV.

The effective axion HDM mass is given by

m^{(eff)}_a =

7π^4 180ζ(3)

Δ N_{eff}

T_ν E_a � � � ϕ dec � g_∗(T_d) g_{∗ν}

� 1_3

m_a (52)

≃ 0.2 eV � β � g_∗(T_d) 10.75

� 1_{12} �

Δ N_{eff} 0.6 � � m_ϕ 100 TeV

� 1_2 � m_a

1 MeV � , (53)

where we have approximated 1 − B_a ≃ 1 for simplicity. Note that the axion mass should be of order MeV for the modulus mass m_ϕ ∼ 100 TeV. If the modulus field decays into the SM gauge sector, the axion HDM with such a mass can also decay into p hotons, which is close to the upper limits set by the observed γ-ray flux [65]. If the same axion constitutes CDM, it would contribute to too much diffuse γ-ray. If the modulus mass is heavier than 10^7 GeV, one can avoid the observational bound as the axion mass beco mes lighter for fixed m^{(eff)}a . On the other hand, if the modulus decays into the Higgs sector thr ough an interaction like ( ϕ + ϕ^†)H_u H_d in the Kähler potential [63, 64], the axion can be stable in a cosmological time scale, and there is no such constraint even for m_ϕ ∼ 100 TeV.

The axion CDM can be produced by coherent oscillations. The axion CD M abundance is given by Ω_a h^2 ≃ 0.3 � T_d 10 MeV � � a_∗ 10^{− 3}M_p

�_2 , (54) where a_∗ is the initial oscillation amplitude. The right amount of CDM can be there fore produced by coherent oscillations if the initial position is sufficiently clo se to the potential minimum.

In contrast to the case of the QCD axion, the physical mass of the stringy axion should be much heavier than the effective HDM mass, which may enable the ax ion to decay into photons. While one can avoid the observational limits on the axion dec ay, it is interesting that γ-ray or X -ray can be a probe of such axion HDM/CDM.

VI. CONCLUSIONS

We have examined a possibility that the pNG bosons, especially the QCD axions, account for both HDM and CDM in the Universe, the former of which h as been suggested by the recent observations (cf. Eqs. (1) and (2)). We divide the p roduction process of the axion HDM into thermal and non-thermal ones. In the thermal case, the QCD axion can explain HDM for the decay constant f_a ≈ 3 × 10^6 − 10^7 GeV, which however is in tension with the SN1987A limit even for the hadronic axion models. On t he other hand, the axion HDM can be naturally produced by the saxion decay. This is p ossible for the saxion mass ranging from O(10^3) GeV to O(10^{10} ) GeV and f_a ≲ 3 × 10^{10} GeV.

Note that the non-thermally produced axions need to be “colder” t han the ambient plasma, in order to explain the hierarchy between the effective HDM m ass of O(0.1) eV and the physical axion mass m_a = 0 .006 eV(f_a /10^9 GeV)^{− 1} (cf. Eq. (11)). We have discussed two cases in which such axions are produced. In the case (i), there is a latetime entropy production which dilutes the axions produced by the sa xion decay, assuming that the saxion dominates the Universe and decays dominantly into a pair of axions. In the case ( ii), the saxion decays into a pair of axions when it is subdominant. Our a nalysis can be also applied to the case where the saxion coherent oscillations partially evaporates into plasma after being trapped at the origin by the thermal effects [6]. We have pointed out that the axion HDM can be a natural outcome of the saxion trap ped at the origin. The axion CDM can be produced by either the initial misalignment mecha nism or domain wall annihilation.

We have also discussed the pNG bosons coupled through the Higgs po rtal. While the domain walls associated with the spontaneous U(1) breaking can be t he source of the pNG CDM, the required decay constant F ≳ 10^3 TeV is too large to keep pNG bosons in thermal equilibrium after the QCD phase transition. Therefore it is d ifficult to explain both HDM and CDM simultaneously with the pNG boson coupled to the SM through the Higgs portal, and some extension of the set-up or deviation from th e scaling law of the domain-wall network is required.

Finally we have studied the axions produced by modulus decay, which is considered to take place generically [62]. Such axions can behave like HDM for the a xion mass of O(1) MeV for the modulus mass m_ϕ ∼ 100 TeV. In contrast to the case of the QCD axion, the produced axions are more energetic than the ambient plasma. T he right abundance of axion CDM can be generated by the coherent oscillations. Intere stingly, the X-ray or gamma-ray can be a probe of such axion dark matter as well as th e coupling of the corresponding modulus to the SM sector.

Acknowledgment

FT thanks Kazunori Nakayama for discussion on the thermal dissip ation effect of the QCD saxion. This work was supported by Scientific Research on I nnovative Areas (No. 24111702 [FT], No. 21111006 [MK, FT], and No. 23104008 [FT]), S cientific Research (A) (No. 22244030 and No. 21244033) [FT], Scientific Research (C) (No. 25400248) [MT], JSPS Grant-in-Aid for Young Scientists (B) (No. 24740135) [FT], an d Inoue Foundation for Science [FT]. This work was also supported by World Premier Inter national Center Initiative (WPI Program), MEXT, Japan [MK, FT].

[1] M. Wyman, D. H. Rudd, R. A. Vanderveld and W. Hu, arXiv:130 7.7715 [astro-ph.CO]. [2] J. Hamann and J. Hasenkamp, arXiv:1308.3255 [astro-ph. CO]. [3] R. A. Battye and A. Moss, arXiv:1308.5870 [astro-ph.CO] . [4] S. Gariazzo, C. Giunti and M. Laveder, arXiv:1309.3192 [ hep-ph]. [5] T. Higaki, K. S. Jeong and F. Takahashi, JCAP 1308 , 031 (2013) [arXiv:1302.2516 [hepph]].

[6] K. Nakayama, F. Takahashi and T. T. Yanagida, Phys. Lett. B 697 , 275 (2011) [arXiv:1010.5693 [hep-ph]].

[7] S. Weinberg, Phys. Rev. Lett. 110 , 241301 (2013) [arXiv:1305.1971 [astro-ph.CO]]. [8] K. S. Jeong and F. Takahashi, arXiv:1305.6521 [hep-ph].

[9] K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami and F. Ta kahashi, JCAP 0705 , 008 (2007) [hep-ph/0703034 [HEP-PH]].

[10] T. Banks, M. Johnson and A. Shomer, JHEP 0609 , 049 (2006) [hep-th/0606277]. [11] M. Archidiacono, S. Hannestad, A. Mirizzi, G. Raffelt and Y. Y. Y. Wong, arXiv:1307.0615 [astro-ph.CO].

[12] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38 , 1440 (1977); Phys. Rev. D 16 , 1791 (1977).

[13] For a review, see J. E. Kim, Phys. Rept. 150 , 1 (1987); H. Y. Cheng, Phys. Rept. 158 , 1 (1988); J. E. Kim and G. Carosi, Rev. Mod. Phys. 82 , 557 (2010) [arXiv:0807.3125 [hepph]]; A. Ringwald, Phys. Dark Univ. 1 (2012) 116 [arXiv:1210.5081 [hep-ph]]; M. Kawasaki and K. Nakayama, arXiv:1301.1123 [hep-ph].

[14] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076 [astro-ph.CO]. [15] J. Hasenkamp and J. Kersten, JCAP 1308 , 024 (2013) [arXiv:1212.4160 [hep-ph]]. [16] S. Hannestad, A. Mirizzi and G. Raffelt, JCAP 0507 , 002 (2005) [hep-ph/0504059]. [17] G. G. Raffelt, Phys. Lett. B 166 , 402 (1986). [18] G. Raffelt and A. Weiss, Phys. Rev. D 51 , 1495 (1995) [hep-ph/9410205]. [19] S. Chang and K. Choi, Phys. Lett. B 316 , 51 (1993) [hep-ph/9306216]. [20] G. G. Raffelt, Ann. Rev. Nucl. Part. Sci. 49 , 163 (1999) [hep-ph/9903472]. [21] G. G. Raffelt, Lect. Notes Phys. 741 , 51 (2008) [hep-ph/0611350]. [22] K. Yamamoto, Phys. Lett. B 168 , 341 (1986). [23] G. Lazarides, C. Panagiotakopoulos and Q. Shafi, Phys. R ev. Lett. 56 , 557 (1986). [24] D. H. Lyth and E. D. Stewart, Phys. Rev. Lett. 75 , 201 (1995) [hep-ph/9502417]. [25] D. H. Lyth and E. D. Stewart, Phys. Rev. D 53 , 1784 (1996) [hep-ph/9510204]. [26] K. Choi, E. J. Chun and J. E. Kim, Phys. Lett. B 403 , 209 (1997) [hep-ph/9608222]. [27] E. J. Chun, D. Comelli and D. H. Lyth, Phys. Rev. D 62 , 095013 (2000) [hep-ph/0008133]. [28] S. Kim, W. -I. Park and E. D. Stewart, JHEP 0901 , 015 (2009) [arXiv:0807.3607 [hep-ph]]. [29] K. Choi, K. S. Jeong, W. -I. Park and C. S. Shin, JCAP 0911 , 018 (2009) [arXiv:0908.2154 [hep-ph]].

[30] E. J. Chun and A. Lukas, Phys. Lett. B 357 , 43 (1995) [hep-ph/9503233]. [31] K. S. Jeong and F. Takahashi, JHEP 1304 , 121 (2013) [arXiv:1302.1486 [hep-ph]]. [32] M. Dine, W. Fischler and M. Srednicki, Phys. Lett. B 104 , 199 (1981). [33] A. R. Zhitnitsky, Sov. J. Nucl. Phys. 31 , 260 (1980) [Yad. Fiz. 31 , 497 (1980)]. [34] T. Moroi, K. Mukaida, K. Nakayama and M. Takimoto, JHEP 1306 , 040 (2013) [arXiv:1304.6597 [hep-ph]].

[35] K. S. Jeong and F. Takahashi, JHEP 1208 , 017 (2012) [arXiv:1201.4816 [hep-ph]]. [36] K. J. Bae, J. -H. Huh, J. E. Kim and , JCAP 0809 , 005 (2008) [arXiv:0806.0497 [hep-ph]]. [37] L. Visinelli, P. Gondolo and , Phys. Rev. D 80 , 035024 (2009) [arXiv:0903.4377 [astroph.CO]].

[38] T. Kobayashi, R. Kurematsu and F. Takahashi, arXiv:130 4.0922 [hep-ph]. [39] T. Hiramatsu, M. Kawasaki, K. ’i. Saikawa and T. Sekiguc hi, Phys. Rev. D 85 , 105020 (2012) [Erratum-ibid. D 86 , 089902 (2012)] [arXiv:1202.5851 [hep-ph]].

[40] G. B. Gelmini, M. Gleiser and E. W. Kolb, Phys. Rev. D 39 , 1558 (1989). [41] S. E. Larsson, S. Sarkar and P. L. White, Phys. Rev. D 55 , 5129 (1997) [hep-ph/9608319]. [42] T. Hiramatsu, M. Kawasaki, K. ’i. Saikawa and T. Sekiguc hi, JCAP 1301 , 001 (2013) [arXiv:1207.3166 [hep-ph]].

[43] P. P. Giardino, K. Kannike, I. Masina, M. Raidal and A. St rumia, arXiv:1303.3570 [hep-ph]. [44] T. Hiramatsu, M. Kawasaki, T. Sekiguchi, M. Yamaguchi a nd J. ’i. Yokoyama, Phys. Rev.

D 83 , 123531 (2011) [arXiv:1012.5502 [hep-ph]]. [45] T. Hiramatsu, M. Kawasaki and K. ’i. Saikawa, JCAP 1108 , 030 (2011) [arXiv:1012.4558 [astro-ph.CO]].

[46] T. Bringmann, P. Scott and Y. Akrami, Phys. Rev. D 85 , 125027 (2012) [arXiv:1110.2484 [astro-ph.CO]].

[47] S. Bird, H. V. Peiris, M. Viel and L. Verde, Mon. Not. Roy. Astron. Soc. 413 , 1717 (2011) [arXiv:1010.1519 [astro-ph.CO]].

[48] D. K. Hazra, A. Shafieloo and T. Souradeep, JCAP 1307 , 031 (2013) [arXiv:1303.4143 [astro-ph.CO]].

[49] P. Hunt and S. Sarkar, arXiv:1308.2317 [astro-ph.CO]. [50] A. Friedland, H. Murayama and M. Perelstein, Phys. Rev. D 67 , 043519 (2003) [astro-ph/0205520].

[51] M. Grana, Phys. Rept. 423 , 91 (2006) [hep-th/0509003]; M. R. Douglas and S. Kachru, Rev. Mod. Phys. 79 , 733 (2007) [hep-th/0610102].

[52] R. Blumenhagen, B. Kors, D. Lust and S. Stieberger, Phys . Rept. 445 , 1 (2007) [hep-th/0610327].

[53] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, Phys . Rev. D 68 , 046005 (2003) [hep-th/0301240].

[54] P. Svrcek and E. Witten, JHEP 0606 , 051 (2006) [hep-th/0605206]; references therein. [55] J. P. Conlon, JHEP 0605 , 078 (2006) [hep-th/0602233]. [56] K. Choi and K. S. Jeong, JHEP 0701 , 103 (2007) [hep-th/0611279]; [57] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper a nd J. March-Russell, Phys. Rev.

D 81 , 123530 (2010) [arXiv:0905.4720 [hep-th]]. [58] B. S. Acharya, K. Bobkov and P. Kumar, JHEP 1011 , 105 (2010) [arXiv:1004.5138 [hepth]].

[59] T. Higaki and T. Kobayashi, Phys. Rev. D 84 , 045021 (2011) [arXiv:1106.1293 [hep-th]]. [60] M. Cicoli, M. Goodsell and A. Ringwald, JHEP 1210 , 146 (2012) [arXiv:1206.0819 [hepth]].

[61] M. Cicoli, S. de Alwis and A. Westphal, arXiv:1304.1809 [hep-th]. [62] T. Higaki, K. Nakayama and F. Takahashi, JHEP 1307 , 005 (2013) [arXiv:1304.7987 [hepph]].

[63] M. Cicoli, J. P. Conlon and F. Quevedo, Phys. Rev. D 87 , 043520 (2013) [arXiv:1208.3562 [hep-ph]].

[64] T. Higaki and F. Takahashi, JHEP 1211 , 125 (2012) [arXiv:1208.3563 [hep-ph]]. [65] T. Asaka and M. Kawasaki, Phys. Rev. D 60 , 123509 (1999) [hep-ph/9905467].