arXiv:1306.6518v1 [hep-ph] 27 Jun 2013

KEK-TH-1643 UT-13-25 TU-940 IPMU13-0133

Cosmological constraints on axionic dark radiation from axion-photon conversion in the early Universe

Tetsutaro Higaki^a, Kazunori Nakayama^{b,d} and Fuminobu Takahashi^{c,d} aTheory Center, KEK, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan bDepartment of Physics, The University of Tokyo, Tokyo 113-0033, Japan cDepartment of Physics, Tohoku University, Sendai 980-8578, Japan dKavli Institute for the Physics and Mathematics of the Universe (WPI), Todai Institutes for Advanced Study, The University of Tokyo, Kashiwa 277-8583, Japan (Dated: June 28, 2013)

Abstract

Axions seem ubiquitous in string theories and some of them may be produced non-thermally by heavy scalar decays, contributing to dark radiation. We study various cosmological effects of photons produced from the axionic dark radiation through axion-photon conversion in the presence of primordial magnetic fields, and derive tight constraints on the combination of the axion-photon coupling and the primordial magnetic field. The bound can be as strong as g_aB_0 < 10^{−16} − 10^{−15} GeV^{−1}nG for ΔN_{eff} ∼ O(0.1) if the axion is strongly relativistic until present.

I. INTRODUCTION

String theory is a promising candidate for the unified theory. After the compactification of string theory, there often appear light moduli, whose mass scales are of order of the supersymmetry (SUSY) breaking scale or even lighter. Such light moduli tend to dominate the energy density of the Universe and cause various cosmological problems, known as the cosmological moduli problem [1, 2]. This is one of the most important constraints on building realistic string-motivated particle physics models.

Among many solutions proposed so far [3–8], the simplest one is to make the moduli heavy enough to decay before the big-bang nucleosynthesis (BBN) begins. In this case, one has to make sure if the moduli decay do not produce cosmologically dangerous relics. In fact, it is known that the moduli generically decay into gravitinos with a sizable branching fraction, if kinematically allowed [9].^1 More importantly, the present authors recently pointed out a generic problem that appears in many scenarios where the lightest moduli fields are stabilized by SUSY breaking effects: those moduli fields tend to mainly decay into almost massless axions, whose abundance is tightly constrained by the recent Planck results [10].^2 The moduli-induced axion problem cannot be solved simply by increasing the modulus mass, and so, it is a rather robust problem. Not only does it place stringent limits on the moduli stabilization mechanism and the modulus couplings with the visible sector, but it also suggests that the axionic dark radiation may be ubiquitous in string theories. The axion production from the modulus decay was already known and studied extensively based on concrete examples. See e.g. Refs. [11–14].

Without invoking the string theoretic setup, it is a generic feature that the saxion in SUSY QCD axion models often decays into a pair of axions [15, 16]. The possibility of

1 The decay of thus produced gravitinos may spoil BBN, or produce too many lightest SUSY particles.

The moduli-induced gravitno problem can be solved if the gravitino as well as the lightest SUSY particle is heavier than the moduli or the R-parity is broken by a small amount.

2 The presence of extremely light axion is ensured by the shift symmetry : T → T + iβ, where T denotes the modulus field and β is a real constant. Then Im T is identified as an axion, which obtains a mass only through non-perturbative effects.

axionic dark radiation in SUSY axion models was studied in many literatures [17–25]. In this case, the QCD axion may account for both dark matter and dark radiation. Thus, the presence of axionic dark radiation is highly motivated by theoretical models beyond the standard model.

The Planck results constrained the amount of dark radiation as N_{eff} = 3.30^{+0.54}_{−0.51} (95% C.L.) in terms of the effective number of neutrino species [26]. Interestingly, the observations give a slight preference to the existence of dark radiation, ΔN_{eff} ≡ N_{eff} − 3.046 > 0. Therefore, the dark radiation may provide a clue to physics beyond the standard model. In order to distinguish between various dark radiation models, one needs the novel methods to detect dark radiation through their interactions.

In this paper we study cosmological effects of axionic dark radiation under the presence of primordial magnetic field. It is well known that axions are converted into photons and vice versa in the magnetic field background if the axion has an interaction with the electromagnetic field of the form [27]^3 L = − 1 4 g_aaF_{μν}F̃^{μν} , (1) where a denotes the axion field, g_a is the coupling constant, F_{μν} is the field strength of the electromagnetic gauge field and F̃^{μν} = ϵ^{μνρσ} F_{ρσ}/2. If relativistic axions are converted into photons in the early Universe, they may cause disastrous effects on BBN, cosmic microwave background (CMB), etc. Hence the presence of axionic dark radiation may already be constrained from observations. Although there are no consensus on the strength of the intergalactic magnetic field, the recent Fermi data indicate lower bounds on the intergalactic magnetic field of the order B_0 ≳ 10^{−15} G on the scale of ℓ_B ≳ 1 Mpc, and it can be as large as ∼ 1 nG [35]. If these magnetic fields have a primordial origin, they necessarily cause axion-photon mixing in the early Universe. For the discussion on the origin of primordial magnetic field, see Refs. [36, 37].

In the case of the string-theoretic axions, it has been discussed that axions whose

3 There are on-going and planned experiments for axion-like particle search [28–33]. The cosmological and terrestrial constraints on g_a are summarized in Ref. [34].

decay constants are given by f_a ∼^1_{8π2ga} ∼ 10^{14} GeV for the Calabi-Yau volume V ∼ 10^7 in Refs. [38, 39] (see also [40] for general discussions on the axiverse). The axions are coupled to both QCD and U(1)_{EM}, when the visible gauge couplings are given by blowingup local moduli which are stabilized by string-loop corrections. Such axions could acquire (ultralight) masses via non-perturbative effects. It is expected that axionic dark radiation is produced through the lightest modulus decay because the axions are coupled to the lightest modulus in their kinetic terms [12, 13].^4

Lastly let us mention the related works in the past. The conversion of CMB into the axion in the primordial magnetic field and resulting constraints were studied in Ref. [41]. Some cosmological effects of axionic dark radiation were studied in Refs. [42, 43]. Ref. [42] considered scatterings of the relativistic axions with matter, and studied the BBN constraint as well as SUSY particle production. More recently, Ref. [43] studied the axion conversion into the X-ray photons in the cluster magnetic field. In this paper, we study the axion-photon conversion under the primordial magnetic field, instead of the axion scattering or the cluster magnetic field. As a result, we derive tight constraints on combination of the axion-photon coupling g_a and the primordial magnetic field B for a wide range of the axion mass. As we shall see later, it can even exclude the QCD axion as substantial dark radiation for some parameters.

In Sec. II we formulate the method to calculate the axion-photon conversion probability, including the resonant conversion. In Sec. III we derive cosmological constraints on the axionic dark radiation. Sec. IV is devoted to discussion and conclusions.

II. AXION-PHOTON CONVERSION IN THE EARLY UNIVERSE

The purpose of this section is to evaluate the conversion probability of the ultrarelativistic axions into photons through the mixing induced by the background magnetic field. The energy of axions at present is denoted by E_0, which is assumed to be much

4 In this case, we expect large soft masses as the gravitino mass and hence one needs large coefficients in the Giudice-Masiero terms or many light Higgs fields through a fine-tuning.

higher than the temperature of the CMB photons, T_0 ≃ 2.725 K, i.e., E_0 ≫ T_0. This enables us to start from the initial condition being the pure axion state, as there is effectively no background photons with such high energy. Throughout this paper, we assume that the axion is relativistic until present, namely, E_0 ≫ m_a, where m_a is the axion mass. In the early Universe the axion energy scales as E = E_0(1 + z), where z is the redshift parameter.

Let us start with the following Lagrangian L = 1 2 (∂a)^2 − 1 4 F_{μν} F^{μν} − 1 2 m^2_aa^2 − 1 4 g_aaF_{μν}F̃^{μν} , (2) where F_{μν} is the field strength of the electromagnetic gauge field and F̃^{μν} = ϵ^{μνρσ}F_{ρσ} /2. Under the background magnetic field ⃗B, the last term in (2) induces the axion-photon mixing [27]. Our results do not depend on the sign of g_a.

In analogy with the neutrino oscillation, the axion-photon oscillation can be described in terms of the density matrix [44, 45]: (2π)^3δ^{(3)}(p − q) [ρ_p]_{ij} ≡ ⟨ a^†_j (p)a_i(q) ⟩ . (3) where a_i(p) and a^†_i (p) denote the annihilation and creation operators of the i-th particle with three-momentum p, respectively. The density matrix is a generalized version of the occupation number, and it is given by a 3 × 3 matrix since photons have two polarization states. For a given constant ⃗B, however, it is one of the two polarization states that gets mixed with axions. Therefore, the density matrix is represented by a 2 × 2 matrix (i = 1: photons, i = 2: axions) as long as one considers the axion conversion under the constant magnetic field. The effect of passing through regions with different ⃗B can be effectively taken into account in the two-flavor regime, as we shall see shortly. Such simplification is sufficient for the order-of-magnitude estimate of the conversion probability of axions into photons.

In the case of two flavor oscillations, it is useful to expand the density matrix in terms of the Pauli matrices;

ρ_p ≡ 1 2 (P_0 + ⃗σ · P) = 1 2 P^0 + P^z P^x − iP^y P_x + iP_y P_0 − P_z , (4) where P_x and P_y is the correlation between photons and axions, and P_z(P_0) represents difference (sum) of the photon and axion abundances. If P = 0, there is no correlation, and in particular, there is an equal amount of photons and axions. Such state is referred to as being in “flavor equilibrium.” We are interested in the conversion probability of axions into photons. For this purpose the overall normalization of the density matrix is not relevant, and so, we adopt the normalization of the density matrix such that P_0 = P_z = 1 and P_0 = −P_z = 1 represent the pure photon and axion states, respectively. We use the pure axion state as the initial condition, and follow the evolution of P. Then ρ_{P11} (ρ_{P22}) represents the probability that the photon (axion) is found.

The evolution of P_0 and P is described by the following equations [44, 45]:^5 ∂ ∂t P_0 = −D_0(P_0 + P_z), ∂ ∂t P = V × P − DP_T + Ṗ_0e_z, (5)

where P_T = (P_x, P_y, 0), e_z = (0, 0, 1) and

V = (V_x, V_y, V_z) = ( g_aB, 0, ω^2_p − m^2_a 2E ) . (6)

Here B represents the magnetic field transverse to the wave propagation direction. The decoherence effect of photon scatterings with the background plasma as well as passing through the magnetic field domains is taken into account by adding damping terms with the coefficients D_0 and D, which are given by D_0 ≡ σ_{γe}n_e/2 and D ≡ D_0 + ℓ^{−1}_B with σ_{γe} = σ_T for E < m_e and σ_{γe} ∼ σ_T (m_e/E) for E > m_e. Here σ_T is the Thomson scattering cross section, n_e the electron number density, ℓ_B the coherent length of the magnetic field, and E = E_0(1 + z) the axion energy. The plasma frequency ω_p is given by

ω_p = √ 4παn_e m_e ≃ 2 × 10^{−14} eV (1 + z)^{3/2}X^{1/2}_e , (7)

where α is the fine structure constant, m_e the electron mass and n_e the electron number density. For the photon with energy lower than the ionization energy of the hydrogen

5 A similar system consisting of an active neutrino and a sterile neutrino is considered in e.g. Ref. [46].

atom, the ionized fraction X_e is taken to be X_e = 1 for z > 1090 and z < 11.4 while X_e ≃ 2 × 10^{−4} for 11 < z < 1090 as indicated by the Planck results. On the other hand, photons with energy higher than the ionization energy do not distinguish free electrons from those bound in atoms. Thus we simply set X_e = 1 for E > 13.6 eV in the evaluation of the plasma frequency, independently of the redshift. We also assume that the primordial magnetic field B simply scales as B ≃ B_0(1 + z)^2.

Let us comment on the effect of the coherent length of the magnetic field, ℓ_B . For simplicity we adopt the conventional cell model for the primordial magnetic field, in which the magnetic field is given by a constant vector in each cell, and there is no correlation of the magnetic fields between the adjacent cells. We adopt the following value of the coherent length:

ℓ_B ∼ 1 Mpc (1 + z)^{−1} ≃ 1.6 × 10^{29} eV^{−1}(1 + z)^{−1}. (8) The axion-photon mixing is interrupted and the correlation between photons and axions is suppressed each time axions pass through the boundary of the cells. The sudden change of the background (classical) magnetic field may be interpreted as the measurement of the quantum system of axions and photons, in analogy with the Stern-Gerlach experiment. This is the reason why we included ℓ^{−1}_B in the definition of D. Precisely speaking, the polarization state of photons which mixes with axions depends on the direction of ⃗B, and the evolution of the density matrix should be described in terms of a 3 × 3 matrix. However, the above simplistic treatment in the 2 × 2 matrix could be used for the order of magnitude estimate of the conversion rate of axions into photons. Note that the photons with an energy E disappear at the rate of D_0 and its energy dissipates into the plasma, while the photons are still propagating along the same direction after passing through the cells of the magnetic field. That is why only D_0 appears as the damping term in the evolution equation of P_0 + P_z.

In the expanding Universe, the evolution equations (5) are slightly modified, as the momentum as well as the energy are redshifted. In effect, the evolution equations (5) are valid in about one Hubble time. Instead of following the evolution of the axionphoton system all the way down to present from the axion production, we analytically estimate the conversion rate in one Hubble time during which the evolution equations hold approximately.

Let us summarize here the redshift dependence of various quantities in the evolution equations:

E = E_0(1 + z), (9)

V_z = ω^2_p − m^2_a 2E ∝ X_e(1 + z)^2 for ω^2_p > m^2_a (1 + z)^{−1} for ω^2_p < m^2_a,

(10)

V_x = g_aB ∝ (1 + z)^2, (11)

D_0 ∝

X_e(1 + z)^2 for E > m_e X_e(1 + z)^3 for E < m_e,

(12)

ℓ^{−1}_B ∝ (1 + z), (13) H ∝ (1 + z)^2 for z ≳ 3400 (1 + z)^32 for z ≲ 3400,

. (14)

In Fig. 1 we show the evolution of these quantities as a function of the redshift. As one can see from the figure, some of them cross each other in the evolution of the Universe, which will be important for evaluating the conversion rate. For later use we define the following redshift;

z = z_{dec} at D_0 = H, (15) z = z_{res} at ω^2_p = m^2_a. (16)

Note that it is possible the parameters cross each other several times because X_e changes between 1 and 2 × 10^{−4} at the recombination and reionization epoch. For simplicity we consider the case where the cross-over takes place only once in the following analytical estimate, but such effects are taken into account in our numerical calculations. See Fig. 2 for the evolution of V_z. One can see that the resonance takes place three times for m_a = 10^{−13} eV and E_0/T_0 = 10^3, while it takes place only once in the other cases.

Solving Eq. (5) and deriving the conversion probability of the axion into photon are involved because of the Hubble expansion which causes a resonant conversion at V_z ∼ 0.

FIG. 1: Various quantities as a function of redshift for m_a = 10^{−10} eV and E_0/T_0 = 10^3, g_aB_0 = 10^{−10} GeV^{−1}nG (left) and E_0/T_0 = 10^6, g_aB_0 = 10^{−14} GeV^{−1}nG (right).

FIG. 2: V_z as a function of redshift.

Below we derive the conversion probability in the off-resonant regime and resonant regime separately.

A. Off resonant regime

Let us first consider a simplified case without photon scatterings in a constant magnetic field ⃗B, namely, D_0 = ℓ^{−1}_B = 0. From Eq. (5) one can see that the vector P rotates around the vector V with a precession frequency V ≡ √ V^2_x + V^2_z . In this case we can solve Eq. (5) analytically to find P_{a→γ} (t) = 1 2 (P_0(t) + P_z(t)) = sin^2(2θ) sin^2 ( V t 2 ) , (17)

where sin^2(2θ) =

V^2_x V^2_x + V^2_z = (2Eg_aB)^2 (2Eg_aB)^2 + (ω^2_p − m^2_a)^2

. (18)

In the expanding Universe, the energy as well as the magnetic field are redshifted. From the redshift-dependence of V_x and V_z, one can see that θ remains almost constant for ω^2_p > m^2_a, while it scales as (1 + z)^3 for ω^2_p < m^2_a. Hereafter we consider the case of |θ| ≃ |V_x/2V_z| ≪ 1 except for the small time interval around the resonant regime (ω^2_p = m^2_a), since otherwise the axion-photon mixing would be too large to be consistent with observations.

Here it is should be noticed that the precession frequency V is much larger than the Hubble parameter as well as the inverse of the coherent length (ℓ_B ) of the magnetic field as long as E_0/T_0 ≲ 10^6. Thus the oscillations are averaged over the time of passing one domain of the coherent magnetic field. If the axion passes through N such regions with random orientation of the magnetic field with same strength, the conversion probability should be multiplied with the factor N [49–51] in the approximation that the change of the magnetic field among each domain is sudden. In one Hubble time, N ∼ max{1, 1/(ℓ_BH)}. As we shall see below, this effect will be automatically taken into account in the presence of the damping term, D = D_0 + ℓ^{−1}_B .

Now we turn on the damping term. As mentioned before, the photons produced by the mixing will dissipate into plasma at the rate of D_0. If D_0 > H, those photons disappear in one Hubble time. On the other hand, if D_0 < H, the produced photons will free stream, thus contributing to the diffuse X-ray or γ-ray background or reionization at later times. The conversion rate depends on whether D is larger or smaller than V . In the following we consider the following three cases; (i) D_0 > V > max[H, ℓ^{−1}_B ]; (ii) V > D_0 > max[H, ℓ^{−1}_B ] or V > ℓ^{−1}_B > D_0 > H; (iii) V > ℓ^{−1}_B > H > D_0. Note that, for the parameters of our interest, the Hubble parameter is always smaller than ℓ^{−1}_B , when D_0 ≈ ℓ^{−1}_B .

In the case (i), there is no effect of the coherent length of the magnetic fields, i.e. D ≈ D_0. The polarization vector P sticks to the z axis in this case, as there is no time for P_x and P_y to evolve due to the large damping term. Then P_z evolves as Ṗ_z ≃ −V^{2x} D P_z, (19)

where the dot represents the derivative with respect to time. Thus |P| ≈ |P_z| is reduced by |ΔP_z| ∼ V^2_x DH = g^2_aB^2 DH (20) in one Hubble time, where we have used a fact that |P_z| is initially equal to 1 and the conversion rate into photons is much smaller than unity. Note that P_0 changes by the same amount, ΔP_0 ≃ −ΔP_z , as long as D_0 ≫ H, which is satisfied in the case (i). Thus P_0 + P_z remains zero, which implies that photons are scattered away soon after the production. The injected photon energy density in one Hubble time is given by Δρ_γ s ∼ |ΔP_z(t)| ρ_a s ∼ g^2_aB^2 DH (ρ_a s ) for case (i). (21)

Numerically, we have |ΔP_z| ∼ g^2_aB^2 DH ∼ 2 × 10^{−5} ( g_aB_0 10^{−16} GeV^{−1}nG

)_2 ( 10^4 1 + z ) , (22)

in the radiation dominated era for E ≲ m_e. In the matter dominated era, the most right hand side of (22) should be multiplied by √ (1 + z)/3400.

We next consider the case (ii), in which D_0 is smaller than V , but is still larger than H. Note that D_0 becomes smaller than V at a certain point, because it decreases as (1 + z)^3 while V decreases as (1 + z)^2 at early times (ω^2_p > m^2_a) and increases as (1 + z)^{−1} at late times (ω^2_p < m^2_a) (see Fig. 1). Also, D_0 will become smaller than ℓ^{−1}_B as the latter decreases more slowly, ℓ^{−1}_B ∝ (1 + z). In any case, the produced photons will dissipate into the plasma because the photon scatterings are still frequent, i.e., D_0 > H.

In the case (ii), the P rotates around the V with a frequency V , while its amplitude gradually decreases due to the small damping. Then the oscillation-averaged ⟨P_z⟩ evolves as d dt ⟨P_z⟩ ≃ − V^2_x D V^2_z ⟨P_z⟩. (23) Thus the decrease of |P_z| in one Hubble time is |ΔP_z| ∼ V^2_x D V^2_z H

. (24)

The injected photon energy density in one Hubble time is given by Δρ_γ s ∼ 4E^2g^2_aB^2D max[ω^4_p, m^4_a]H (ρ_a s ) for case (ii). (25)

This formula contains a factor D/H, which is equal to H^{−1}/ℓ_B for ℓ^{−1}_B > D_0. This factor represents the number of the cells the axion passes through in one Hubble time, as discussed at the beginning of this section. Numerically, we have |ΔP_z| ∼ V^2_x D V^2_z H

∼ 1 × 10^{−11} ( E_0 T_0 ) ( g_aB_0 10^{−16} GeV^{−1}nG

)_2 ( 1 + z 10^4 ) , (26)

for E ≲ m_e and D_0 > ℓ^{−1}_B if m_a ≪ ω_p in the radiation dominated era. In the matter dominated era, the most right hand side of (26) should be multiplied by √ (1 + z)/3400.

Lastly let us consider the case (iii). In this case the decrease of |P_z| in one Hubble time is similarly given by (24). What is different is that the evolution of P_0 no longer follows −P_z, and in general, P_0 + P_z ≠ 0. This implies that the produced photons do not dissipate into plasma, but free stream. The free-streaming photons are accumulated as they are produced by the mixing, and so, it is important to evaluate the timing when most of the free-stream photons are generated. The conversion rate in one Hubble time is given by^6 |ΔP_z| 2 ≃ V^2_x ℓ^{−1}_B 2V^2_z H ∝ X^{−2}_e (1 + z)^{− 1}2 for ω^2_p > m^2_a (1 + z)^{11}2 for ω^2_p < m^2_a

, (27)

where we have used the fact that the Universe is matter-dominated for z < z_{dec}. Thus, the conversion rate increased until the resonance at z = z_{res}, and then decreased afterwards.

6 In the case of free-streaming photons, it is |ΔP_z |/2 that represents the conversion rate, where the factor 1/2 arises from the fact that P_0 no longer follows the evolution of P_z .

The density of such free-streaming photons is determined at z = min[z_{dec}, z_{res}]: ρ_γ s ∼ ( 2E^2g^2_aB^2 m^4_aHℓ_B ) z=min[z_{dec},z_{res}] (ρ_a s ) for case (iii). (28)

Thus produced frree-streaming photons contribute either to diffuse X-ray or γ-ray background or to the energy injection at the reionization epoch if E > 13.6 eV.

B. Resonant regime

Next we consider the conversion of axions into photons in the resonant regime, |ω^2_p − m^2_a| ≲ m^2_a. To see what happens in this case, let us first assume that the photon scattering are negligible and the magnetic field is constant in space, namely, D_0 = ℓ^{−1}_B = 0. Then, when ω^2_p becomes equal to m^2_a at z = z_{res}, V_z vanishes and the mixing angle becomes maximal, θ ∼ π/4. Before the mixing angle become maximal, however, the polarization vector P ceases to follow the time-dependent V which changes so quickly at the resonance. Below we study the evolution of the axion-photon system around one Hubble time in the resonant region : Δm^2 ≡ |ω^2_p − m^2_a| ≲ m^2_a.

First, neglecting the damping term, one can see that the mixing angle is close to maximal for Δm^2 ≲ (Δm^2)_{max} ≡ 2Eg_aB. Let us define the adiabaticity parameter α_V ≡ |V̇ /V^2| ≃ |V̇_z/V^2_z |, which is given by α_V ≃ 6HEm^2_a/(Δm^2)^2 in the resonant regime. The polarization vector P precesses around V and follows its evolution while α_V ≲ 1, or equivalently, Δm^2 ≳ (Δm^2)_{adi} ≡ √ 6HEm^2_a. (29) Here and in what follows we assume (Δm^2)_{max} < (Δm^2)_{adi}, since otherwise a significant fraction of axions would be converted into photons in contradiction with observations, unless the initial axion density is negligibly small. When Δm^2 becomes equal to Δm^2_{adi}, P ceases to follow V. Thus, the the conversion rate is maximized at α_V ∼ 1 or equivalently Δm^2 ∼ (Δm^2)_{adi}, and given by

(ΔP_z)_{res} ≃

2Eg^2_aB^2 3Hm^2_a | | | z_{res}

, (30) where all the parameters here are evaluated at the resonance. In the absence of the photon scatterings, the change in P_z/2 results in the increase of the photon number density, and this fraction of axions are converted to free-streaming photons. Thus we obtain ρ_γ s ≃ ΔP_z|_{zres} 2 ρ_a s ∼ Eg^2_aB^2 3Hm^2_a | | |_{zres} ρ_a s for z < z_{res} (31)

This agrees with the result in Refs. [41, 48] up to a factor of order unity.

Let us now turn on the damping terms, D_0 and D. If D is greater than m^2_a/2E at z = z_{res}, the effective mixing angle remains suppressed by the damping term, and there is no resonant production. We therefore focus on the case where D is smaller than V before the system enters the resonant regime. In this case, D becomes greater than V (∼ |V_z|) only in the vicinity of the resonant point, Δm^2 ≲ (Δm^2)_D ≡ 2ED. Let us consider the effect of the damping term on the photon production and its dissipation. If (Δm^2)_D < (Δm^2)_{adi}, the damping term does not have significant effect and (ΔP_z)_{res} after the resonant region is given by Eq. (30). Then the P_0 changes by (ΔP_0)_{res} ∼ −D_0Δt(ΔP_z)_{res} (see Eq. (5)), where Δt is the time interval during which the adiabaticity is broken, and is given by DΔt ∼ (Δm^2)_D/(Δm^2)_{adi} ≲ 1. This implies that a fraction D_0Δt(≲ 1) of the produced photons are scattered during the time interval Δt. The rest of “free-streaming” photons dissipate into the plasma in one Hubble time around the resonance if D_0 > H, while they remain free-streaming if D_0 < H. Therefore, we obtain Δρ_γ s | | |_{zres} ≃

(ΔP_z)_{res} 2 ρ_a s | |_{zres} ∼

Eg^2_aB^2 3Hm^2_a | | |_{zres} ρ_a s | |_{zres} , (32)

for D ≫ H at z = z_{res}, and ρ_γ s | |_{z<zres} ≃ (ΔP_z)_{res} 2 ρ_a s ∼ Eg^2_aB^2 3Hm^2_a | | |_{zres} ρ_a s , (33)

for D ≪ H at z < z_{res}. Note that (ΔP_z)_{res} is larger than the off-resonant value at z ∼ z_{res} (Eq. (26)) by a factor ∼ m^2_a/2ED.

On the other hand, if (Δm^2)_D > (Δm^2)_{adi}, the evolution of P_z is governed by the Eq. (19) for the time interval Δt ∼ 2ED/(3Hm^2_a). Thus during the damping regime, P_z changes with an amount

(ΔP_z)_{res} ∼

V^2_x D Δt ∼ 2Eg^2_aB^2 3Hm^2_a | | |_{zres} . (34)

Again, all quantities here are evaluated at the resonant region. This is same expression as (30). This also agrees with the result in Refs. [41, 47, 48]. Since DΔt ≳ 1 in this case, we have (ΔP_0)_{res} ∼ −(ΔP_z )_{res} and hence the injected photon energy density is given by Δρ_γ s | | |_{zres} ∼ −(ΔP^0)^{res} ρ_a s | |_{zres} ∼

2Eg^2_aB^2 3Hm^2_a | | |_{zres} ρ_a s | |_{zres} . (35)

Numerically, (ΔP_0)_{res} is evaluated as

(ΔP_0)_{res} =

2Eg^2_aB^2 3Hm^2_a | | | |_{zres} ∼ 4×10^{−13} ( E_0 T_0 ) ( g_aB_0 10^{−16} GeV^{−1}nG

)_2 (

10^{−8} eV m_a )_2 ( 1 + z_{res} 10^4

)_3 , (36) if the resonance happens at the radiation dominated era (z_{res} ≳ 3400). Note that z^3_{res} ∝ m^2_a and hence this expression does not depend on m_a. If z_{res} ≲ 3400, the most right hand side of (36) should be multiplied by the factor √ (1 + z_{res})/3400.

III. CONSTRAINTS ON AXIONIC DARK RADIATION

As shown in Refs. [10–14], the branching ratio of the modulus decay into its light axion partner is generically substantial if the modulus is stabilized by SUSY breaking effects. Moreover, the moduli can also decay into the axion component of other moduli, which may support the SM cycle.

The abundance of relativistic axions is parameterized by the effective number of neutrino species, ΔN_{eff} , given by

ΔN_{eff} = 43 7 ( 10.75 g_{∗s}(T_d) )_{1/3} B_a 1 − B_a , (37)

where T_d is the modulus decay temperature and B_a the modulus branching ratio into the axion pair. Here it is assumed that modulus dominates the Universe at the decay. The Planck constraint reads ΔN_{eff} < 0.84 at the 95% C.L. [26]. Using this, the ratio of the axion energy density to the entropy density after the e^+e^− annihilation is given by ρ_a s = ΔN_{eff} 7 8 ( 4 11 )_{1/3} ρ_γ s ≃ 0.24 ΔN_{eff} T_γ , (38)

where T_γ is the photon temperature.

FIG. 3: Δρ_γ /s as a function of redshift z for (E_0/T_0, m_a, g_aB_0) = (10^3, 10^{−7} eV, 10^{−13} GeV^{−1}nG) (top left), (10^3, 10^{−10} eV, 10^{−16} GeV^{−1}nG) (top right), (10^6, 10^{−7} eV, 10^{−16} GeV^{−1}nG) (bottom left) and (10^6, 10^{−10} eV, 10^{−16} GeV^{−1}nG) (bottom right). Together shown are upper bounds from various cosmological observations (see text).

As shown in the previous section, a part of the relativistic axions is converted into the photon under the primordial magnetic field and it causes various cosmological effects depending on the redshift and the axion energy. The cosmological constraints on the presence of such high-energy photon injection were summarized in Ref. [52], which, in the present case, reads Δρ_γ s ≲ (ρ_γ s ) bound

, (39) where the right hand side means the upper bound on the injected photon energy density in one Hubble time. The bound includes the followings (see Ref. [52] for further details).

FIG. 4: Constraints on (m_a, ΔN^{1/2}_{eff} × g_aB_0) plane for E_0/T_0 = 10^3 (top left), E_0/T_0 = 10^4 (top right), E_0/T_0 = 10^5 (bottom left), and E_0/T_0 = 10^6 (bottom right).

• BBN : Photodissociation of light elements are caused by the additional photons. This does not occur for E < 4.5 MeV, below the threshold energy of the D destruction. For E > 4.5 MeV, this gives tight constraint at t ≳ 10^7 sec.

• Spectral distortion of CMB : Additional photons are not thermalized for t ≳ 10^6 sec and hence may distort the blackbody spectrum of the CMB.

• Recombination : Photons with energies E > 13.6 eV injected at the recombination epoch z_{rec} ∼ 1090 may affect the ionization fraction of the hydrogen atom, which results in the change in the power spectrum of the CMB anisotropy. This leads to severe constraint : (ρ_γ /s)_{bound} ∼ 4 × 10^{−20} GeV at around z ∼ 1090.

• Diffuse photon background : Photons with keV – GeV ranges after the recombination are transparent and may be observed as diffuse X (γ)-ray background. For low energy photons with E < 13.6 eV also contribute to diffuse background photons. We also assumed that photons with all energies of our interest are transparent after the reionization z < 11.4.

• Reionization : Photons with energies between 13.6 eV and ∼ keV after the recombination but before the reionization contribute as extra ionization sources for the neutral hydrogen, which may lead to too large optical depth too the las scattering surface as indicated from the measurement of the CMB anisotropy.

Figs. 3 show Δρ_γ /s as a function of redshift z for (E_0/T_0, m_a, g_aB_0) = (10^3, 10^{−7} eV, 10^{−13} GeV^{−1}nG) (top left), (10^3, 10^{−10} eV, 10^{−16} GeV^{−1}nG) (top right), (10^6, 10^{−7} eV, 10^{−16} GeV^{−1}nG) (bottom left) and (10^6, 10^{−10} eV, 10^{−16} GeV^{−1}nG) (bottom right). In these figures we have fixed ΔN_{eff} = 0.5. Together shown are upper bounds from various cosmological observations. As one changes g_aB_0, the solid (red) line goes up and down. The upper bound on g_aB_0 is obtained in each case so that the solid (red) line touches the constraint lines.

Fig. 4 shows the resulting constraints on (m_a, ΔN^{1/2}_{eff} g_aB_0) plane for E_0/T_0 = 10^3 (top left), E_0/T_0 = 10^4 (top right), E_0/T_0 = 10^5 (bottom left) and E_0/T_0 = 10^6 (bottom right). Typically the conversion rate is larger for higher redshift, hence the constraint from diffuse background photons is not so stringent. Instead, the CMB anisotropy constrains the photon injection around the recombination epoch and it gives tight bound. For larger E_0, the converted photon energy is sufficiently high to destroy light elements and the BBN constraint becomes important. It is seen that the combination g_aB_0 is tightly constrained for a wide range of the axion mass shown in the figure. Note that we have adopted the present coherent length of the magnetic field to be 1 Mpc. If it is smaller, the constraint becomes severer as axions pass through a larger number of the magnetic cells, leading to an enhancement of the conversion rate.

IV. DISCUSSION AND CONCLUSIONS

In this paper we have studied cosmological effects of the axionic dark radiation in the presence of primordial magnetic field. We have derived constraints on the axion-photon coupling and the strength of the primordial magnetic field. If future observations confirm the primordial magnetic field, it will give robust constraints on the properties of axion dark radiation. Since a substantial amount of axionic dark radiation is often produced in the modulus/saxion decay in SUSY axion models or concrete compactification models of string theory, it also gives an important constraint on the high-energy theory. On the other hand, as shown recently in Ref. [42], the axion helioscope may be able to detect relativistic axion background if g_a is relatively large. Then it will give tight constraints on the primordial magnetic field.

Let us comment on the case of the QCD axion. In fact, our constraint is so severe that the a part of the parameters for the QCD axion can be excluded as a dominant dark radiation if the magnetic field has a primordial origin. In the case of QCD axion, the axion-photon coupling g_a is related to the axion decay contant as g_a ≃ C α π 1 f_a , (40)

where C ≈ −0.97 for the KSVZ axion and C ≈ 0.36 for the DFSZ axion. The axion mass is given by

m_a ≃ 6 × 10^{−5} eV ( 10^{11} GeV f_a ) ∼ (3 − 7) × 10^{−5} eV ( g_a 10^{−14} GeV^{−1} ) . (41)

One can see from Fig. 4 that (m_a, g_a) ≈ (10^{−5} eV, 10^{−14} GeV^{−1}) is exlucded for E_0/T_0 = 10^5 or 10^6, B_0 ≈ 1 nG and ΔN_{eff} ≃ 0.5. For smaller E_0/T_0, B_0, and ΔN_{eff} , there is a room for the QCD axion to be the dominant component of dark radiation. Note that the QCD axion can naturally explain dark matter for f_a = 10^{11−12} GeV in the absence of entropy production after the QCD phase transition. In our scenario, there may be a large entropy production by the modulus decay, in which case the axion decay constant as large as 10^{15} GeV is allowed without fine-tuning of the initial misalignment angle.

Note also that, although we have focused on the cosmological effects of the axionphoton conversion, the Galactic magnetic field also converts the axionic dark radiation into photons. From Eq. (18), the conversion probability is given by P_{a→γ} ∼ 10^{−13} ( E_0 1 eV

)_2 ( g_a 10^{−10} GeV^{−1}

)_2 ( B_{Gal} 1 μG

)_2 ( 10^{−10} eV m_a )_4 , (42)

where B_{Gal} is the typical magnetic field strength in the Galaxy.^7 The oscillation length is much shorter than the typical coherent scale of the Galactic magnetic field (∼ 1 pc). The conversion probability is saturated at m_a ∼ 10^{−11} eV, below which the plasma frequency becomes important. Thus typically the conversion rate is small, but it may be more important than the cosmological one depending on the value of B_0.

Some comments are in order. Since the modulus in general dominates the Universe, the pre-existing primordial magnetic field is diluted accordingly. Therefore we may need efficient mechanism for creating the magnetic field to explain observations [37]. If the currently observed magnetic field is not of the primordial origin, but produced during the structure formation, there may be effectively no magnetic field in the early Universe. In this case, most of the constraints derived in this paper are not applied. It should be noted however that the generation of the magnetic field and its subsequent evolution are complicated issues, and it is even possible that sufficiently large magnetic fields are produced as a result of amplifications due to the turbulent small-scale dynamo [53]. If this is the case, our constraints will provide extremely tight constraints on the amount of axion dark radiation and its properties.

Acknowledgments

We would like to thank the YITP at Kyoto University for the hospitality during the YITP workshop YITP-W-12-21 on “LHC vs Beyond the Standard Model”, where the present work started. This work was supported by the Grant-in-Aid for Scientific Research

7 The probability (42) may depend on the detailed structure of the Galactic magnetic field. Here we have neglected it.

on Innovative Areas (No. 24111702 [FT], No. 21111006 [KN and FT], and No. 23104008 [FT]), Scientific Research (A) (No. 22244030 [KN and FT] and No. 21244033 [FT]), JSPS Grant-in-Aid for Young Scientists (B) (No. 24740135 [FT] and No. 25800169 [TH]), and Inoue Foundation for Science [FT].

[1] G. D. Coughlan, W. Fischler, E. W. Kolb, S. Raby, G. G. Ross, Phys. Lett. B 131, 59 (1983);

J. R. Ellis, D. V. Nanopoulos, M. Quiros, Phys. Lett. B 174, 176 (1986); A. S. Goncharov, A. D. Linde, M. I. Vysotsky, Phys. Lett. B 147, 279 (1984).

[2] B. de Carlos, J. A. Casas, F. Quevedo and E. Roulet, Phys. Lett. B 318, 447 (1993) [hep-ph/9308325]; T. Banks, D. B. Kaplan and A. E. Nelson, Phys. Rev. D 49, 779 (1994) [hep-ph/9308292].

[3] A. D. Linde, Phys. Rev. D 53, 4129 (1996) [arXiv:hep-th/9601083]. [4] M. Dine, Y. Nir and Y. Shadmi, Phys. Lett. B 438, 61 (1998) [arXiv:hep-th/9806124]. [5] L. Randall and S. D. Thomas, Nucl. Phys. B 449, 229 (1995) [arXiv:hep-ph/9407248]. [6] D. H. Lyth and E. D. Stewart, Phys. Rev. D 53, 1784 (1996) [arXiv:hep-ph/9510204]. [7] M. Kawasaki and F. Takahashi, Phys. Lett. B 618, 1 (2005) [hep-ph/0410158]. [8] K. Nakayama, F. Takahashi and T. T. Yanagida, Phys. Rev. D 84, 123523 (2011) [arXiv:1109.2073 [hep-ph]]; Phys. Rev. D 86, 043507 (2012) [arXiv:1112.0418 [hep-ph]].

[9] M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. Lett. 96, 211301 (2006) [arXiv:hep-ph/0602061]; S. Nakamura and M. Yamaguchi, Phys. Lett. B 638, 389 (2006) [arXiv:hep-ph/0602081]; M. Dine, R. Kitano, A. Morisse and Y. Shirman, Phys. Rev. D 73, 123518 (2006) [arXiv:hep-ph/0604140]; M. Endo, K. Hamaguchi and F. Takahashi, Phys. Rev. D 74, 023531 (2006) [arXiv:hep-ph/0605091].

[10] T. Higaki, K. Nakayama and F. Takahashi, arXiv:1304.7987 [hep-ph]. [11] T. Higaki, K. Kamada and F. Takahashi, JHEP 1209, 043 (2012) [arXiv:1207.2771 [hepph]].

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

[hep-ph]].

[13] T. Higaki and F. Takahashi, JHEP 1211, 125 (2012) [arXiv:1208.3563 [hep-ph]]. [14] S. Angus, J. P. Conlon, U. Haisch and A. J. Powell, arXiv:1305.4128 [hep-ph]. [15] E. J. Chun and A. Lukas, Phys. Lett. B 357, 43 (1995) [hep-ph/9503233]. [16] T. Higaki and R. Kitano, Phys. Rev. D 86, 075027 (2012) [arXiv:1104.0170 [hep-ph]]. [17] K. Choi, E. J. Chun and J. E. Kim, Phys. Lett. B 403, 209 (1997) [hep-ph/9608222]. [18] E. J. Chun, D. Comelli and D. H. Lyth, Phys. Rev. D 62, 095013 (2000) [hep-ph/0008133]. [19] K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami and F. Takahashi, JCAP 0705, 008 (2007) [hep-ph/0703034 [HEP-PH]].

[20] M. Kawasaki, N. Kitajima and K. Nakayama, Phys. Rev. D 83, 123521 (2011) [arXiv:1104.1262 [hep-ph]].

[21] M. Kawasaki, K. Miyamoto, K. Nakayama and T. Sekiguchi, JCAP 1202, 022 (2012) [arXiv:1107.4962 [astro-ph.CO]].

[22] K. S. Jeong and F. Takahashi, JHEP 1208 (2012) 017 [arXiv:1201.4816 [hep-ph]]. [23] T. Moroi and M. Takimoto, Phys. Lett. B 718, 105 (2012) [arXiv:1207.4858 [hep-ph]]. [24] K. Choi, K. -Y. Choi and C. S. Shin, Phys. Rev. D 86, 083529 (2012) [arXiv:1208.2496 [hep-ph]].

[25] P. Graf and F. D. Steffen, JCAP 1302, 018 (2013) [arXiv:1208.2951 [hep-ph]]. [26] P. A. R. Ade et al. [Planck Collaboration], arXiv:1303.5076 [astro-ph.CO]. [27] G. Raffelt and L. Stodolsky, Phys. Rev. D 37, 1237 (1988).

[28] S. J. Asztalos et al. [ADMX Collaboration], Phys. Rev. Lett. 104, 041301 (2010) [arXiv:0910.5914 [astro-ph.CO]].

[29] E. Ferrer Ribas et al. [CAST Collaboration], arXiv:1209.6347 [hep-ex]. [30] K. Ehret et al. [ALPS Collaboration], Nucl. Instrum. Meth. A 612, 83 (2009) [arXiv:0905.4159 [physics.ins-det]].

[31] J. K. Vogel, F. T. Avignone, G. Cantatore, J. M. Carmona, S. Caspi, S. A. Cetin, F. E. Christensen and A. Dael et al., arXiv:1302.3273 [physics.ins-det].

[32] R. Bhre, B. Dbrich, J. Dreyling-Eschweiler, S. Ghazaryan, R. Hodajerdi, D. Horns,

F. Januschek and E. -A. Knabbe et al., arXiv:1302.5647 [physics.ins-det]. [33] D. Horns, J. Jaeckel, A. Lindner, A. Lobanov, J. Redondo and A. Ringwald, JCAP 1304, 016 (2013) [arXiv:1212.2970 [hep-ph]].

[34] D. Cadamuro and J. Redondo, JCAP 1202, 032 (2012) [arXiv:1110.2895 [hep-ph]]. [35] A. Neronov and I. Vovk, Science 328, 73 (2010) [arXiv:1006.3504 [astro-ph.HE]]; F. Tavecchio, G. Ghisellini, L. Foschini, G. Bonnoli, G. Ghirlanda and P. Coppi, Mon. Not. Roy. Astron. Soc. 406, L70 (2010) [arXiv:1004.1329 [astro-ph.CO]]; W. Essey, S. ’i. Ando and A. Kusenko, Astropart. Phys. 35, 135 (2011) [arXiv:1012.5313 [astro-ph.HE]]; F. Aharonian, W. Essey, A. Kusenko and A. Prosekin, Phys. Rev. D 87, 063002 (2013) [arXiv:1206.6715 [astro-ph.HE]].

[36] A. Kandus, K. E. Kunze and C. G. Tsagas, Phys. Rept. 505, 1 (2011) [arXiv:1007.3891 [astro-ph.CO]].

[37] R. Durrer and A. Neronov, arXiv:1303.7121 [astro-ph.CO]. [38] J. P. Conlon, JHEP 0605, 078 (2006) [hep-th/0602233].

[39] M. Cicoli, M. Goodsell, A. Ringwald, M. Goodsell and A. Ringwald, JHEP 1210, 146 (2012) [arXiv:1206.0819 [hep-th]].

[40] T. Higaki and T. Kobayashi, Phys. Rev. D 84, 045021 (2011) [arXiv:1106.1293 [hep-th]]. [41] A. Mirizzi, J. Redondo and G. Sigl, JCAP 0908, 001 (2009) [arXiv:0905.4865 [hep-ph]]. [42] J. P. Conlon and M. C. D. Marsh, arXiv:1304.1804 [hep-ph]. [43] J. P. Conlon and M. C. D. Marsh, arXiv:1305.3603 [astro-ph.CO]. [44] L. Stodolsky, Phys. Rev. D 36, 2273 (1987). [45] G. Sigl and G. Raffelt, Nucl. Phys. B 406, 423 (1993).

[46] S. Hannestad, I. Tamborra and T. Tram, JCAP 1207, 025 (2012) [arXiv:1204.5861 [astroph.CO]].

[47] J. Jaeckel, J. Redondo and A. Ringwald, Phys. Rev. Lett. 101, 131801 (2008) [arXiv:0804.4157 [astro-ph]].

[48] A. Mirizzi, J. Redondo and G. Sigl, JCAP 0903, 026 (2009) [arXiv:0901.0014 [hep-ph]]. [49] Y. Grossman, S. Roy and J. Zupan, Phys. Lett. B 543, 23 (2002) [hep-ph/0204216].

[50] A. Mirizzi, G. G. Raffelt and P. D. Serpico, Phys. Rev. D 72, 023501 (2005) [astro-ph/0506078].

[51] A. Mirizzi and D. Montanino, JCAP 0912, 004 (2009) [arXiv:0911.0015 [astro-ph.HE]]. [52] M. Kawasaki, K. Nakayama and M. Senami, JCAP 0803, 009 (2008) [arXiv:0711.3083 [hep-ph]].

[53] J. M. Wagstaff, R. Banerjee, D. Schleicher and G. Sigl, arXiv:1304.4723 [astro-ph.CO].