arXiv:hep-ph/0512296 v2 27 Feb 2006

DESY 05-261 hep-ph/0512296 February, 2006

Unification of Dark Energy and Dark Matter

Fuminobu Takahashi^{1,2} and T. T. Yanagida^{1,3}

1Deutsches Elektronen Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany 2Institute for Cosmic Ray Research, University of Tokyo, Chiba 277-8582, Japan 3Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

Abstract We propose a scenario in which dark energy and dark matter are described in a unified manner. The ultralight pseudo-Nambu-Goldstone (pNG) boson, A, naturally explains the observed magnitude of dark energy, while the bosonic supersymmetry partner of the pNG boson, B, can be a dominant component of dark matter. The decay of B into a pair of electron and positron may explain the 511 keV γ ray from the Galactic Center.

1 Introduction

The cosmological constant problem is a long-standing problem. The recent astrophysical observation [1] has established that the expansion of the present universe is accelerating, indicating the existence of dark energy. It is not excluded logically that the cosmological constant is tuned exactly zero in the true vacuum by a yet unknown mechanism, although the anthropic explanation of the observed small vacuum energy, Λ^4_{cos} ≃ (2 × 10^{−3}eV)^4, is quite natural [2]. If it is the case, the present cosmological constant Λ^4_{cos} should be a potential energy carried by an extremely light boson called quintessence [3], and the magnitude of Λ_{cos} may be directly linked to relevant energy scales beyond the standard model.

Some years ago, it was pointed out that a pseudo-Nambu-Goldstone (pNG) boson A coupled to left-handed-lepton currents plays a role of the quintessence [4]. In fact, one-loop diagrams induce the pNG boson coupling to the weak SU(2)_L gauge fields. And SU(2)_L instantons generate a potential for the pNG boson as V ≃ Ce^{−2π/α2(FA)}m^3_{/2}F_A(1 − cos(A/F_A)), (1) where C is a constant of order 1 and F_A the decay constant of the pNG boson A. Provided F_A ≃ M_{P L} ≃ 2.4 × 10^{18} GeV, the observation on Λ_{cos} suggests the gravitino mass is m_{3/2} ≃ O(10) MeV. Here, we have used α_2(M_{P L}) ≃ 1/23. To be more precise we will consider a bit larger scale of the symmetry breaking, F_A ≃ 4πM_{P L}. This is because the quintessence A has already started to roll down to the potential minimal, otherwise. We do not, however, take too large value for the decay constant F_A, since the born unitality of graviton and graviton scattering processes is violated at such energy scale and our field-theory description becomes no longer valid.

In this short note, we point out that the rather small gravitino mass leads to an interesting effect on cosmology. A scalar boson B which is a bosonic supersymmetry (SUSY) partner of A has a mass of order m_{3/2} ≃ 10 MeV. Since the life time of this boson B is so long, the B density easily overcloses the present universe. However, the energy density does crucially depend on the cosmological history. If late-time entropy production [5, 6] occurred, the B density should have been diluted. In fact it is known that a thermal inflation [5] at the weak scale dilutes the energy density substantially, and renders the B field to be a dominant component of the dark matter in the present universe. Therefore, in our scenario, the dark energy and dark matter are unified, in a sense that they are explained by the pNG boson A and its bosonic SUSY partner B, respectively. See Refs. [7, 8] for different approaches to unified description of dark energy and dark matter.

We would stress that A and B have couplings with a pair of electron and positron as − L = im_e A √ 2F_A ēγ_5e + m_e B √ 2F_A ēe. (2) Thus, the dark matter B decays into a pair of electron and positron. The life-time of B is much longer than the age of the present universe owing to the large scale of F_A. It is very encouraging that the decay of B into e + ē may explain the 511 keV γ ray excess from the bulge of our galaxy observed by SPI/INTEGRAL [9] (See also Refs. [10, 11, 12]).

In the next section, we provide a model which unifies dark energy and dark matter. We will give discussions in the last section.

2 Unification Model

We denote the pNG chiral multiplet as S whose bosonic component s is consist of the pNG boson A and the scalar boson B; s = B + iA √ 2 . (3)

The global U(1) symmetry is represented by a shift symmetry, S → S + iαF_A, (4) where α is a real constant. We see that the Kähler potential K(S + S^†) is invariant under the symmetry. The Kähler potential is written as

K = F^2_A [ 1 2 ( S/F_A + S^†/F_A )_2

+ κ_3 ( S/F_A + S^†/F_A )_3

+ κ_4 ( S/F_A + S^†/F_A )_4 + · · · ] (5) Here, we have absorbed the linear term of S + S^† into the definition of the field S. We further impose that the left-handed lepton doublets ℓ_i (i = 1 ∼ 3) have the U(1) charge and they transform under the global symmetry as ℓ_i → e^{−iα}ℓ_i. (6) Then, we have an invariant superpotential, W = f_ie^{S/FA} e_iℓ_iH_d, (7) which leads to the following interaction in the electroweak-symmetry breaking vacuum (⟨H^0_d ⟩ ≠ 0); − L = im_e A √ 2F_A ēγ_5e + m_e B √ 2F_A ēe + · · · . (8) The above global symmetry has a SU(2)_L gauge anomalies and one-loop diagrams of the internal left-handed leptons induce

L_{kin} = ∫ d^2θ [ 3 32π^2 S F_A W^{aα}W^a_α ] + h.c., (9)

where W^a_α is the gauge kinetic function of the weak SU(2)_L gauge multiplet, and a = 1 ∼ 3 and α = 1, 2 run over the SU(2) generators and the components of spinors, respectively. This gives the anomaly interaction of the pNG boson A as L = − 3 32π^2 A √ 2F_A F^a_{μν}F̃^{aμν} . (10)

The potential of A is generated by SU(2) instanton [4]:

V ≃ Λ^4_A (1 − cos(A/F_A)) (11)

with

Λ^4_A ≃ Ce^{−2π/α2(FA)}m^3_{/2}F_A, (12)

where C is a constant of order unity. Here let us consider the dynamics of A, assuming Λ_A ∼ (10^{−3}eV)^4. If F_A ≃ M_{P L}, the mass of A becomes roughly equal to the present Hubble parameter, which means that A has already started rolling down to the potential minimum. To circumvent this we adopt slightly larger value of F_A ≃ 4πM_{P L}^1. Interestingly enough, such value of F_A turns out to be favorable in the context of explaining 511

1The theory with such large cut-off has been proposed in another context [13]. In this scheme, due to the large cut-off scale, inflation tends to predict almost scale invariant spectrum. The little hierarchy between M_{P L} and F_A might be ascribed to the anthropic explanation [13].

keV γ line, as we will see later. The potential energy of A accounts for the present dark energy, if the gravitino mass m_{3/2} is O(10)MeV^2:

Λ^4_A ≃ C ( 1 × 10^{−3}eV

)_4 ( m_{3/2}

15MeV

)_3 ( F_A 4πM_{P L} ) , (13)

where we have used α^{−1}_2 (F_A) ≃ α^{−1}_2 (M_{P L}) − 1/(2π) · ln (4π).

Now let us turn to B, the bosonic SUSY partner of A. The B field obtains a soft SUSY breaking mass, m_β, which is of order m_{3/2} = O(10)MeV. The position of B during inflation is generally displaced from the potential minimum after inflation by M_{P L}, unless we impose additional symmetry^3. After inflation, B starts oscillating around the minimum when the Hubble parameter becomes comparable to its mass, H ≃ m_B. Since the life time of B is so long due to the large scale F_A, the energy density ρ_B may overclose the universe. However, the present value of ρ_B crucially depends on the thermal history of the universe; if the B density is diluted by late-time entropy production, B can be a dominant component of dark matter. Here we estimate the requisite amount of entropy production. Before the late-time entropy production, the primordial B density is ρ_B s_i ∼ 10^7GeV ( m_B 10MeV

) 1_2 ( B_i M_{P L} )_2

, (15)

where B_i denotes the initial amplitude of B, s_i the entropy density and we have assumed the reheating is completed when B starts oscillating. Thus, in order to render B to the dark matter, it must be off at least by 10^{16}.

2In Ref. [4], the gravitino mass was fixed to the weak scale. That is why the authors introduced flavor symmetry to suppress the potential. In this paper, instead, we determine the gravitino mass from the magnitude of the cosmological constant Λ^4_{cos}.

3 The initial displacement of B from the potential minimum can be suppressed by imposing a symmetry. For instance, let us take the following superpotential; W = X(ΦΦ̄ − μ^2), (14) where X(0), Φ(+1) and Φ̄(−1) are scalar chiral superfields with the charges of the global U (1) symmetry shown in the parentheses, and μ is the breaking scale of the U (1). In this model, B corresponds to the difference∼ Φ − Φ̄, and B is lifted by a soft SUSY breaking mass. Assuming a symmetry interchanging Φ with Φ̄, the potential of B has a minimum at the origin, B = 0. If Φ and Φ̄ acquire Hubble-induced masses during inflation, B rolls down to the origin, which should coincide with the potential minimum after inflation. Then the B density due to the initial misalignment is exactly zero. Therefore it is possible to set the energy density of B to the right amount of dark matter by introducing a tiny violation of the interchanging symmetry. Such violation may naturally arise from the fact Φ and Φ̄ interact with matter fields in a different way due to U (1) charge assignment.

The thermal inflation is able to generate the needed entropy. According to Refs. [14], the thermal inflation is driven by the potential energy of the flaton, ϕ, with the potential

V (ϕ) = V_0 + (T^2 − m^2_0)ϕ^2 + ϕ^6 M^2_{P L}

, (16)

where T denotes the cosmic temperature, and V_0 ∼ m^3_0M_{P L}. The thermal inflation lasts between T ∼ m^{3/4}_0 M^{1/4}_{P L} and T ∼ m_0. After the thermal inflation, the flaton oscillates around the minimum ϕ ∼ √ m_0M_{P L} and decays, producing large entropy. The entropy dilution factor is Δ_{T I} ≡ s_f s_i ≃ 10^{20}

(10MeV T_d ) , (17) where s_f is the entropy density after thermal inflation, T_d is the decay temperature of the flaton^4. The primordial B density after thermal inflation is then

Ω^p_B = O(10^{−3} ) ( m_B 10MeV

) 1_2 ( B_i M_{P L} )_2 ( T_d

100MeV ) . (18)

On the other hand, the thermal inflation itself displaces the potential minimum of B from that in the vacuum, re-generating B density at the end of the thermal inflation. The B density generated in this way is estimated as

Ω^{TI}_B ≃ O(0.1)

( 10MeV m_B )_2 ( m_0

100GeV

)_3 ( T_d

100MeV ) . (19)

The total B density is given by the sum of (18) and (19). Therefore B can constitute a dominant part of the dark matter.

The important feature of the B dark matter is that it decays into a pair of electron and positron through the interaction (8). The decay rate is^5

Γ_{B→ē}+_e− = m^2_e m_β 16πF^2_A , ≃ ( 10^{25} sec )_{−1} ( m_β 10MeV ) (4πM_{P L} F_A )_2

. (20)

4For successful BBN, T_d cannot be much smaller than 10MeV. See also Refs. [15]. 5B can decay into two As as well, if κ_3 is nonzero. Therefore it is model-dependent whether this decay channel becomes important or not. In fact, the dominant decay channel would be B → A + A if κ_3 is order unity. However, even in this case, the life time of B is still much longer than the age of the present universe, therefore the predicted 511keV γ ray flux (21) remains valid, since it is determined by only Γ_{B→ē}+_e− , not the total decay rate.

The produced positrons will annihilate mostly by forming positroniums [9], a quarter of which produce 511keV line γ ray. It is amazing that thus obtained decay rate explains the 511keV γ ray from the Galactic Center observed by SPI/INTEGRAL [9] as pointed out in Refs. [11, 12]. The γ ray flux is estimated as

Φ^B_{511} ∼ 10^{−3}ph cm^{−2}sec^{−1} ( 10MeV m_β ) ( 10^{25} sec Γ^{−1}_{B→ē+ e−} ) , (21)

while the observed flux is [9]

Φ^{obs}_{511} = (1.05 ± 0.06) × 10^{−3}ph cm^{−2}sec^{−1}. (22)

In deriving Eq. (21), we have assumed the following dark matter density function [16] with α = 0.1, ρ_{DM}(r) = ρ_0 exp [ − 2 α (( r r_0 )_α − 1 )] (23) where r_0 = 20h^{−1}kpc, ρ_0 is normalized so that ρ_{DM}(r = 8.5kpc) = 0.3GeV/cm^3.

3 Discussions

In the previous section we have concentrated on the bosonic part of the pNG chiral multiplet S; the imaginary component A explains the dark energy, while the real one B becomes dark matter. Here let us consider the fermionic component, s̃. Its mass is of order m_{3/2} and the cut-off scale of the interactions with leptons is F_A. Therefore the s̃-abundance is always smaller than the gravitino abundance. In addition, the late-time entropy production dilutes the s̃ density, so s̃ does not play any important role in the history of the universe.

Since the late time entropy production dilutes any pre-existing baryon asymmetry, we need to either (i) generate large enough baryon asymmetry before entropy production; or (ii) generate baryon asymmetry after entropy production. The former does not seem to work since the requisite entropy dilution is very huge [17]. In the latter case, the promising baryogenesis is the Affleck-Dine leptogenesis after thermal inflation [18, 19]. It should be noted, however, that such constraints on the baryogenesis mechanism disappear if the B density is suppressed by a symmetry discussed in footnote 3.

Very recently, Ref. [20] has appeared and put a stringent bound on the injection energies of positrons <∼ 3MeV, by using the observed Galactic gamma-ray data. This bound corresponds to m_B <∼ 6MeV in our scenario, which can be easily satisfied since m_B does not necessarily coincides with m_{3/2} ∼ 10MeV, and may be a few times smaller.

Our model has another observational implication; B decays into two photons through one-loop diagrams, producing the line gamma rays with energy m_B/2, as pointed out in Ref. [12]. The line gamma ray flux is so small that it is below the bound from present data [12]. Therefore future observation on the gamma ray background may be able to support or refute our scenario.

Acknowledgments

F.T. is grateful to Motoi Endo for useful discussions, and W. Buchmüller for comments. We thank J. Beacom for comments. F.T. would like to thank the Japan Society for Promotion of Science for financial support. The work of T.T.Y. has been supported in part by a Humboldt Research Award. T.T.Y. thanks theory group at DESY for the hospitality during the stay.

References

[1] A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J. 116, 1009 (1998);

S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517, 565 (1999).

[2] S. Weinberg, Phys. Rev. Lett. 59, 2607 (1987). [3] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406 (1988);

C. Wetterich, Astron. Astrophys. 301, 321 (1995);

R. Caldwell, R. Dave and P. J. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998). [4] Y. Nomura, T. Watari and T. Yanagida, Phys. Lett. B 484, 103 (2000). [5] D. H. Lyth and E. D. Stewart, Phys. Rev. D 53, 1784 (1996). [6] M. Kawasaki and F. Takahashi, Phys. Lett. B 618, 1 (2005).

[7] A. Y. Kamenshchik, U. Moschella and V. Pasquier, Phys. Lett. B 511, 265 (2001);

N. Bilic, G. B. Tupper and R. D. Viollier, Phys. Lett. B 535, 17 (2002); M. C. Bento, O. Bertolami and A. A. Sen, Phys. Rev. D 66, 043507 (2002).

[8] T. Padmanabhan and T. R. Choudhury, Phys. Rev. D 66, 081301 (2002);

J. E. Kim and H. P. Nilles, Phys. Lett. B 553, 1 (2003); X. J. Bi, M. z. Li and X. m. Zhang Phys. Rev. D 69, 123521 (2004); R. Mainini and S. A. Bonometto, Phys. Rev. Lett. 93, 121301 (2004); A. Arbey, arXiv:astro-ph/0506732;

L. Amendola and R. Barbieri, arXiv:hep-ph/0509257. [9] P. Jean et al., Astron. Astrophys. 407, L55 (2003);

J. Knodlseder et al., Astron. Astrophys. 411, L457 (2003); J. Knodlseder et al., Astron. Astrophys. 441, 513 (2005); P. Jean et al., Astron. Astrophys. 445, 579 (2006).

[10] C. Boehm, D. Hooper, J. Silk, M. Casse and J. Paul, Phys. Rev. Lett. 92, 101301 (2004);

D. Hooper, F. Ferrer, C. Boehm, J. Silk, J. Paul, N. W. Evans and M. Casse, Phys. Rev. Lett. 93, 161302 (2004);

D. Hooper and L. T. Wang, Phys. Rev. D 70, 063506 (2004); P. D. Serpico and G. G. Raffelt, Phys. Rev. D 70, 043526 (2004); D. H. Oaknin and A. R. Zhitnitsky, Phys. Rev. Lett. 94, 101301 (2005); P. H. Frampton and T. W. Kephart, Mod. Phys. Lett. A 20, 1573 (2005); F. Ferrer and T. Vachaspati, Phys. Rev. Lett. 95, 261302 (2005); S. Kasuya and F. Takahashi, Phys. Rev. D 72, 085015 (2005); J. F. Gunion, D. Hooper and B. McElrath, Phys. Rev. D 73, 015011 (2006).

[11] C. Picciotto and M. Pospelov, Phys. Lett. B 605, 15 (2005). [12] M. Kawasaki and T. Yanagida, Phys. Lett. B 624, 162 (2005). [13] M. Ibe, K. I. Izawa and T. Yanagida, Phys. Rev. D 71, 035005 (2005);

M. Ibe, T. Moroi and T. Yanagida, Phys. Lett. B 620, 9 (2005). [14] J. Hashiba, M. Kawasaki and T. Yanagida, Phys. Rev. Lett. 79, 4525 (1997);

T. Asaka, J. Hashiba, M. Kawasaki and T. Yanagida, Phys. Rev. D 58, 083509

(1998);

T. Asaka and M. Kawasaki, Phys. Rev. D 60, 123509 (1999). [15] M. Kawasaki, K. Kohri and N. Sugiyama, Phys. Rev. Lett. 82, 4168 (1999);

M. Kawasaki, K. Kohri and N. Sugiyama, Phys. Rev. D 62, 023506 (2000); K. Ichikawa, M. Kawasaki and F. Takahashi, Phys. Rev. D 72, 043522 (2005).

[16] J. F. Navarro et al., Mon. Not. Roy. Astron. Soc. 349, 1039 (2004). [17] S. Kasuya, M. Kawasaki and F. Takahashi, Phys. Rev. D 65, 063509 (2002). [18] E. D. Stewart, M. Kawasaki and T. Yanagida, Phys. Rev. D 54, 6032 (1996). [19] D. h. Jeong, K. Kadota, W. I. Park and E. D. Stewart, JHEP 0411, 046 (2004). [20] J. F. Beacom and H. Yuksel, arXiv:astro-ph/0512411.