arXiv:hep-ph/0505167 v2 30 Jun 2005

511 keV Gamma Ray from Moduli Decay in the Galactic Bulge

M. Kawasaki^1, and T. Yanagida^{2,3}

1Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba 277-8582, Japan 2Department of Physics, University of Tokyo, Tokyo 113-0033, Japan 3Research Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan

Abstract We show that the e^+ + e^− decay of a light scalar boson of mass 1 − 10 MeV may account for the fluxes of 511 keV gamma ray observed by SPI/INTEGRAL. We argue that candidates of such a light scalar boson is one of the string moduli or a scalar partner of the axion in a supersymmetric theory.

1 Introduction

It has been known in the superstring theory that the compactification with extra-dimensional fluxes stabilizes some moduli in supersymmetric (SUSY) string vacua [1]. It is not yet, however, clear if all of the moduli fields in the sting vacua are stabilized by the flux compactifiction. Therefore, it is a very important task to search a possible evidence for light scalar bosons. In this letter we point out that the 511 keV gamma-ray emission line from the galactic bulge measured by the SPI spectrometer on the space observatory INTEGRAL [2] is explained by the e^+ + e^− decay of a (pseudo)scalar boson of mass O(1) MeV.^1 We also argue that such a light boson can be identified with one of the string moduli or with a scalar partner of the Peccei-Quinn axion field in a SUSY theory. We also stress that the gauge-mediation model with a light gravitino of mass O(1) MeV [4] is very interesting, since the above particles acquires most likely their masses of the order of the gravitino mass m_{3/2} if they survive the flux compactification.

2 The ϕ → e^+ + e^− decay

We consider a scalar boson ϕ which has a Yukawa coupling to the electron as L = m_e M_∗ ēeϕ. (1) If the ϕ is one of the string moduli, the M_∗ is of the order of the gravitational scale, M_∗ ≃ M_G ≃ 2.4 × 10^{18} GeV [5], and if it is a scalar partner (saxion) of the axion, M_∗ ≃ F_a where F_a represents the breaking scale of the Peccei-Quinn symmetry. The decay width is given by

Γ(ϕ → e^+ + e^−) ≃ 1 8π ( m_e M_∗ )_2

m_ϕ, (2)

and we get the lifetime as

τ (ϕ → e^+ + e^−) ≃ 2 × 10^{11} ( M_∗ 10^{16}GeV

)_2 ( MeV m_ϕ ) yr. (3)

1The possibility of the 511keV gamma-ray emission due to annihilation of dark matter particles was pointed out in Ref. [3].

The lifetime of the ϕ boson should be longer than the age of the universe (≃ 1.3 × 10^{10} yr) to give a significant flux of the gamma ray, which leads to a constraint M_∗ >∼(2.5 − 8.1) × 10^{15}GeV for m_ϕ ≃ 1 − 10 MeV. (4) Here we assume that the scalar ϕ does not have a direct coupling to photons. The decay into neutrinos is negligible because of chirality suppression.

3 The energy density of the ϕ boson

It is quite natural to consider that the ϕ boson has a large classical value ϕ_0 of the order M_∗ at the end of inflation. The ϕ starts a coherent oscillation when the Hubble constant of the universe reaches at the mass of the boson, m_ϕ. The energy density of the coherent oscillation easily exceeds the critical density of the universe [6, 7, 8], which leads to a serious cosmological problem (moduli problem). The thermal inflation [9] is the most promising mechanism to dilute the energy density of the ϕ oscillation and hence solve the moduli problem. We estimated in [10, 11] the energy density, Ω_ϕ, after the thermal inflation. The Ω_ϕ in the present universe is given by

Ω_ϕ >∼ 4.0 × 10^{−4} ( κM_∗ M_G )_2 ( m_ϕ MeV )_{−3/14} , (5)

for m_ϕ <∼ 10 MeV. Here, we have taken h ≃ 0.7 (h: Hubble constant in units of 100km/sec/Mpc) in eq. (20) of Ref. [10] and assumed the initial amplitude of the ϕ to be ϕ_0 = κM_∗ with κ being O(1) constant. The lowest density is realized for the reheating temperature after the thermal inflation T_R ≃ 10 MeV (see Appendix and [10] for details).

4 The flux of the 511 keV gamma ray

Now we estimate the 511 keV gamma ray flux from the Galactic center. It was shown in Ref. [12] that e^+ + e^− decay of the dark matter particle of mass m_d ∼ O(1 − 100) MeV can produce the 511 keV line emission observed by SPI/INTEGRAL, through e^+ and (background) e^− annihilation. Given a density Ω_ϕ, a mass m_ϕ and a lifetime τ_ϕ of the scalar particle, the 511 keV gamma ray flux Φ_{511} is estimated as [12, 13]

Φ_{511} ∼ 10^{−3} cm^{−2} sec^{−1} Ω_ϕ ( 10^{27} sec τ_ϕ ) ( MeV m_ϕ ) , (6) where we have used the present dark matter density Ω_{dark} ∼ 0.3 and the halo density profile ρ_{halo} ∼ 1/r^{1.2}[12] (r: distance from the Galactic center). Using eqs.(3) and (5) we obtain Φ_{511} >∼ 10^{−3} cm^{−2} sec^{−1} κ^2 ( m_ϕ MeV )_{−3/14} . (7) It should be remarkable that the prediction of the flux is independent of M_∗ and weakly depends on the mass of the scalar field. Notice that the observed flux is [2]

Φ_{511} = 9.9^{+4.7}_{−2.1} × 10^{−4}cm^{−2} sec^{−1} . (8)

We see, from eq.(7), that the positrons emitted by the decay of ϕ in the Galactic bulge explain naturally (κ ≃ 1) the observed fluxes of the 511 keV line gamma ray if the thermal inflation maximally dilutes the scalar field density.

5 Conclusions

We have shown that the e^+ + e^− decay of a light scalar particle of mass O(1) MeV diluted by the thermal inflation is capable of producing 511 keV gamma rays observed by the SPI/INTEGRAL.

Since the scalar field does not have a direct coupling to photons in the present model, the two photon decay (ϕ → 2γ) takes place at most through one-loop corrections and hence its branching ratio is less than ∼ 10^{−6} for m_ϕ ∼ 1 MeV, which is well below the present observed gamma ray background [14]. However, the photon flux is only one or two oder of magnitude smaller than the current limit for larger mass ∼ 10 MeV. The detection of line gamma rays with energy m_ϕ/2 by future experiments will confirm the present model, since the line gamma rays emitted by this process is distinctive of the model. On the other hand, Beacom et al. [15] pointed out that ”internal bremsstrahlung” emission (ϕ → e^+e^−γ) exceeds the observed diffuse gamma ray flux from the Galactic center unless m_ϕ <∼ 40 MeV. This is one of the reason why we have assumed m_ϕ ≃ 1 − 10 MeV.

We consider that a good candidate for such a light scalar particle is one of the string moduli for M_∗ ≃ M_G. However, we also stress that the gamma ray flux is independent of M_∗ as long as it satisfies eq.(4). Thus, the saxion is another candidate if the Peccei-Quinn scale F_{P Q} = M_∗ is ∼ 10^{15} GeV.Notice that since the efficient thermal inflation requires the reheating temperature as low as O(1)MeV the axion density is also diluted. However, as shown in [16] the axion with F_{P Q} ∼ 10^{15} GeV explains the dark matter density of the universe for the reheating temperature of O(1) MeV.^2 Therefore, the axion may be the dark matter in the present universe.

The above particles most likely acquire masses of the order of the gravitino mass m_{3/2}. The O(1) MeV mass required in the present scenario is expected in the framework of gauge mediation models of SUSY breaking [4].

As for baryon density of the universe, the low reheating temperature makes baryogenesis very hard in general. However, we consider that the late-time Affleck-Dine mechanism [17] may work [18, 19].^3

Appendix

In this appendix we estimate the moduli density after the entropy production by the thermal inflation. The moduli density before the thermal inflation is written as ρ_ϕ s_i ≃ m^2_ϕϕ^2_0 T^3_ϕ

≃ 10^{7.5} GeV ( m_ϕ MeV )_{1/2} ( ϕ_0 M_G )_2

, (9)

where s_i is the entropy density before the thermal inflation and ϕ_0 and T_ϕ ≃ √ m_ϕM_G is the amplitude and the cosmic temperature when the moduli field starts to oscillate.

According to Refs. [10, 11], we adopt the following potential of the flaton χ which is responsible for the thermal inflation:

V (χ) = V_0 + (T^2 − m^2_0)|χ|^2 + λ^2 M^2_G

|χ|^6 (10)

where T is the temperature, m_0 is the order of the electroweak scale, λ is a coupling constant, and V_0 ≃ λ^{−1}m^3_0M_G. For T > m_0 the potential takes minumum at χ = 0. Moreover, if T < V^{1/4}_0 , the vacuum energy V_0 dominates over the radiation energy of the cosmic plasma. Thus, for m_0 < T < V^{1/4}_0 an inflation (therml inflation) takes place. The thermal inflation produces enormous entropy with temperature T_R after the flaton χ

2The present axion density is estimated as Ω_a ≃ θ^2(F_a/10^{15}GeV)^2(T_R/10MeV), where F_a is the Peccei-Quinn scale and F_aθ with θ ∼ O(1) is the initial amplitude of the coherent axion oscillation.

3The Affleck-Dine leptogenesis [20] may also work if the LH_u flat direction is used with a large cutoff scale.

decay, and the ratio of the final entropy s_f to initial entropy s_i is estimated as Δ ≡ s_f s_i = (4/3)V_0/T_R s_i ≃ V_0 T_Rm^3_0 ≃ λ^{−1} M_G T_R . (11)

Then, the moduli density is diluted by the entropy production as

Ω_ϕ = ( ρ_ϕ s_f ) ( s_0 ρ_{cr,0} ) = (ρ_ϕ s_i ) ( s_0 ρ_{cr,0} ) 1 Δ ≃ 4 × 10^{−4}λ ( m_ϕ MeV )_{1/2} ( ϕ_0 M_G )_2 ( T_R 10MeV ) , (12)

where ρ_{cr,0} and s_0 is the present critical and entropy density. Notice that this value is almost the same as the minimum moduli density given by eq. (5) for m_ϕ ≃ 1 MeV.

However, the moduli dilution by the thermal inflation is not so simple because the field value that gives the minimum of the moduli potential is shifted by the Hubble induced mass term during the thermal inflation. This shift produces a new oscillation with amplitude V_0ϕ_0/(m_ϕM_G)^2, which leads to

Ω_ϕ ≃ 10^{−6}λ^{−1} ( m_ϕ MeV )_{−2} ( ϕ_0 M_G )_2 ( T_R 10MeV ) ( m_0 GeV )_3

. (13)

Therefore, the total moduli density is determined from contributions of both eqs. (12) and (13). Assuming that the falton decays into two gluons (T_R ≃ 10^{−3}λ^{1/2}m_0), we can obtain the minimum moduli density (5) by varing m_0 and λ [10].

References

[1] For the recent discussion see S. Kachru, R. Kallosh, A. Linde and S. T. Trivedi, hep-th/0301240 and references therein.

[2] J. Knodlseder et. al., astro-ph/0309442; P. Jean et.al., atsro-ph/0309484. [3] C. Boehm, D. Hooper, J. Silk, M. Casse and J. Paul, Phys. Rev. Lett. 92 (2004) 101301 [arXiv:astro-ph/0309686].

[4] For example, see K. I. Izawa and T. Yanagida, hep-ph/0501254 and references therein. [5] For example, see M. B. Green, J. H. Schwarz and E. Witten, Superstring Theory Cambridge University Press 1987.

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

[7] T. Banks, D. B. Kaplan and A. E. Nelson, Phys. Rev. D 49, 779 (1994) [arXiv:hep-ph/9308292].

[8] B. de Carlos, J. A. Casas, F. Quevedo and E. Roulet, Phys. Lett. B 318, 447 (1993) [arXiv:hep-ph/9308325].

[9] D. H. Lyth and E. D. Stewart, Phys. Rev. D 53, 1784 (1996) [arXiv:hep-ph/9510204]. [10] J. Hashiba, M. Kawasaki and T. Yanagida, Phys. Rev. Lett. 79, 4525 (1997) [arXiv:hep-ph/9708226].

[11] T. Asaka, J. Hashiba, M. Kawasaki and T. Yanagida, Phys. Rev. D 58, 083509 (1998) [arXiv:hep-ph/9711501] [12] D. Hooper and L. T. Wang, Phys. Rev. D 70, 063506 (2004) [arXiv:hep-ph/0402220]. [13] See also, C. Picciotto and M. Pospelov, Phys. Lett. B 605, 15 (2005) [arXiv:hep-ph/0402178].

[14] For example, see, A.A. Zdziarski, Mon. Not. R. Astron. Soc. 281. L9 (1996). [15] J. F. Beacom, N. F. Bell and G. Bertone, arXiv:astro-ph/0409403. [16] M. Kawasaki, T. Moroi and T. Yanagida, Phys. Lett. B 383, 313 (1996) [arXiv:hep-ph/9510461].

[17] I. Affleck and M. Dine, Nucl. Phys. B 249, 361 (1985).

[18] E. D. Stewart, M. Kawasaki and T. Yanagida, Phys. Rev. D 54 (1996) 6032 [arXiv:hep-ph/9603324].

[19] D. h. Jeong, K. Kadota, W. I. Park and E. D. Stewart, 0411 (2004) 046 [arXiv:hep-ph/0406136].

[20] H. Murayama and T. Yanagida, B 322 (1994) 349 [arXiv:hep-ph/9310297].