arXiv:1112.2955v1 [gr-qc] 13 Dec 2011

Plasmon-graviton conversion in a magnetic field in TeV-scale gravity.

E.Yu. Melkumova^∗ Moscow State University, 119899, Moscow Russia (Dated: 14 декабря 2011 г.)

Kaluza-Klein (KK) gravitons emission rates due to plasmon-graviton conversion in magnetic field are computed within the ADD model of TeV-scale gravity. Plasma is described in the kinetic approach as the system of charged particles and Maxwell field both confined on the brane. Interaction with multidimensional gravity living in the bulk with n compact extra dimensions is introduced within the linearized theory. Plasma collective effects enter through the two-point correlation function of the fluctuations of the energy-momentum tensor. The estimate for magnetic stars is presented leading to the lower limit of the D-dimensional Plank mass.

PACS numbers: 11.25Wx, 11.27+d

I. INTRODUCTION

Photon-graviton conversion in magnetic field in fourdimensional space-time [1] was discussed earlier in a number of papers including the monograph [2]. It was argued that plasma effects will make the photon (plasmon) – graviton conversion process astrophysically negligible [3], because the characteristic length of photongraviton oscillations

l_{osc} = 4πω ω^2_L

≪ L, where ω_L = √ 4π^2e^2n m is the plasma electron Langmuir frequency will be much smaller then typical homogeneity distance of magnetic field B. In fact, the resonance is destroyed since the dispersion relation for the graviton is ω = k, while for the plasmon ω^2 = k^2 + ω^2_L.

Recently, a lot of interest has been attracted to models with large extra-dimensions [4, 5]. According to one such scenario, called ADD, the standard model particles live in the four-dimensional subspace (the brane) of the Ddimensional bulk with n = D − 4 extra dimensions compactified on a torus which are inhabited only by gravity. The D-dimensional Planck mass M_D is supposed to be TeV-scale, and the large extra dimensions (LED) to have sub-millimeter size. In this scenario there are KK gravitons which are seen in four dimensions as a tower of massive particles (the mass M) with the dispersion relation ω^2 = k^2 + M^2. This can restore the resonance condition for plasmon-graviton conversion in magnetic field if ω_L = M.

II. SELF-CONSISTENT KINETIC THEORY FOR MAGNETIZED PLASMA

Consider collisionless plasma consisting of charged particles of types α with charges and masses e_α, m_α

∗email: elenamelk@srd.sinp.msu.ru

described by the microscopic distribution function [6, 7]

F_α(x, p) = N_α∑

i=1 δ(r − r_i(t))δ(p − p_i(t)), (1)

normalized as ∫ F_α(x, p)dp d^3x = N_α, and satisfying the kinetic equation ∂F_α ∂t + v ∂F_α ∂r + e_α(E + [vB] + [vB_0]) ∂F_α ∂p = 0. (2)

They move in the magnetostatic field B_0 and interact via electromagnetic fluctuating field E, B satisfying the Maxwell equations

divE = 4πρ, rotE = − ∂B ∂t , divB = 0, rotB = 4πj + ∂E ∂t , (3)

with the source terms ρ(x) = ∑ α e_α ∫ F_α(x, p)dp, j(x) = ∑ α e_α ∫ p p^0_α

F_α(x, p)dp. (4)

To solve the system of equations (2-4) we use perturbation theory in terms of the electric charges. First we separate fluctuations from the average distribution using the approach of [6]:

F(t, r, p) = f^0_α + δf^0_α + δf_α, (5)

where f^0 ≡< F_α(x, p) > - the equilibrium Maxwell distribution function:

f^0_α = N_{0 α} ( m 2πT_{α ⊥} ) 3_2 √ T_{α ||} T_{α ⊥} e^{− mαv} 2 ⊥ 2Tα ⊥ e− mv2|| 2Tα || ,

v_{Tα ⊥} = √ T_{α ⊥} m_α , v_{Tα ||} = √ T_{α ||} m_α << 1, (6) where the symbols ⊥ and || are introduced for transversal and longitudinal thermal velocities with respect to the magnetostatic field. Here δf^0_α- represents fluctuations due to chaotic particle motion ("zero"fluctuations), while δf_α(t, r, p) - stands for fluctuations arising due to their electromagnetic interaction. Using the fact that f^0_α satisfies the free kinetic equation, we obtain: ∂δf_α ∂t + v ∂δf_α ∂r + e_α(E+[vB])

∂(f^0_α + δf^0_α + δf_α) ∂p =0.(7)

Using the Fourier-transformation f(x) = 1 (2π)^4 ∫ f(k)e^{−ikμ xμ} d^4k, the solution of the self-consistent system equations (2- 4,7) in linear approximation is well known [6]-[8].

Maxwell equation may be written as

Λ_{ij} E_j = − 4πi ω j^0_i ,

j^0(x) = ∑ α e_α ∫ vδf^0_α(x, p)d^3p. (8)

Here

Λ_{ij} = ε_{ij} − k^2 ω^2

(δ_{ij} − k̂_ik̂_j ), (9)

where ε_{ij} is the permittivity tensor, k̂ =^k_{|k|} , j^0 - "zero"fluctuation current density.

For cold plasma in magnetic field satisfying the conditions k_⊥v_{Tα} ω_{Bα} ≪ 1, k_z v_{Tα} ω ≪ 1, ω ± ω_{Bα} k_z v_{Tα} ≫ 1. (10)

the permittivity tensor may be presented as: ε_{ij} = ε_⊥ ig 0 −ig ε_⊥ 0 0 0 ε_{||} ,

where

ε_⊥ = ε_{xx} = ε_{yy} = 1 − ∑ α ω^2_{Lα} ω^2 − ω^2_{Bα} ,

ε_{||} = ε_{zz} = 1 − ∑ α ω^2_{Lα} ω^2 ,

ε_{xy} = −ε_{yx} = ig = −i ∑ α ω^2_{Lα} ω_{Bα} ω(ω^2 − ω^2_{Bα} ) , ε_{xz} = ε_{zx} = ε_{yz} = ε_{zy} = 0. (11)

The average of fluctuational field will be zero, while the quadratic correlation functions are non-zero [9]. Fluctuations can be characterized by correlation functions whose Fourier-transforms exhibit homogeneity, e.g.

< j^0_i (r_1, t_1)j^0_j (r_2, t_2) >≡< j_ij_j >^0_{r,t}, r = r_1 − r_2, t = t_1 − t_2. (12)

The space-time Fourier transformation will give the spectra of current fluctuations:

< j_ij_j >^0_{kω}= ∫ dr ∫ dte^{−ikr+iωr} < j_ij_j >^0_{r,t}, < j^0_i (k, ω)j^0_j (k^′, ω^′) >= (2π)^4 < j_ij_j >^0_{kω} · δ(ω − ω^′)δ(k − k^′). (13)

Correlation function for "zero"current < j_ij_j >^0_{kω} plays the most important role in the magnetized plasma. For the Maxwell distribution function (6) it reads:

< j_ij_j >^0_{kω} = 2πe^2_α ∫ d^3v ∑ n Π_{ij} δ(ω − k_{||}v_{||} − lω_B)f_0(v)

Π_{ij} = v^2_⊥^{l 2}_{b2α} J^2_l (b_α) iv^2_⊥l^{Jl J ′l}_{bα} v_⊥v_zl^{J 2l}_{bα} −iv^2_⊥l^{Jl J ′l}_{bα} v^2_⊥J^{′2}_l −iv_⊥v_z J_l J^′_l v_⊥v_z l^{J 2l}_{bα} iv_⊥v_zJ_l J^′_l v^2_z J^2_l ,

where b_α =^{k⊥v⊥}_{ωB0α} . Correlation functions for fluctuational fields may be expressed in terms of zero current correlation function. Due to the equations (8), the following relation holds between the spectral functions < j_ij_j >^0_{kω} and < E_iE_j >_{kω}: < E_iE_j >= 16π^2 ω^2 λ_{ip}λ^∗_{jp}′ Λ^2 < j_pj_p′ >^0, λ_{ip} Λ = Λ^{−1}_{ip} , Λ^{−1}_{ip} Λ_{is} = δ_{ps}, (14)

where λ_{ij} -algebraic adjunct of matrix Λ_{ij} , Λ = det|Λ_{ij}|.

III. PLASMON-GRAVITON TRANSFORMATION

Formula for the total (integrated over space and time) energy loss on gravitational radiation in ADD model for linearized D = 4 + d dimensional Einstein equations was recently derived in [10]. The corresponding expression for the gravitational emission rate to all graviton KK modes per unit plasma volume per unit time in the stochastic plasma system was given in [11]: P = κ^2_D 16π^3V_d ∑ N∈Z^d ∫ dk < δT_{ik}δT^∗_i′_k′ >_k Λ̃^{iki′ k′} | | |_{ω=k0} , k^0 = √ |k|^2 + M^2, V_d = (2πL)^{D−4}, (15) Λ̃^{iki′ k′} = 1 2 [ Δ^{ii′} Δ^{kk′} + Δ^{ik′} Δ^{i′ k} ] − 1 D − 2 Δ^{ik}Δ^{i′ k′} , Δ_{ik} = δ_{ik} − n_in_k, n = k k^0

, M^2 = (2πN/L)^2, (16)

where L is the size of the extra dimensions, κ^2_D = 16πG_D, G_D = M^{−(d+2)}_D . In our approach we did not use explicit decomposition of the full multidimensional

3 metric perturbation h_{MN} in massless and massive modes, these correspond to N = 0 and N ≠ 0 terms in the sum respectively. For massless modes the three-dimensional vector n is the unit vector, but not for massive modes. Note that h_{MN} has bulk components due to the trace term in the wave equation.

The gravitational radiation due to plasmon-graviton transformation possess will be generated by the field part of the energy-momentum tensor: F T_{ij} = − 1 4π (B_iB_{0 j} + B_{0 i}B_j − δ_{ij} (BB_0)) ,

B_i = 1 ω ϵ_{ijk} k_j E_k, (17)

where B, E are the first order fluctuation fields, ϵ_{ijk} is unit antisymmetric tensor.

After substitution of (17) into the expression for the radiation power and contraction with the projector Λ_{iki}′_k′ the radiation per unit time per unit volume may be presented as P = κ^2_D 8π^3V_d ∑ N∈Z^d ∫ dkn^2 [ (B^2_0 − (nB_0)^2)(δ_{ss}′ − k̂_sk̂_s′ ) + 1 2 (D − 4)[(n^2 − 1)^2 + 8] + [(n^2 + 3)^2 − 16] D − 2 · [B_0k̂]_s[B_0k̂]_s′ ] < E_sE_s′ >, k̂ = k k . (18)

1. Transversal plasmon ω^2 = k^2 + ω^2_L.

The detailed dispersion relation in a strongly magnetized plasma is more complicated [8] than the simple relation ω^2 = k^2 + ω^2_L, that was used in the early papers on this subject [12],[13]. The condition of existence of plasma waves (coherent fluctuations) is ReΛ = 0 . In magnetized "cold"plasma the dispersion relation for the coherent fluctuations are resolved analytically only for certain sites of a spectrum, at certain direction with respect to the magnetic field and in general there are not strictly longitudinal or transversal waves. The ordinary transverse high frequency electron wave ω^2 = k^2 + ω^2_L propagates strongly across the magnetic field:

ω^2 = k^2 + ω^2_L, k_z = 0, k_⊥ = k,

k^2_z ≪ ω^6(ω^2 − ω^2_B )

ω^4_Lω^2_B

. (19)

The field correlation function for coherent fluctuation may be rewritten as [6] < E_iE_j >= 16π^3 ω^2 λ_{ip}λ_{jp}′ δ(ReΛ) |ImΛ| < j_pj^′_p >^0, (20)

where |ImΛ| is determined by the small thermal terms of the anti-hermitean part of the permittivity tensor δε^a_{xx} ≡ δε^a_⊥, δε^a_⊥ = i √ π 8 ∑ α ω^2_{Lα} ω|k_z |v_{Tα} [ e^− (ω−ωBα )2 2k2z vTα + e− (ω+ωBα )2 2k2z vTα ] ,

δε^a_{yy} = δε^a_⊥ + i √ 2π ∑ α ω^2_{Lα} k^2_⊥v^2_{Tα} ω ω|k_z|v_{Tα} ω^2_{Bα} e^{− ω} 2 2k2z vTα ,

δg^a = i √ π 8 ∑ α ω^2_{Lα} ω|k_z|v_{Tα} [ e^− (ω−ωBα )2 2k2z vTα + e− (ω+ωBα )2 2k2z vTα ] ,

δε_{||} = i √ π 8 ∑ α ωω^2_{Lα} k^3_z v^3_{Tα} e^{− ω} 2 2k2z vTα . (21)

According to the condition (19), the imaginary part of the determinant of the Maxwell tensor is equal to

ImΛ = ( ε^2_⊥ − g^2 − k^2 ω^2 ε_⊥ ) δε_{||}, (22) and the only nonzero term of the correlation function is

< j_zj_z >^0=

4e^2N_0 πm √ T_{||}T_⊥ ω ω^2_{Le} δε_{||}, (23) and single term for adjunct tensor λ_{sp} is

λ_{zz} = ε^2_⊥ − g^2 − k^2 ω^2 ε_⊥ = ω^2_Lω^2_B ω^2(ω^2 − ω^2_B )

. (24)

The delta-function entering the expression (20) for the transverse plasmon with ω^2 = k^2 + ω^2_L may be presented as δ(ReΛ) = ω^4(ω^2 − ω^2_B) ω^2_Bω^2_L

|_ω2_{=k}2_{+ω}2_L δ(ω^2 − k^2 − ω^2_L). (25)

Radiation rate(18) for the transformation possess may be then rewritten as P = 2κ^2_DB^2_0 √ T_⊥T_{||} π^2V_d ∑ N∈Z^d ∫ dkn^2 √ k^2 + ω^2_Lδ(M^2 − ω^2_L).(26)

The next step is to sum over the KK modes. Assuming that a large number of modes is excited, one can replace the summation over N by integration and integrating over k_z taking into account the condition (19) we obtain: P = 2κ^2_Dπ(^{d2 −1}) Γ (_d 2 ) B^2_0 √ T_⊥T_{||}ω^{(d−4)}_L ω_B · ∫ dkk^3(k^2 + ω^2_L) √ k^2 + ω^2_L − ω^2_B . (27)

Here according to the conditions^{e2}_{rmin} < T we introduced the cutoff parameter k_{max} =^1_{rmin} .

2. Astrophysical estimates.

After integration over k let us rewrite expression (27) in the CGSE system of units and for an estimate assume that T_⊥ ≃ T_{||} ≡ T :

P ≃ 6 7 20^{13}π(^{d2 +7}) Γ (_d 2 ) B^2_0 ω^{(d−4)}_L M^{d+2}ω_B . T^8 α^7 erg cm^3s

. (28)

Here α =^1_{137} , and the Langmuir electron frequency ω_L, the cyclotron frequency ω_B , the electron temperature T and the D-dimensional Plank mass M_D have to be expressed in eV.

In the ADD scenario the massive Kaluza- Klein (KK) gravitons contribute to energy losses of astrophysical objects [14]-[21] leading to bounds on M_D. Let us estimate contribution of plasmongraviton transformation in neutron stars using data [22] for millisecond pulsar J0437-4715: B = 10^9 gauss, N ∼ 10^{24}cm^{−3}, T = 10^{5.6}K. The conservative upper limit of the energy-loss rate of magnetic neutron stars

ε̇ ∼ 0.5 · 10^{14} erg cm^3s , gives the following lower bounds for the D-dimensional

Plank mass: M_D ∼ 1.3TeV for d = 2, M_D ∼ 1.09 · 10^{−2}TeV for d = 3 and M_D ∼ 3.8 · 10^{−4}TeV for d=4. Thus, the resonant conversion plasmon-graviton in magnetic stars has to be included into the list of basic mechanisms leading to astrophysical restrictions on the parameters od the ADD model [14]-[21].

IV. CONCLUSION

We presented the calculation of the energy-loss rate due to the emission of KK gravitons via plasmongraviton transformation processes in the magnetized nonrelativistic plasma. The calculation was made by using the kinetic approach taking into account the collective effects. The estimates show that this process can compete with other mechanisms of the KK dissipation in magnetic stars such as bremsstrahlung.

The work was supported by RFBR project 11-02- 01371-a.

[1] M.E. Gertsenshtein, Sov. Phys. JETP 14 84, (1962). [2] Ya.B. Zel’dovich, I.D. Novikov, The structure and evolution of the universe, M., the Science, 736p., (1975).

[3] A.N. Cillis, D.D. Harari, Phys.Rev. D54 4757, (1996). [4] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys.

Lett. B 429 263, (1998); Phys. Rev D 59 086004, (1999). [5] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phys. Lett B 436 257, (1998).

[6] A.G. Sitenko, Electromagnetic fluctuations in plasmas, New York, Acad. Press 255 p., (1967).

[7] D.V. Galtsov, Yu.V. Grats and E.Yu. Melkumova, Ukr.Fiz.Zh. 28 381, (1983).

[8] V.L. Ginzburg, A.A. Ruhadze, Waves in magnitoactive plasma, М., the Science 256 p., (1975).

[9] A.G. Sitenko, Phys.Scr. 7 193, (1973).

[10] D. Gal’tsov, G. Kofinas, P. Spirin and T.N. Tomaras (in preparation ).

[11] E.Yu. Melkumova, J.Phys.Conf.Ser. 259 012035, (2010);

Gravitation and Cosmology 17 56, (2011).

[12] G.G. Rafelt, L. Stodolsky, Phys. Rev. D37 1237, (1988).

[13] C. Deffayet, J-P. Uzan, Phys.Rev. D62 063507, (2000). [14] V.D. Barger, T. Han, C. Kao and R-G. Zhang, Phys.

Lett. B461 34, (1999).

[15] T. Han, J.D. Lykken and R-J. Zhang, Phys. Rev. D59 105006, (1999).

[16] S. Cullen and M. Perelstein, Phys. Rev. Lett. 83 268, (1999).

[17] C. Hanhart, D.R. Phillips, S. Reddy and M.J. Savage, Nucl. Phys. B595 335, (2001).

[18] C. Hanhart, J.A. Pons, D.R. Phillips and S. Reddy, Phys.

Lett. B509 1, (2001).

[19] C. Hanhart, D.R. Phillips and S. Reddy, Phys.Lett.

B499, 9, (2001).

[20] S. Hannestad and G. Raffelt, Phys. Rev. Lett. 87 051301, (2001).

[21] S. Hannestad and G. Raffelt, Phys. Rev. D67, 125008, (2003); [Erratum-ibid. D69 029901, (2004)].

[22] V.E. Zavlin, G.G. Pavlov, Yu.A. Shibanov, Astron.Astrophys. 315 141, (1996).