arXiv:0904.1079v2 [gr-qc] 14 Apr 2009

CAS-KITPC/ITP-XXX

Non-Commutativity, Teleology and GRB Time Delay

Miao Li,^∗ Yi Pang,^† and Yi Wang^‡ Kavli Institute for Theoretical Physics China, Key Laboratory of Frontiers in Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, P.R.China

Abstract

We propose a model in which an energy-dependent time delay of a photon originates from spacetime non-commutativity, the time delay is due to a noncommutative coupling between dilaton and photon. We predict that in our model, high energy photons with different momentum can either be delayed or superluminal, this may be related to a possible time delay reported by the Fermi LAT and Fermi GBM Collaborations.

∗Electronic address: mli@itp.ac.cn †Electronic address: yipang@itp.ac.cn ‡Electronic address: wangyi@itp.ac.cn

I. INTRODUCTION

Recently, the Fermi LAT and Fermi GBM Collaborations reported a time delay effect for high energy photons [1]. The time delay effect was from GRB 080916C, which is an extremely energetic gamma-ray burst located at z = 4.35 ± 0.15. It is reported that the 13.22^{+0.70}_{−0.54} GeV signal was delayed for 16.54 seconds. Similar time delay results for high energy photons were also reported by MAGIC [2] and HESS [3] previously.

Several interpretations have been proposed for the time delay. For example, the time delay may originate from some astrophysics mechanisms, such as two different pairs of colliding shells, or high energy photons were attenuated until the emitting region became optically thin.

Alternatively, the time delay may be due to Lorentz violation in fundamental physics. Since the time the photon takes to travel from the GRB to us is comparable with the age of the universe, even very tiny modification of standard physics may show up in the time delay. For example, if one assumes that the delay effect is from a modified speed of light [4] c(E) ≃ c_0(1 − E/M_{QG}) , then the bound for quantum gravity energy scale M_{QG} becomes M_{QG} > 1.3 × 10^{18}GeV. As another example, in [5], it is reported that the delay effect can come from string theory in D-particle backgrounds.

In this letter, we investigate the time delay effect from space-time non-commutativity [9]. We find that space-time non-commutativity from oscillating dilaton-photon coupling can produce either larger or smaller speed of light, depending on the momentum. We also point out that the oscillating dilaton-photon coupling may also be measured in future collider experiments. Finally, we must mention that the Lorentz violating effect of space-time noncommutativity can not be mimicked by a finite Lorentz violating operator.

II. NON-COMMUTATIVE DILATON-PHOTON COUPLING

In [6], the authors point out that the physical time and space coordinates for strings and D-branes should satisfy the following uncertainty relation:

Δt_pΔx_p ≥ l^2_N . (1)

This space-time uncertainty relation can be realized with non-commutative space-time with non-commutativity length scale l_N , by replacing the usual product between fields with the

*-product. In [7], this space-time non-commutativity is applied to cosmology. Subsequent developments and applications of this cosmic non-commutativity can be found in [8] and references theirin.

To realize space-time non-commutativity in cosmology background, one needs to introduce time coordinate τ, with metric

ds^2 = −a^{−2}dτ^2 + a^2dx^2 , (2)

so that the uncertainty relation in terms of τ and x is still time independent. To investigate time delay, we propose the following action for dilation-photon coupling: S = − 1 4 ∫ d^3xdτ √ −gg^{αμ}g^{βν}F_{αβ} ∗ Φ ∗ F_{μν} , (3) where Φ = Φ(τ) is the time varying dilaton field, relating to the fine structure constant as Φ ∼ 1/α. The *-product is defined as (f ∗ g)(x, τ) = e^{−il2N (∂x∂τ ′−∂τ ∂y )}f(x, τ)g(y, τ^′) | | |_{y=x,τ ′=τ} , (4) where we shall identify x and y with the radial coordinate r. There is no way to define an explicit *-product without breaking translational invariance, a trick to replace *-product in order to preserve translational invariance is proposed in [7], we assume that a similar trick is applicable to a vector field. In the action (3), we do not consider the non-commutative product between the scale factor and the gauge field. It is because, as we will show in the next section, the effect of non-commutativity from scale factor is too small to detect.

We work in the Coulomb gauge A_0 = 0, ∂^iA_i = 0. In this gauge, the real degree of freedom of photon becomes A^r (r = 1, 2), with

A_i(x) = ∫ d^3k (2π)^3 ∑ r=1,2 ϵ^r_i (k)A^r_ke^{ik·x} . (5)

After applying the *-product, the action (3) becomes S = 1 2 ∫ dτ d^3k (2π)^3 ∑ r=1,2 { a^2Φ̃∂_τ A^r_k∂_τ A^r_{−k} − k^2a^{−2}Φ̃A^r_kA^r_{−k} } , (6)

where Φ̃ = 1 2 [ Φ(τ + l^2_N k) + Φ(τ − l^2_N k) ] . (7)

The equation of motion of A^r_k can be written as ∂_τ ( a^2Φ̃∂_τ A^r_k ) + k^2a^{−2}Φ̃A^r_k = 0 . (8)

To solve above equation conveniently, we define another time coordinate ρ as ∂_ρ = a^2Φ̃∂_τ , then Eq. (8) becomes ∂^2_ρ A^r_k + k^2Φ̃^2A^r_k = 0 . (9) The solution of this equation can result in a modified group velocity for photons. To proceed, we propose an explicit time dependence of dilaton

Φ = Φ_0 + Φ_1 cos(ωτ) . (10)

We assume that the dilaton oscillates very fast, because this can produce large time dependence without significantly changing the fine structure constant in low energy experiments, this implies that Φ_1 ≪ Φ_0. With these assumptions, we have

Φ̃ = Φ_0 + Φ_1 cos(ωτ) cos(ωl^2_N k) . (11)

When k is very small compared with the frequency ω, the cos(ωτ) term can be averaged over, so does not make any difference from that without oscillation.

When Φ_0k ≫ a^2Φ_1ω, Eq. (9) can be solved order by order using the WKB approximation as A^r_k = φ^r_k exp { i ∫ dt k a [ 1 + 1 8 a^4Φ^2_1ω^2 Φ^2_0k^2 ( sin^2(ωτ) − 2 cos^2(ωτ) ) cos^2(ωl^2_N k) ]}

≡ φ^r_k exp { i ∫ Ω(k, t)dt } , (12)

where we have neglected the oscillating terms which become zero after the time integration.

The group velocity takes the form

v_g(k) = dΩ dk = 1 a { 1 + 1 8 a^4Φ^2_1ω^2 Φ^2_0k^2 ( 2 cos^2(ωτ) − sin^2(ωτ) ) g(ωl^2_N k) } . (13)

where g(ωl^2_N k) ≡ ( cos^2(ωl^2_N k) + ωl^2_N k sin(2ωl^2_N k) ) (14) In Fig. 1, we plot g(ωl^2_N k) as a function of ωl^2_N k. One can see that the sign of g changes as a function. So a group velocity larger than or smaller than speed of light can both be achieved with non-commutativity.

FIG. 1: This figure plots g(x) as a function of x. Note that the sign of g can change.

The comoving distance from the GRB to us can be calculated as

Δx = ∫_{t0} t_{GRB} dt a = ∫_{tk} t_{GRB} v_g(k)dt , (15) where t_k is the arriving time of the photon with momentum k.

Then the time delay can be written as

Δt ≡ t_k − t_0 = 1 v_g(k) ∫_{t0} t_{GRB} dt [ 1 a − v_g(k) ] . (16)

In the case under consideration, ω^{−1} is much smaller than cosmic time scale. So one can average over cos(ωτ)^2 and sin^2(ωτ) in the integrand first, in other words, to replace them by their average value^1_2 . Finishing the time integration, one gets Δt = − g(ωl^2_N k) 48H_0 √ Ω_{Λ0}

Φ^2_1ω^2 Φ^2_0k^2 [ f(1) − f ( 1 (1 + z_{GRB})^3 )] , (17)

where today’s scale factor has been chosen to be 1, and the f(x) is defined as f(x) ≡ ∫ dx √ 1 +^{Ωm0}_{xΩΛ0} = √ x ( Ω_{m0} Ω_{Λ0} + x ) − Ω_{m0} Ω_{Λ0} log ( 2 √ x + 2 √ Ω_{m0} Ω_{Λ0} + x ) . (18)

Inserting z_{GRB} = 4.35, Ω_{Λ0} = 0.721 and Ω_{m0} = 0.279, one has f(1) − f ( 1 (1 + z_{GRB})^3 ) = 0.692 . (19)

Further applying H^{−1}_0 = 4.40 × 10^{17}s, we have

Δt = −7.47 × 10^{15}g(ωl^2_N k)

Φ^2_1ω^2 Φ^2_0k^2 s = 16.54s . (20)

Given k = 13.22GeV, we still have two free parameters to fix in our model: the combination ωl^2_N k and the ratio Φ_1/Φ_0. For example, taking ωl^2_N k = 2, and Φ_1/Φ_0 = 10^{−10}, we have

ω = 5.37TeV , l^{−1}_N = 188GeV . (21)

One can check that to fit the momentum and time delay, the WKB approximation is always very robust.

Note that Δt is a oscillating function of ωl^2_N k. Then our model predicts that for high energy photons with different momenta, some will reach us earlier than the low energy photons, while some will delay. The time −Δt as a function of ωl^2_N k should be proportional to g(ωl^2_N k), as shown in Fig. 1.

It is also remarkable that under the commutative limit l_N → 0, the remaining oscillating effect still contributes to the time delay. Specifically, in the restriction of WKB approximation, photons with larger momenta will arrive later than those with smaller momenta. However, they are all superluminal compared with the photon carrying too small momentum, then unaffected by the highly oscillating dilaton.

Finally, we would like to discuss the bound for the above parameters, and whether they are detectable on colliders. If we want the non-commutative scale be universal, in other words, there are some other non-commutative effects around the non-commutative scale, then l^{−1}_N should be greater than the well examined energy scale on colliders, say, 100GeV. In this case, Φ_1/Φ_0 is always too small to be measurable on colliders.

On the other hand, if the non-commutative scale applies only for the photon-dilaton coupling, then l^{−1}_N can be much lower than 100GeV, and one can expect some oscillating behavior on the fine structure constant measured on linear colliders.

III. NON-COMMUTATIVITY FROM THE METRIC

In this section, we consider the effect of non-commutativity from the graviton-photon coupling. We find that the contribution to the time delay is suppressed by powers of the Hubble parameter. So this effect is too small to be observable. This verifies the assumption in the previous section that we only need to consider the non-commutativity from dilatonphoton coupling.

The action for non-commutative graviton-photon coupling is a direct generalization of

[7]: S = − 1 4 ∫ d^3xdτF_{αβ} ∗ √ −gg^{αμ}g^{βν} ∗ F_{μν} . (22) After mode expansion and applying the *-product, we have S = 1 2 ∫ dτ d^3k (2π)^3 ∑ r=1,2 { β^+∂_τ A^r_k∂_τ A^r_{−k} − k^2β^−A^r_kA^r_{−k} } , (23)

where β^± = 1 2 [ a^{±2}(τ + l^2_N k) + a^{±2}(τ − l^2_N k) ] . (24) The equation of motion of A^r_k takes the form

∂^2_η A^r_k + k^2β^+β^−A^r_k = 0 , (25)

where η is defined as ∂_η = β^+∂_τ .

To expand up to the leading order of l_N and to the leading order of WKB approximation, one obtains the solution

A^r_k = φ^r_k exp { ik ∫ dη ( 1 + 2l^4_N k^2H^2 a^2 )} . (26)

One finds that qualitatively the correction term is double-suppressed by the scale of noncommutativity and the Hubble parameter, thus this change of dispersion relation can not be observable in GRB experiments. But quantitatively this non-commutative graviton-photon coupling always gives a superluminal result.

One could assume there is small oscillation in the scale factor, due to some background field oscillating around its potential. Then larger effects of non-commutativity may come out. We shall not investigate this possibility in detail in this paper.

IV. CONCLUSION

To conclude, we investigated the non-commutative oscillating dilaton-photon coupling and its effect on high energy photons. We find that both time delay and superluminal propagation of high energy photons can be achieved. This can explain the recent time delay effect from GRB 080916C.

We also investigated the effect of non-commutativity from scale factor. We find that the non-commutativity from scale factor is too small to be detectable.

Acknowledgments

One of the authors Yi Pang would like to thank Zheng Yin for e-mail communication. We thank R. X. Miao for pointing out a typo for us.

[1] A. A. Abdo et al. [The Fermi LAT and Fermi GBM Collaborations], DOI10.1126/science.1169101 (Science Express Research Articles).

[2] J. Albert et al. [MAGIC Collaboration] and J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos, A. S. Sakharov and E. K. G. Sarkisyan, Phys. Lett. B 668, 253 (2008).

[3] F. Aharonian et al. [H.E.S.S. Collaboration], Phys. Rev. Lett. 101, 170402 (2008). [4] J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos, A. S. Sakharov and E. K. G. Sarkisyan, Astropart. Phys. 25 (2006) 402 [Astropart. Phys. 29 (2008) 158] [arXiv:astro-ph/0510172].

[5] T. Li, N. E. Mavromatos, D. V. Nanopoulos and D. Xie, arXiv:0903.1303 [hep-th]. [6] T. Yoneya, in Wandering in the Fields, eds. K. Kawarabayashi, A. Ukawa (World Scientific, 1987), p. 419; M. Li and T. Yoneya, Phys. Rev. Lett. 78, 1219 (1997) [arXiv:hep-th/9611072]; T. Yoneya, Prog. Theor. Phys. 103, 1081 (2000) [arXiv:hep-th/0004074].

[7] R. Brandenberger and P. M. Ho, Phys. Rev. D 66, 023517 (2002) [AAPPS Bull. 12N1, 10 (2002)] [arXiv:hep-th/0203119].

[8] Q. G. Huang and M. Li, JHEP 0306, 014 (2003) [arXiv:hep-th/0304203]; Q. G. Huang and M. Li, JCAP 0311, 001 (2003) [arXiv:astro-ph/0308458]; Q. G. Huang and M. Li, Nucl. Phys. B 713, 219 (2005) [arXiv:astro-ph/0311378]; Y. f. Cai and Y. S. Piao, Phys. Lett. B 657, 1 (2007) [arXiv:gr-qc/0701114]. W. Xue, B. Chen and Y. Wang, arXiv:0706.1843 [hep-th]. Y. F. Cai and Y. Wang, JCAP 0706, 022 (2007) [arXiv:0706.0572 [hep-th]]. Y. F. Cai and Y. Wang, JCAP 0801, 001 (2008) [arXiv:0711.4423 [gr-qc]]. S. Bourouaine and A. Benslama, Phys. Lett. B 650, 90 (2007) [Erratum-ibid. B 655, 309 (2007 ERRAT,B655,310.2007)] [arXiv:hep-th/0610256].

[9] N. Seiberg, L. Susskind, N. Toumbas, JHEP 0006, 021 (2000) [arXiv:hep-th/0005040]; Zheng Yin Phys. Lett. B466 (1999) 234-238 [arXiv:hep-th/9908152].