arXiv:0903.1303v2 [hep-th] 30 Jun 2009

ACT-04-09, MIFP-09-10

Time Delays of Strings in D-particle Backgrounds and Vacuum Refractive Indices

Tianjun Li,^{1, 2} Nick E. Mavromatos,^3 Dimitri V. Nanopoulos,^{1, 4, 5} and Dan Xie^1 1George P. and Cynthia W. Mitchell Institute for Fundamental Physics, Texas A&M University, College Station, TX 77843, USA 2 Key Laboratory of Frontiers in Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, P. R. China 3Theoretical Physics, Department of Physics, King’s College London, Strand, London WC2R 2LS, U.K.

4Astroparticle Physics Group, Houston Advanced Research Center (HARC), Mitchell Campus, Woodlands, TX 77381, USA 5Academy of Athens, Division of Natural Sciences, 28 Panepistimiou Avenue, Athens 10679, Greece

Using standard techniques in string/D-brane scattering amplitude computations, we evaluate the scattering of open strings off D-particles in brane world scenarios. The D-particles are viewed as D3 branes wrapped up around three cycles, and their embedding in brane worlds constitutes a case of intersecting branes, among which strings are stretched, representing various types of excitations of the Standard Model (SM) particles in the low-energy limit. Our analysis, reveals interesting and novel selection rules for the resulting causal time delays, proportional to the energy of the incident matter state, from the processes of splitting, capture and re-emission of the latter by the D-particles. In particular, we show that there are relatively large time delays only for excitations that belong to the Cartan subalgebra of the SM gauge group, which notably includes photons. We discuss the possible relevance of these results to the models of space time foam predicting a non-trivial vacuum refractive index for photons and the associated cosmic γ-ray phenomenology. In particular, we demonstrate how low-string-scale models can be falsified already in this context, by current astrophysical observations of cosmic photons, like those of MAGIC, H.E.S.S. and FERMI Telescopes. In this way, such observations serve as a way to discriminate low- from high-string scale models.

PACS numbers: 11.10.Kk, 11.25.Mj, 11.25.-w, 12.60.Jv

INTRODUCTION: LORENTZ-INVARIANCE-VIOLATING STRING-FOAM BACKGROUNDS

The advent of the new generation of ground-based Čerenkov or satellite γ-ray telescopes has inaugurated a new era in γ-ray astronomy. In particular, these instruments may also be used to probe fundamental physics, for example, a possible energy-dependent vacuum refractive index for photon due to quantum-gravitational effects in space-time foam [1, 2]. MAGIC [3], HESS [4] and Fermi [5] Collaborations have reported time-lags in the arrival times of highenergy photons, as compared with photons of lower energies. The most conservative interpretations of such time-lags are that they are due to emission mechanisms at the sources, which are still largely unknown at present. However, such delays might also be the hints for the energy-dependent vacuum refractive index. Assuming that the refractive index n depends linearly on the γ-ray energy E_γ , i.e., n ∼ 1 + E_γ /M_{QG} where M_{QG} is the quantum gravity scale, it was shown that the time delays observed by the MAGIC [3], HESS [4] and Fermi [5] Collaborations are compatible with each other [2] for M_{QG} around 10^{18} GeV.

It is well known that many theories of quantum gravity predict non-trivial vacuum refractive indices, varying linearly with the energy scale of the photons and with the distance of the source. However, there are several stringent restrictions coming from other independent tests of Lorentz symmetry that must be taken into account [2]. To survive these stringent bounds on Lorentz invariance violation imposed by the plethora of the current astrophysical experiments, any model of quantum-gravity predicting non-trivial refractive indices should be characterised by the following features: (i) Photons are stable (i.e. do not decay) [6] but should exhibit a modified subluminal dispersion relation with Lorentz-violating corrections that should grow linearly with E_γ /M_{QG} where M_{QG} is close to the Planck scale; (ii) The medium should not refract electrons, so as to avoid the synchrotron-radiation constraints [7, 8]; (iii) The coupling of the photons to the medium must be independent of photon polarization, so as to avoid birefringence, thus avoiding the stringent pertinent constraints [9, 10, 11, 12]; (iv) The formalism of a local effective field theory lagrangian in an effectively flat space-time, including higher-derivative local interaction terms to produce a refractive index [13], breaks down. This would be signalled by quantum fluctuations in the total energy in particle interactions [14], due to the presence of a quantum-gravitational ‘environment’. The only known model with all these properties has been suggested by J. Ellis and two of us [8, 15, 16] within the framework of string/brane theory, based on a stringy analogue of the interaction of a photon with internal degrees of freedom in a conventional medium. The space-time foam is modelled as a gas of point-like D-brane defects (D-particles) in the bulk space-time of a higher-dimensional cosmology

FIG. 1: Schematic representation of a D-particle foam. The figure indicates also the capture/recoil process of a string state by a D-particle defect for closed (left) and open (right) string states, in the presence of D-brane world. The presence of a D-brane is essential due to gauge flux conservation, since an isolated D-particle cannot exist. The intermediate composite state at t = 0 has a life time Δt = α^′p^0, where p^0 is the energy of the incident string state, which is compatible with the space-time string uncertainty principles [17], as explained in [2]. When the (open) string sate represents a photon, then the (causal) delay Δt will lead to non-trivial optical properties (refractive index) for this space time, independent though of the photon polarization, and hence such an effect will not imply birefringence. Moreover, D-particle recoil during this splitting/capture process is responsible for the distortion of the surrounding space time during the scattering, and this leads to induced metrics depending on both coordinates and momenta of the string state. This results on modified dispersion relations for the open string propagation in such a background, which adds to the above-mentioned non-trivial optical properties of the D-particle foam.

where the observable Universe is a D3-brane (c.f. fig. 1). Within this class of D-foam models, a refractive index for photon propagation in vacuo was re-derived by using a detailed modelling of the interaction of an open string, representing a photon, with a D-particle [2].

Indeed, in such a model, photons are represented as electrically neutral open string states, which are captured by D-particles during topologically non-trivial scattering processes, in which an incident open string, with momentum p^0 splits into constituent intermediate string states, stretched between the D-particle and the D3 brane worlds. The life time of such intermediate states can be calculated, as in [18], by means of computing the (causal) time delays required for the first of a series of re-emitted outgoing waves, with attenuating amplitudes. It is found proportional to the incident energy of the photon,

Δt ∼ α^′ p^0 , (1)

Equivalently, this time delay is the time taken for an intermediate string state, stretched between the D-particle and the D3 brane to grow from zero size to a maximum one and back to zero, with the end of the string attached to the D3 brane moving with the speed of light [2, 18]. This is a purely stringy effect, not existing in any local quantum field theory limit, and is compatible with the string space-time uncertainty relations [17] for this case. The result (1) admits an interpretation [2] in terms of a non-trivial subluminal refractive index of the D-particle foam, which scales linearly with the photon energy. Interestingly, the D-particle foam looks transparent to charged particles such as electrons due to charge conservation, and then avoids the stringent constraints coming from synchrotron radiation of the Crab Nebula [7, 8, 9].

In addition to this leading refractive index effect, obtained form the causal outgoing waves during the scattering of strings with D-particles, there are corrections induced by the recoil of the D-particle itself, which contribute to space-time distortions that we now proceed to discuss. To this end we note that, from a world-sheet view point, the presence of D-particle recoil may be represented by adding to a fixed-point (conformal) σ-model action, the following deformation [19]:

V^{imp}_D = 1 2πα^′ d∑ i=1 ∫ ∂D dτ u_iX^0Θ ( X^0 ) ∂_nX^i. (2)

where d in the sum denotes the appropriate number of spatial target-space dimensions. For a recoiling D-particle confined on a D3 brane, d = 3.

On writing the boundary recoil/capture operator (2) as a total derivative over the bulk of the world-sheet, by means of the two-dimensional version of Stokes theorem we have (omitting from now on the explicit summation over repeated i-index, which is understood to be over the spatial indices of the D3-brane world):

V^{imp}_D = 1 2πα^′ ∫ D d^2z ϵ_{αβ} ∂^β ([ u_iX^0 ] Θ ( X^0 ) ∂^αX^i ) = 1 4πα^′ ∫ D d^2z (2u_i) ϵ_{αβ} (∂^β X^0) [ Θ_ε ( X^0 ) + X^0δ_ε ( X^0 ) ] ∂^αX^i (3)

where δ_ε(X^0) is an ε-regularised δ-function. This is equivalent to a deformation describing an open string propagating in an antisymmetric B_{μν} -background corresponding to an external constant in target-space “electric” field,

B_{0i} ∼ u_i , B_{ij} = 0 , (4)

where the X^0δ(X^0) terms in the argument of the electric field yield vanishing contributions in the large time limit ε → 0, and hence are ignored from now on.

To discuss the space time effects of a recoiling D-particle on an open string state propagating on a D3 brane world, which is of interest to us here, we should consider a σ-model, in the presence of the B-field, which leads to mixed-type boundary conditions for open strings on the boundary ∂D of world-sheet surfaces with the topology of a disc:

g_{μν} ∂_nX^ν + B_{μν} ∂_τ X^ν |_{∂D} = 0 , (5)

with B given by (4). Absence of a recoil-velocity u_i-field leads to the usual Neumann boundary conditions, while the limit where g_{μν} → 0, with u_i ≠ 0, leads to Dirichlet boundary conditions.

Considering commutation relations among the coordinates of the first quantised σ-model in the above background, one also obtains a non-commutative space-time relation [18]^1. The pertinent non commutativity refers to spatial coordinates along the direction of the electric field, and is expressed in the form

[X^1, t] = iθ^{10} , θ^{01}(= −θ^{10}) ≡ θ = 1 u_c ũ 1 − ũ^2 (6) where t is the target time, and we assume for simplicity and concreteness recoil along the spatial X^1 direction. Thus, the induced non commutativity is consistent with the breaking of the Lorentz symmetry of the ground state by the D-particle recoil. The quantity ũ_i ≡^{ui}_{uc} and u_c =^1_{2πα′} is the Born-Infeld critical field. Notice that the presence of the critical “electric” field is associated with a singularity of both the effective metric and the non commutativity parameter, while, as we shall discuss below (10) there is also an effective string coupling, which vanishes in that limit. This reflects the destabilization of the vacuum when the “electric” field intensity approaches the critical value, which was noted in [21]. Since in our D-particle foam case, the rôle of the ‘electric’ field is played by the recoil velocity of the D-particle defect, the critical field corresponds to the relativistic speed of light, in accordance with special relativistic kinematics, which is respected in string theory, by construction.

The space-time uncertainty relations (6) are consistent with the corresponding space-time string uncertainty principle [17]

ΔXΔt ≥ α^′ (7)

Of crucial interest in our case is the form of the induced open-string effective target-space-time metric. As discussed in detail in refs. [18, 20], to find it, one should consider the world-sheet propagator on the disc ⟨X^μ(z, z)X^ν (0, 0)⟩, with the boundary conditions (5). Upon using a conformal mapping of the disc onto the upper half plane with the real axis (parametrised by τ ∈ R) as its boundary [20], one then obtains:

⟨X^μ(τ)X^ν (0)⟩ = −α^′g^{μν}_{open, electric}lnτ^2 + i θ^{μν} 2 ϵ(τ) (8)

with the non-commutative parameters θ^{μν} given by by (6), and the effective open-string metric, due to the presence of the recoil-velocity field ⃗u, whose direction breaks target-space Lorentz invariance, by:

g^{open,electric} μν = ( 1 − ũ^2_i ) η_{μν} , μ, ν = 0, 1 g^{open,electric} μν = η_{μν} , μ, ν = all other values , (9)

1 In contrast, in the case of strings in a constant magnetic field [20] (corresponding to B-fields of the form B_{ij} ≠ 0, B_{0i} = 0), the non commutativity is only between spatial target-space coordinates

where, for concreteness and simplicity, we consider a frame of reference where the matter particle has momentum only across the spatial direction X^1, i.e. 0 ≠ k_1 ≡ k ‖ u_1 , k_2 = k_3 = 0. Moreover, there is a modified effective string coupling [18, 20]:

g^{eff}_s = g_s ( 1 − ũ^2 )_{1/2} (10)

The fact that the metric in our recoil case depends on momentum transfer variables, implies that D-particle recoil induces Finsler-type metrics [22], i.e. metric functions that depend on phase-space coordinates, that is space-time and momentum coordinates.

The induced metric (9), will affect the dispersion relations of the photon state, by means of k^μk^ν gμν^{open,electric} = 0. However, because the corrections on the recoil velocity u_i are quadratic, such modifications will be suppressed by the square of the D-particle mass scale. The presence of the D-particle recoil velocity will affect the induced time delays (1) by higher-order corrections of the form, as follows by direct analogy of our case with that of open strings in a constant electric field [18]:

Δt_{with D−foam recoil velocity} = α^′ p^0 1 − ũ^2_i

. (11)

As we mentioned previously, one observes that the D-particle recoil effects are quadratically suppressed by the Dparticle mass scales, since ũ_i ∝ g_sΔk_i/M_s, with Δk_i the relevant string-state momentum transfer.

Some important remark is in order here, to avoid some confusion regarding testing the predictions of our model with experiment. As we hope becomes clear from [2] and our discussion above, the primary time delay (1), is derived in the limit of infinite D-particle mass. The presence of D-particles, of course, breaks the Poincare invariance of the bulk vacuum, and their recoil the associated Lorentz invariance of the D3-brane world. In this sense, it is to be expected that non-trivial refractive indices characterise our D-particle foam background, even in the limit of infinite D-particle mass, where recoil motion of the D-particles is ignored. Having said that, it is also clear from the above analysis, and that of ref. [2], that the calculation of time delays (1) is based on computing the formation of an intermediate string and not point-like state, of a finite extent. In this sense, such effects cannot be simply represented in terms of an effective local low-energy lagrangian formalism, in which one adds higher-derivative, higher-dimension non-renormalizable operators in a flat space-time lagrangian. On the other hand, the effects of the induced Finsler metric, due to D-particle recoil, as well as their non-commutative contributions (6)^2, may admit such an effective field theory interpretation. Hence, the best experiments to test our model are the ones in which simply one computes time delays in the arrival times of photons (or electrically neutral particles) and checks their dependence on their energies. This has been done in [2]. In this respect, we should stress that the analysis in [3], where a reproduction of the peak has been used at an individual photon level, assuming linearly modified dispersion relations for photons, does not capture correctly the spirit of the present model, in view of these comments, in the sense that the latter analysis presupposes the existence of an underlying local effective lagrangian. It is for the same reason, namely the de-association of the effect (11) from the effective field theory formalism, that ultrahigh energy cosmic rays constraints analyses [6] also do not apply to our stringy D-foam framework.

In the model of [2] the D-particles are point-like D0-branes, which are admitted in type IIA string theories. In this letter we consider an extension of these ideas in the phenomenologically relevant Type IIB string theory with in which the rôle of D-particles is played by D3-branes appropriately wrapped around three cycles, while the D3

2 For instance, on averaging (≪ · · · ≫) the non-commutativity relation (6) over populations of (quantum fluctuating) D-particles in the foam, and assuming an approximately constant ≪ u_i ≫, Eq. 6 becomes of the form [x^μ , x^ν ] = iθ^{μν} , with θ^{μν} ≃ const. The latter relation may be interpreted [23] as implying a Lorentz violating situation, leading, in the continuum low-energy field theory limit, to higher-order derivative terms in a local effective lagrangian, which, for the case of photons we are interested in, would include terms of the form: L^{EF T −NC} ∋ − 1 4 F_{μν} F^{μν} − 1 2 θ^{αβ} F_{αμ}F_{βν} F^{μν} + 1 8 θ^{αβ} F_{αβ} F_{μν} F^{μν} + . . . The crucial qualitative difference in our case is the Finsler type of the non-commutative space-time parameter, θ^{0i} which in general depends on momenta. Nevertheless, such links of our model with effective field theories of non-commutative space times imply that the D-particle recoil parameters can be constrained also by means of the same experiments that are used to constrain such non commutative field theories [24]. However, in our cases of D-particle foam, the most physically interesting case are that of isotropic, Lorentz-invariant on average, Gaussian stochastically fluctuating foam, for which the average recoil velocity of D-particles vanishes, ≪ u_i ≫= 0, and only their fluctuations are non trivial, ≪ u_iu_j ≫= σ^2 δ_{ij} , etc. In such a case, non commutativity is much harder to detect via the methods discussed in [23, 24], although the independent phenomenon of time delays (1), (11), which is not linked to effective field theories, is much easier to falsify in high-energy gamma ray astrophysics observations, like those of [3].

brane worlds are provided by D7-branes, appropriately compactified to three large spatial dimensions. We derive the vacuum refractive index for the photon, and find that it depends linearly on the photon energy. In addition, in this model, in contrast to that of [2], there can be a time-delay for electron, which however, as we shall show, can be small enough to satisfy the stringent constraints coming from synchrotron radiation of the Crab Nebula [7, 8, 9]. We shall derive the time delays in the spirit of [2], by considering scattering amplitude first in the limit where the recoil of the D-particle is ignored. As we shall see, a formula analogous to (1) will be derived. The inclusion of wrapped-up-D3-brane/D-particle recoil corrections parallels that of D0-brane above, and will not be repeated. The result is similar to (11), with the D3-brane recoil to amount to quadratic and higher-order suppression by the effective “D-particle” mass.

A TYPE IIB STRING/BRANE FOAM BACKGROUND AND CAUSAL TIME DELAYS

Let us consider the Type IIB string theory with D3-branes and D7-branes where the D3-branes are inside the D7-branes. The D3-branes wrap a three-cycle, and the D7-branes wrap a four-cycle. Thus, the D3-branes can be considered as point particles in the Universe, i.e., the D-particles, while the Standard Model (SM) particles are on the world-volume of the D7-branes.

For simplicity, we assume that the three internal space dimensions, which the D3-brane wraps around, are cycles S^1 × S^1 × S^1, and we denote the radius of the i−th cycle S^1 as R_i. The mass of the D3-brane is [25]

M_{D3} =

R_1R_2R_3 g_sℓ^4_s

, (12)

whereby g_s is the string coupling, and ℓ_s is the string length, i.e., the square root of the Regge slope √ α^′. If R_i ≤ ℓ_s, we can perform a T-duality transformation along the i−th S^1 as follows R_i −→ ℓ^2_s R_i , (13)

and then we obtain R_i ≥ ℓ_s. In string theories with compact internal space dimension(s), there are Kaluza-Klein (KK) modes and string winding modes. Under T-duality, the KK modes and winding modes are interchanged. In particular, these two theories are physically identical [25]. Therefore, without loss of generality, we can assume R_i ≥ ℓ_s. Choosing R_i = 10ℓ_s and g_s ∼ 0.5, we obtain M_{D3} ∼ 2000/ℓ_s, and then the mass of the D3-brane can be much larger than the string scale. Therefore, anticipating the result (11), we shall ignore to a first approximation the recoil of the D-particles. Their inclusion (as small, perturbative corrections) is straightforward, according to the discussion in the previous section, and we shall come back briefly to this issue at the end of the article. In this setting, for the particles (called ND particles) arising from the open strings between the D7-branes and D3-branes which satisfy the Neumann (N) and Dirichlet (D) boundary conditions respectively on the D7-branes and D3-branes, their gauge couplings with the gauge fields on the D7-branes are 1 g^2_{37} = V g^2_7

, (14)

where g_7 are the gauge couplings on the D7-branes, and V denotes the volume of the extra four spatial dimensions of the D7 branes transverse to the D3-branes [26]. Because the Minkowski space dimensions are non-compact, V is infinity and then g_{37} is zero. Thus, the SM particles have no interactions with the ND particles on the D3-brane or D-particle.

To have non-trivial interactions between the particles on D7-branes and the ND particles, we consider a D3-brane foam, i.e., the D3-branes are distributed uniformly in the Universe. We assume that V_{A3} is the average threedimensional volume that has a D3-brane in the Minkowski space dimensions, and R^′ is the radius for the fourth space dimension transverse to the D3-branes. In addition, in the conformal field theory description, a D-brane is an object with a well defined position. While in the string field theory, a D-brane is a fat object with thickness of the order of the string scale. In particular, the widths of the D-brane along the transverse dimensions are about 1.55ℓ_s, as follows from an analysis of the tachyonic lump solution in the string field theory which may be considered as a D-brane [27]. Thus, our ansatz for the gauge couplings between the gauge fields on the D7-branes and the ND particles is 1 g^2_{37} = V_{A3}R^′ (1.55ℓ_s)^4 ℓ^4_s g^2_7 = V_{A3}R^′ (1.55)^4 1 g^2_7

. (15)

FIG. 2: (a): the splitting/capture/re-emission process of a (generic) matter string by a D-particle from a target-space point of view. (b) The same process but for photons (or in general particles in the Cartan subalgebra of the gauge group in this (intersecting) brane world scenario. (c): The four-point string scattering amplitude (corresponding to the parts inside the dashed box of (a)) between the constituent open ND strings of the splitting process. Latin indices at the end-points of the open string refer to the brane worlds these strings are attached to.

We denote a generic SM particle as an open string ab̄ with both ends on the D7-branes. For a = b, we obtain the gauge fields related to the Cartan subalgebras of the SM gauge groups, and their supersymmetric partners (gauginos), for example, the photon, Z^0 gauge boson and the gluons associated with the λ^3 and λ^8 Gell-Mann matrices of the SU(3)_C group. For a ≠ b, we obtain the other particles, for example, the electron, neutrinos, and W^±_μ boson, etc. As in Fig. 2(a), when the open string ab̄ passes through the D3-brane, it can be split and become two open strings (corresponding to the ND particles) ac̄ and cb̄ with one end on the D7-brane (a or b̄) and one end on the D3-brane (c or c̄). Then, we can have the two to two process and have two out-going particles arising from the open strings ac̄ and cb̄. Finally, we can have an out going particle denoted as open string ab̄. In particular, for a = b, we can have s-channel process at the leading order, and plot it in the Fig. 2(b). Interestingly, the time delays arise from the two to two process in the box of Fig. 2(a), and we plot the corresponding string diagram in Fig. 2(c).

To calculate the time delays, we consider the four-fermion scattering amplitude and use the results in Ref. [28] for simplicity. We can discuss the other scattering amplitudes similarly, for example, the four-scalar scattering amplitude, and the results are the same. The total four-fermion scattering amplitude is obtained by summing up the various orderings [28]:

A_{total} ≡ A(1, 2, 3, 4) + A(1, 3, 2, 4) + A(1, 2, 4, 3) , (16)

where

A(1, 2, 3, 4) ≡ A(1, 2, 3, 4) + A(4, 3, 2, 1) . (17)

A(1, 2, 3, 4) is the standard four-point ordered scattering amplitude

(2π)^4δ^{(4)}( ∑ a k_a)A(1, 2, 3, 4)= −i g_sl^4_s

∫_1 0 dx ⟨ V^{(1)}(0,k_1)V^{(2)}(x,k_2)V^{(3)}(1,k_3)V^{(4)}(∞,k_4) ⟩ , (18)

where k_i are the space-time momenta, and we used the SL(2,R) symmetry to fix three out of the four x_i positions on the boundary of the upper half plane, representing the insertions of the open string vertex fermionic ND operators V^{(i)}, i = 1, . . . 4, defined appropriately in Ref. [28], describing the emission of a massless fermion originating from a string stretched between the D7 brane and the D3 brane.

The amplitudes depend on kinematical invariants expressible in terms of the Mandelstam variables: s = −(k_1 +k_2)^2, t = −(k_2 + k_3)^2 and u = −(k_1 + k_3)^2, for which s + t + u = 0 for massless particles. The ordered four-point amplitude A(1, 2, 3, 4) is given by

A(1_{j1 I1} , 2_{j2I2} , 3_{j3I3} , 4_{j4I4} ) = −g_sl^2_s ∫_1 0 dx x^{−1−s l2s} (1 − x)^{−1−t l2s} 1 [F (x)]^2 × [ ū^{(1)}γ_μu^{(2)}ū^{(4)}γ^μu^{(3)}(1 − x) + ū^{(1)}γ_μu^{(4)}ū^{(2)}γ^μu^{(3)}x ]

×{ηδ_{I1,}¯_{I2} δ_{I3 ,}¯_{I4} δ¯_{j1 ,j4} δ_{j2 ,}¯_{j3} ∑ m∈Z e^{−πτ m2 ℓ2s /R′2} +δ_{j1,}¯_{j2} δ_{j3,}¯_{j4} δ¯_{I1 ,I4} δ_{I2,}¯_{I3} ∑ n∈Z e^{−πτn2 R′2 /ℓ2s} } , (19) where F (x) ≡ F (1/2; 1/2; 1; x) is the hypergeometric function, τ(x) = F (1 − x)/F (x), j_i and I_i with i = 1, 2, 3, 4 are indices on the D7-branes and D3-branes, respectively, and η is η = (1.55ℓ_s)^4 V_{A3}R^′ , (20)

in the notation of [28], u is a fermion polarization spinor, and the dependence of the appropriate Chan-Paton factors has been made explicit. Thus, taking F (x) ≃ 1 we obtain

A(1, 2, 3, 4) ∝ g_sℓ^2_s ( tℓ^2_su^{(1)}γ_μu^{(2)}u^{(4)}γ^μu^{(3)}

+sℓ^2_su^{(1)}γ_μu^{(4)}u^{(2)}γ^μu^{(3)} ) × Γ(−sℓ^2_s)Γ(−tℓ^2_s) Γ(1 + uℓ^2_s) , A(1, 3, 2, 4) ∝ g_sℓ^2_s ( tℓ^2_su^{(1)}γ_μu^{(3)}u^{(4)}γ^μu^{(2)}

+uℓ^2_su^{(1)}γ_μu^{(4)}u^{(3)}γ^μu^{(2)} ) × Γ(−uℓ^2_s)Γ(−tℓ^2_s) Γ(1 + sℓ^2_s) , A(1, 2, 4, 3) ∝ g_sℓ^2_s ( uℓ^2_su^{(1)}γ_μu^{(2)}u^{(3)}γ^μu^{(4)}

+sℓ^2_su^{(1)}γ_μu^{(3)}u^{(2)}γ^μu^{(4)} ) × Γ(−sℓ^2_s)Γ(−uℓ^2_s) Γ(1 + tℓ^2_s)

, (21)

where the proportionality symbols incorporate Kaluza-Klein or winding mode contributions, which do not contribute to the time delays. Technically, it should be noted that the novelty of our results above, as compared with those of [28], lies on the specific compactification procedure we adopted, and the existence of a uniformly distributed population of D-particles (foam), leading to (15).

Similarly to the discussion in Ref. [18], time delays arise from the amplitude A(1, 2, 3, 4) by considering backward scattering u = 0. Noting that s + t + u = 0 for massless particles, the first term in A(1, 2, 3, 4) in Eq. (21) for u = 0 is proportional to

tℓ^2_sΓ(−sℓ^2_s)Γ(−tℓ^2_s) = −sℓ^2_sΓ(−sℓ^2_s)Γ(sℓ^2_s) = π sin(πsℓ^2_s)

. (22)

It has poles at s = n/ℓ^2_s. The divergence of the amplitude at the poles is an essential physical feature of the amplitude, a resonance corresponding to the propagation of an intermediate string state over long space-time distances. To define the poles we use the correct ϵ prescription replacing s → s + iϵ, which shift the poles off the real axis. Thus, the functions 1/ sin(πsℓ^2_s) can be expanded as a power series in y which is y = e^{iπsℓ2s−ϵ} . (23) On noting that s = E^2, we obtain the time delay at the lowest order

Δt = Eℓ^2_s . (24)

Let us discuss the time delays at leading order for concrete particles. We will assume that η is a small number about 10^{−6} or smaller. Then, for the gauge fields (and their corresponding gauginos) which are related to the Cartan subalgebras of the SM gauge groups, all the amplitudes A(1, 2, 3, 4), A(1, 3, 2, 4), and A(1, 2, 4, 3) will give the dominant contributions to the total amplitude due to j_1 = j̄_2. Thus, they will have time delays as given in Eq. (24). The resulting delay for photon is independent of its polarization, and thus there is no birefringence, thereby leading to the evasion of the relevant stringent astrophysical constraints [10, 11, 12].

However, for the other particles, we have j_1 ≠ j̄_2, and then only the amplitude A(1, 3, 2, 4) gives dominant contribution. Considering backward scattering [18] u = 0 and s + t + u = 0, we obtain

A(1, 3, 2, 4) ∝ g_sℓ^2_s ( 1 uℓ^2_s u^{(1)}γ_μu^{(3)}u^{(4)}γ^μu^{(2)} − 1 sℓ^2_s uℓ^2_su^{(1)}γ_μu^{(4)}u^{(3)}γ^μu^{(2)} ) . (25)

Because they are just the pole terms, we do not have time delays for other particles with j_1 ≠ j̄_2 at the leading order, for example, W^±_μ boson, electron, and neutrinos, etc. At order η (O(η)), we have time delays for these particles, which arise from the forth line in Eq. (19). The dispersion relation for the electron can be parametrised as follows

E^2 = p^2 + m^2_e − ηp^3/M_{St} , (26)

where M_{St} is about the string scale. From the Crab Nebula synchrotron radiation observations, we obtain the constraint on η [9]

η ≤ 10^{−6} . (27)

This can be realized easily, for example, by taking the following V_{A3} and R^′ in Eq. (20)

V_{A3} ∼ (10ℓ_s)^3 , R^′ ∼ 338ℓ_s . (28)

Interestingly, because the neutrinos have a similar dispersion relation as the electron in Eq. (26), we might have implications in neutrino (oscillation) physics, and this may lead to important phenomenological constraints [29, 30] which will be studied elsewhere.

Finally, we close this section by mentioning that the inclusion of the recoil motion of the D-particles (wrapped up D3-branes in the current model) is straightforward and parallels the discussion leading to Eq. (11) in the introduction, at least in the limit we are considering here, namely the case where the radii of the compactified D3-branes are not much larger than the string length in the problem, the latter being assumed to correspond to conventional large string mass scales of order 10^{17} − 10^{18} GeV. For such scales, the D3 brane is effectively viewed as point like to a good approximation, for all practical (low-energy phenomenology) purposes. Such a recoil, then, will lead to corrections suppressed by quadratic and higher-order powers of the corresponding quantum gravity scale, which in this case will be the effective D-particle (wrapped up D3-brane) mass given in Eq. (12). As already pointed out, the D-particle mass can be much heavier than the string scale, upon choosing compactification radii larger than the string length, and in such heavy D-brane cases recoil effects can be easily neglected.

It should also be noticed that the presence of recoil leads to an effective string coupling g^{eff}_s in Eq. (10), which implies that for relativistic scattering of D-particles, i.e., when the recoil velocity is of order of the speed of light, the corresponding string scattering amplitudes, from which the delays are evaluated, will be suppressed. Thus, although there would be infinitely long delays practically for such relativistic particles (c.f. (11)), nevertheless the pertinent amplitudes would vanish, as in such a case they are given by expressions of the form (19) but with the factors g_s being replaced by the effective string coupling g^{eff}_s . Hence, there would be no observable effects, since the corresponding cross section would be vanishing^3.

This observation may have important consequences when one considers models of string D-foam with low string scales M_s, say of a few TeV. Indeed, in our type IIB foam, where each D-particle is viewed as a compactified D3-brane, wrapped around three-cycles with very small radii, so that one has an effectively point-like behaviour at low energies, the corresponding mass scales can be of order of the string scale M_s, provided the compactification radii are of order of the string length, R_i ∼ ℓ_s and g_s ∼ 1. Thus, incident particles with energies higher than the order-TeV string scale M_s on such D-branes can easily induce recoil velocities close to the speed of light, and, as a consequence of the above discussion, for such energetic particles the foam would look transparent^4. On the other hand, for large compactification radii compared to the string length R_i ≫ 10ℓ_s, the resulting D-particle masses can be very large (c.f. (12)), thereby alleviating the transparency of the D-foam to highly energetic particles in such models.

What this means is that, in the context of the above model, for low-string scales, say M_s = O(TeV), time delays should be expected for photons with energies much lower than TeV scales, whilst photons with energies above TeV will essentially remain undisturbed by the presence of D-particles, thereby not exhibiting any appreciable foam-induced time delays. Therefore, astrophysical observations using cosmic photons, such as those by MAGIC., H.E.S.S. and FERMI Telescopes, can be used to discriminate low- from high-string scale models, provided of course that the respective source mechanisms for the production of the cosmic photons are understood.

These remarks are useful to bear in mind when considering phenomenological constraints on D-foam models imposed by observations of very high energetic cosmic particles (with energies of order (or higher than) 10^{20} eV) [6].

CONCLUSIONS

In this work we considered Type IIB string theory with D3-branes and D7-branes. By wrapping up the D3 branes around three cycles, and the D7 branes around four cycles, appropriately, we have focused on a representation of a space-time foam situation in this type of string theory, which extends non-trivially the type-IA (and IIA ) string theory foam model of [2] to the phenomenologically richer type IIB string theory.

We derived the vacuum refractive index for photon, and found that it depends linearly on the photon energy, as in the case of [2]. However, in the current model of foam, there are also non-trivial refractive indices for charged probes, such as electrons. This was consistent with electric charge conservation, as a result of our compactification procedures, regarding the representation of D-particles as wrapped up D3-branes, as well as our specific “foam” aspects of the model, namely the presence of a uniform population of such D-particles (leading to non trivial couplings (15)). Nevertheless, as a result of appropriate compactification, the time-delay for electron can be small enough to satisfy the stringent constraints coming from synchrotron radiation of the Crab Nebula.

A final remark we would like to make concerns the cosmology of the model, which would epitomize the phenomenology of such space-time foam models. The constraint on the density of the D3(compactified)-brane defects at the current epoch of the D7(compactified)-brane Universe, representing our world, in order to fit the photon time-delay data available to date [3, 4, 5] needs to be taken into account in conjunction with the other cosmological parameters. This would affect the energy budget of the Universe, and through this, the relevant astro-particle phenomenology, in similar spirit to the type-IIA (and type IA) D-particle foam model [2, 16]. However, the calculation of the various cosmological parameters and in general the evolution of such a Universe depends highly on the model, for instance on details of the target-space supersymmetry breaking after compactification, the bulk physics, etc. The study of such issues is left for the future.

Acknowledgements

This research was supported in part by the Cambridge-Mitchell Collaboration in Theoretical Cosmology (TL), by the Natural Science Foundation of China under grant No. 10821504 (TL), by the Chinese Academy of Sciences

3 For high-energy (compared to the string mass scale) string scattering, the higher genus world-sheet amplitudes are more relevant.

Although a resummation of higher world-sheet topologies is not possible in a first quantised string framework, and hence exact expressions for fully quantum high-energy string amplitudes are not available, nevertheless time delays for a genus G amplitude have been calculated in [31] and found suppressed by a factor 1/(G + 1), compared to the genus G=0 tree level amplitudes, considered in [18] and here.

4 Similar observations are valid for the type IA (or IIA) D-foam model of [2], involving truly point-like D-particles of mass M_s/g_s.

under the grant No. KJCX3-SYW-N2 (TL), by the European Union through the Marie Curie Research and Training Network UniverseNet (MRTN-2006-035863) (NEM), and by DOE grant DE-FG02-95ER40917 (DVN).

[1] G. Amelino-Camelia, J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos and S. Sarkar, Nature 393, 763 (1998). J. R. Ellis, K. Farakos, N. E. Mavromatos, V. A. Mitsou and D. V. Nanopoulos, Astrophys. J. 535, 139 (2000); J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos, A. S. Sakharov and E. K. G. Sarkisyan, Astropart. Phys. 25, 402 (2006) [Astropart. Phys. 29, 158 (2008)]; U. Jacob and T. Piran, JCAP 0801, 031 (2008).

[2] J. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Lett. B 665, 412 (2008) and addendum: Phys. Lett. B 674, 83 (2009) [arXiv:0901.4052 [astro-ph.HE]].

[3] 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).

[4] F. Aharonian et al. [H.E.S.S. Collaboration], Phys. Rev. Lett. 101, 170402 (2008).

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

[6] M. Galaverni and G. Sigl, Phys. Rev. D 78, 063003 (2008); Phys. Rev. Lett. 100, 021102 (2008). [7] T. Jacobson, S. Liberati and D. Mattingly, Nature 424, 1019 (2003).

[8] J. R. Ellis, N. E. Mavromatos and A. S. Sakharov, Astropart. Phys. 20, 669 (2004); J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos and A. S. Sakharov, Int. J. Mod. Phys. A 19, 4413 (2004); Nature 428, 386 (2004).

[9] L. Maccione, S. Liberati, A. Celotti and J. G. Kirk, JCAP 0710, 013 (2007). [10] R. J. Gleiser and C. N. Kozameh, Phys. Rev. D 64, 083007 (2001). [11] Y. Z. Fan, D. M. Wei and D. Xu, Mon. Not. Roy. Astron. Soc. 376, 1857 (2006). [12] L. Maccione, S. Liberati, A. Celotti, J. G. Kirk and P. Ubertini, Phys. Rev. D 78, 103003 (2008). [13] R. C. Myers and M. Pospelov, Phys. Rev. Lett. 90, 211601 (2003). [14] J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Rev. D 63, 124025 (2001). [15] J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Phys. Rev. D 62, 084019 (2000).

[16] J. R. Ellis, N. E. Mavromatos, M. Westmuckett, Phys. Rev. D 70, 044036 (2004); 71, 106006 (2005); J. R. Ellis, N. E. Mavromatos, D. V. Nanopoulos and M. Westmuckett, Int. J. Mod. Phys. A 21, 1379 (2006).

[17] T. Yoneya, Mod. Phys. Lett. A4 (1989) 1587; Prog. Theor. Phys. 103, 1081 (2000) [arXiv:hep-th/0004074]. [18] N. Seiberg, L. Susskind and N. Toumbas, JHEP 0006, 044 (2000).

[19] For a review of the relevant formalism see: N. E. Mavromatos, arXiv:0906.2712 [hep-th] and references therein. [20] N. Seiberg and E. Witten, JHEP 9909, 032 (1999) [arXiv:hep-th/9908142]. [21] C. P. Burgess, Nucl. Phys. B 294, 427 (1987).

[22] see, for instance: D. Bao, S. S. Chern and Z. Shen, An introduction to Finsler Geometry (Springer-Verlag (NY, 2000)).

In the context of D-partidle foam, such Finsler-type metrics have been first derived in: J. R. Ellis, N. E. Mavromatos and D. V. Nanopoulos, Int. J. Mod. Phys. A 13, 1059 (1998) [arXiv:hep-th/9609238]. For a short recent review on this topic see: N. E. Mavromatos, PoS QG-PH, 027 (2007) [arXiv:0708.2250 [hep-th]] and references therein. Also Finsler metrics in string theory, but in a different context, have been previously suggested in : S. I. Vacaru, arXiv:hep-th/0211068; S. I. Vacaru, arXiv:hep-th/0310132; In a field theory context, such metrics have been discussed, among other works, in: G. Y. Bogoslovsky, arXiv:0706.2621 [gr-qc]; arXiv:0712.1718 [hep-th]. G. W. Gibbons, J. Gomis and C. N. Pope, Phys. Rev. D 76, 081701 (2007) [arXiv:0707.2174 [hep-th]]; A. P. Kouretsis, M. Stathakopoulos and P. C. Stavrinos, arXiv:0810.3267 [gr-qc]; L. Sindoni, Phys. Rev. D 77, 124009 (2008) [arXiv:0712.3518 [gr-qc]]; M. Anastasiei and S. I. Vacaru, J. Math. Phys. 50, 013510 (2009) [arXiv:0710.3079 [math-ph]]. In the context of generic phenomenological models of non-standard dispersion relations in quantum gravity see: F. Girelli, S. Liberati and L. Sindoni, Phys. Rev. D 75, 064015 (2007) [arXiv:gr-qc/0611024]; J. Magueijo and L. Smolin, Class. Quant. Grav. 21, 1725 (2004) [arXiv:gr-qc/0305055]. J. Skakala and M. Visser, arXiv:0810.4376 [gr-qc].

[23] S. M. Carroll, J. A. Harvey, V. A. Kostelecky, C. D. Lane and T. Okamoto, Phys. Rev. Lett. 87, 141601 (2001) [arXiv:hep-th/0105082].

[24] For a very recent, concise review, see: R. J. Szabo, arXiv:0906.2913 [hep-th] and references therein. [25] C. V. Johnson, arXiv:hep-th/0007170, and references therein.

[26] A. Giveon and D. Kutasov, Rev. Mod. Phys. 71, 983 (1999), and references therein. [27] N. Moeller, A. Sen and B. Zwiebach, JHEP 0008, 039 (2000), and references therein. [28] I. Antoniadis, K. Benakli and A. Laugier, JHEP 0105, 044 (2001).

[29] N. E. Mavromatos and S. Sarkar, New J. Phys. 10, 073009 (2008); Phys. Rev. D 74, 036007 (2006). [30] R. Brustein, D. Eichler and S. Foffa, Phys. Rev. D 65, 105006 (2002). [31] T. Kuroki and S. J. Rey, Phys. Lett. B 499, 158 (2001) [arXiv:hep-th/0007055].