arXiv:hep-th/0510245 v2 21 Feb 2006

Self-consistency in Theories with a Minimal Length

S. Hossenfelder

Department of Physics, University of California, Santa Barbara, CA 93106-9530, USA E-mail: sabine@physics.ucsb.edu

Abstract. The aim of this paper is to clarify the relation between three different approaches of theories with a minimal length scale: A modification of the Lorentzgroup in the ’Deformed Special Relativity’, theories with a ’Generalized Uncertainty Principle’ and those with ’Modified Dispersion Relations’. It is shown that the first two are equivalent, how they can be translated into each other, and how the third can be obtained from them. An adequate theory with a minimal length scale requires all three features to be present.

PACS numbers: 11.10.Gh, 11.30.Cp, 12.90.+b

1. The Role of the Planck Scale

Gravity itself is inconsistent with physics at very short scales. The introduction of gravity into quantum field theory appears to spoil their renormalizability and leads to incurable divergences. It has therefore been suggested that gravity should lead to an effective cutoff in the ultraviolet, i.e. to a minimal observable length. It is amazing enough that all attempts towards a fundamental theory imply the existence of such a minimal length scale. It is expected that the minimal length, L_m is close by, or identical to the Planck length.

Motivations for the occurrence of a minimal length are manifold. A minimal length can be found in String Theory [1, 2, 3, 4], Quantum Loop Gravity [5, 6, 7, 8], and Non-Commutative Geometries [9, 10]. It can be derived from various studies of thoughtexperiments [11, 12, 13, 14], phenomenological examinations of precision measurements [15, 16, 17, 18], from black hole physics [19, 20], the holographic principle [21], a Tduality of the path-integral [22, 23, 24] and probably further more. For reviews, the interested reader is referred to [25, 26, 27]. The listed points are cross-related in many ways. The examination of these similarities in the presently availably approaches is a promising way to increase our knowledge about the quantum nature of gravity.

Besides the various attempts to pin down the emergence of a finite resolution of spacetime, the inclusion of the minimal length into the theoretical framework of the Standard Model (SM) has been examined from different sides: The Generalized Uncertainty Principle (GUP), Deformed Special Relativity (DSR) and Modified

Dispersion Relations (MDR). These theories are an effective description of the expected effects of quantum gravity and provide us with a useful framework to describe the phenomenology of physics beyond the SM.

The aim of this work is to clarify the interrelationships of the different approaches to ensure the self-consistency of theories with a fundamental minimal length scale.

This paper is organized as follows. In the next section, we will briefly introduce the basic formalism of the three approaches. In section three we will examine the relations between them. We conclude in section 4. Throughout this paper we use the convention h̄ = c = 1.

2. The Three Faces of the Minimal Length

The phenomenology that arises from a finite resolution of space-time, and the mathematical structure associated with it, have been investigated closely [28, 29, 30, 31, 32, 33, 34]. In the scenario without extra dimensions, the derived modifications are important mainly for structure formation and the early universe [35, 36, 37, 38, 39, 40, 41, 42]. The importance to deal with the minimal length is sensibly enhanced if we consider a spacetime with large extra dimensions [43, 44, 45].

2.1. GUP

Test particles of a sufficiently high energy to resolve a distance as small as the Planck length are predicted to gravitationally curve and thereby to significantly disturb the structure of the spacetime which they are meant to probe. Thus, in addition to the expected quantum uncertainty, there is another uncertainty caused which arises from spacetime fluctuations at the Planck scale.

This behavior can be quantified by allowing the properties of the wave-vector k = (ω, ⃗k) to be modified at highest energies, such that k is no longer linear to the momentum p. In particular, we will want the wave-length and thereby the resolution of spacetime to have the lower bound L_m, no matter how much we increase p.

In the following, we will restrict ourselves to the isotropic case in which it will be sufficient to work with one space-like dimension. We denote the simplified wavevector as k = (ω, k). Denoting the momentum with p = (E, p), we can quantify the modifications by f = (f_0, f_1), where f_0(p) = ω , f_1(p) = k . (1) We will assume that the function is well-defined in a suitable manner, smooth and differentiable and that it is a one-to-one map which can be inverted (f^{−1})_0(k) = E , (f^{−1})_1(k) = p . (2) It has to fulfill the low energy limit f = f^{−1} = Id for ω, |k| ≪ 1/L_m , (3) and it should be bounded by the minimal length:

|f_0|, |f_1| ≤ 1/L_m for all p . (4)

The quantization of this ansatz is straightforward and follows the usual procedure. The commutators between the corresponding operators k̂ and x̂ remain in the standard form. Using the well known commutation relations and inserting the functional relation between the wave vector and the momentum then yields the modified commutator for the momentum

[x̂, k̂] = i ⇒ [x̂, p̂] = i∂_k(f^{−1})_1(k) . (5)

This results in the Generalized Uncertainty Principle (GUP) ΔpΔx ≥ 1 2 | ⟨ ∂_k(f^{−1})_1(k) ⟩ | , (6)

which reflects the fact that by construction it is not possible any more to resolve spacetime distances arbitrarily well. Since f_1(p) gets asymptotically constant, the derivative ∂_pf_1 drops to zero and the uncertainty in Eq. (6) increases for large momenta. We will refer to this theory as a GUP, if f ≠ Id.

Various examples for the function f can be found in [46, 47, 48]. A very common choice is f_0(p) = g(E) , f_1(p) = g(p) with

g(x) = tanh(L_mx) . (7)

For many applications, only a first order expansion of f is examined, in which case the constraint Eq. (4) might not be fulfilled for all p. For example, consider the case [49]

f_0(p) = E , f_1(p) = p(1 + αL_m E) , (8)

where α is some constant parameter of order one.

2.2. DSR

By definition, a minimal length should not undergo a Lorentz-contraction when it is boosted. That means, a modification of the Lorentz-transformations becomes necessary. The new transformations should not only leave the speed of light invariant, but have the minimal length as a second invariant. Such a modification can be achieved without introducing exceptional reference frames by a deformation of the usual Lorentztranformation [47, 48, 49, 50, 51, 52, 53, 54, 55, 56]. These transformations can be described through the generators of the κ-Poincaré Hopf algebra [57, 58, 59, 60, 61], the exact relation of which to possible DSR-theories has been investigated in [62].

The momentum is a Lorentz-vector in the standard way, and it transforms according to the usual Lorentz-transformation, Λ. The matrix Λ is an element of the Lorentzgroup SO(3, 1), and can be parameterized by the six parameters of the group. These parameters will encode the nature of the transformation, i.e. the type of rotation and the boost. Under a change of inertial systems the transformation is then p^′ = Λp.

In order to enable the invariance of the minimal length, it is now assumed that the wave vector behaves according to an unknown new transformation ~Λ. The modified transformation property of the wave-vectors are thereby achieved by allowing the generators of the Lorentz-group to act non-linearly on the space of wave-vectors. Exponentiating the infinitesimal transformations then results in an explicit dependence of the modified Lorentz-transformation on the wave-vector. We will denote this as k^′ = ~Λ(k), where the transformations ~Λ fulfill the requirements of forming a group.

The possible modification of the Lorentz-transformation at highest energies has recently received large interest as a candidate to explain the observations of ultra high energetic cosmic rays [64, 65, 66, 67, 68, 69, 70, 71].

2.3. MDR

The ordinary relativistic dispersion relation for a particle of mass m has the form

E^2 − p^2 − m^2 = 0 . (9)

We will call the dispersion relation for k modified, when it takes the form

ω^2 − k^2 − m^2 = Π(k) with Π(k) ≠ 0 . (10)

Confusingly, the term ’dispersion relation’ is also widely used for the derivative dk/dω. In the following, we will refer to the dispersion relation in the form of Eq. (9). In the case in which dω dk ≠ dE dp , (11)

we will have a theory with a variable speed of light (VSL). As will be discussed below, a MDR needs not necessarily imply a VSL.

3. Relations Between Different Approaches

It is apparent that the three different approaches are related to each other and that they must be treated as a threesome for a self-consistent framework. Even though the presence of relationships in special cases has been examined previously [48, 63], a clarification of the precise form remains to be given. It is of particular interest, whether each ansatz is equivalent to the others, and if so, how the one can be obtained from the other in practice.

3.1. GUP ⇒ DSR

This GUP is connected with the DSR in a very general way by observing that once the functional relation f between the quantities k and p is known, the transformation of k can be obtained from that of p. Even though the wave-vector transforms in an unknown way, we can find it by using the related momentum with help of f, then applying the standard Lorentz transformation to the momentum, and finally using the inverse of f:

~Λ(k) := f(Λf^{−1}(k)) . (12)

3.2. DSR ⇒ GUP

Now let us assume that we know the new transformation ~Λ for the wave-vector k in addition to the standard transformation Λp, and we aim to know the pair (f(p), p) for all values of p. Therefore, let us first remember that we know some special pairs (f(p^′), p^′) in the low energy regime (rest frame or very red shifted), where |E^′|, |p^′| ≪ m_p. In this limit, we will have no modifications

k^′ = p^′ and so f = Id . (13)

We then obtain the function f at all energies by boosting it into a new inertial system in which p takes an arbitrary value. Since this boost is known, we can define the relation f for all p via

f(p) := ~Λ(Id(Λ^{−1}p)) . (14)

3.3. DSR,GUP ↔ MDR

Now that we have seen how GUP is equivalent to DSR, let us examine their relation to the MDR. From the previous arguments, it will be sufficient to examine the way the GUP and MDR do affect each other. From a simple counting of equations one can already see that both in general will not be equivalent. The MDR in Eq. (10) is one equation to relate the pairs of (ω, k), but we will not know how these are related to the pairs of (E, p). Even with the assumption of isotropy, recovering GUP requires the knowledge of two unknown functions f_0 and f_1.

Using the relation between p to k one can, however, immediately write down the form of the dispersion relation with a GUP

((f^{−1})_0(k))^2 − ((f^{−1})_1(k))^2 − m^2 = 0 . (15)

Comparing with Eq. (10), we find the translation of GUP into MDR

Π(k) = ω^2 − ((f^{−1})_0(k))^2 − k^2 + ((f^{−1})_0(k))^2 . (16)

Even if it will, in general, not be possible to obtain the GUP-functions out of the MDR, there is an important and frequently used case in which there exists a useful relation: When both components of the vector do not mix, that is they take the form f_0(p) = f_0(E) and f_1(p) = f_1(p), or

(f^{−1})_0(k) = (f^{−1})_0(ω) , (f^{−1})_1(k) = (f^{−1})_1(k) , (17)

respectively (the example in Eq. (7) is of this case) then Π(k) takes the special form

Π(k) = ~Π_0(ω) − ~Π_1(k) . (18)

Since Π(0) = 0, Eq. (16) can then be cleanly separated and yields the invertible relations

(f^{−1})_{0/1}(ω) = ( ~Π_{0/1}(ω) − 1 )_{1/2} . (19)

3.4. MDR ↔ VSL

As mentioned earlier, a MDR needs not necessarily imply a varying speed of light. Using Eq.(15) with zero rest mass and taking the square root results in

(f^{−1})_0(k) = (f^{−1})_0(k) , (20)

which implicitly defines the mass-shell condition as ω(k). The total derivative with respect to k yields ∂_ω ( (f^{−1})_0 − (f^{−1})_1 ) = ∂_k ( (f^{−1})_0 − (f^{−1})_1 ) , (21)

taken at the position k = (ω(k), k). Therefore, the theory will leave the speed if light unmodified if f fulfills the constraint

(f^{−1})_0(x, x) − (f^{−1})_1(x, x) = 0 , (22)

which expresses the invariance of the light-cone. Two useful classes of function that respect the constancy of the speed of light, and which are appealing because of their symmetry are

f^{−1}(k) = k g(k) with g(0) → 1 (23) f^{−1}(k) = (h(ω, k), h(k, ω)) with h(0) → x , (24)

and with otherwise arbitrary g, h. For these functions, the dispersion relation for vanishing rest mass is not modified as one sees directly by inserting them in Eq.(20) from which follows that Π(k) = 0. The dispersion relation in the form Eq.(10) will be modified for massive particles, even though the speed of light is still 1. Functions of the type f^{−1}(k) = (g(ω), g(k)), which were discussed in [43] are a special case of (24). Functions of the type (23) were discussed in [47].

4. Conclusions

We have shown that theories with a Generalized Uncertainty Principle are equivalent to these with a Deformed Special Relativity and that they can be obtained from each other in a straightforward way. We have derived how both result in a modified version of the dispersion relation, which needs not necessarily imply a varying speed of light. The explicit translations between the existing approaches have been given. Provided that all three modifications are made together, the framework is self-consistent and can be used to extend the Standard Model.

The found relations between the different approaches towards a theory with a minimal length scale are summarized in Fig. 1.

Self-consistency in Theories with a Minimal Length 7

GUP k = f(p) DSR k^′ = ~Λ(k)

MDR ω^2 − k^2 − m^2 = Π(k) w/o VSL dω/dk = 1 with VSL dω/dk ≠ 1 Figure 1. Summary of the derived relations between the examined theories: Generalized Uncertainty Principle (GUP), Deformed Special Relativity (DSR), Modified Dispersion Relation (MDR), Varying Speed of Light (VSL).

Acknowledgments

This work was supported by the DFG and by the Department of Energy under Contract DE-FG02-91ER40618. I thank Steve Giddings for helpful discussions.

References

[1] D. J. Gross and P. F. Mende, Nucl. Phys. B 303, 407 (1988). [2] K. Konishi, G. Paffuti and P. Provero, Phys. Lett. B 234, 276 (1990). [3] D. Amati, M. Ciafaloni and G. Veneziano, Phys. Lett. B 216 (1989) 41. [4] T. Yoneya, Mod. Phys. Lett. A 4, 1587 (1989). [5] C. Rovelli, Living Rev. Rel. 1, 1 (1998). [6] T. Thiemann, Lect. Notes Phys. 631, 41 (2003).

[7] A. Perez, Class. Quant. Grav. 20, R43 (2003) [arXiv:gr-qc/0301113].

[8] A. Ashtekar and J. Lewandowski, Class. Quant. Grav. 21, R53 (2004) [arXiv:gr-qc/0404018]. [9] M. R. Douglas and N. A. Nekrasov, Rev. Mod. Phys. 73, 977 (2001) [arXiv:hep-th/0106048]. [10] F. Girelli, E. R. Livine and D. Oriti, Nucl. Phys. B 708, 411 (2005) [arXiv:gr-qc/0406100]. [11] C. I. Kuo and L. H. Ford, Phys. Rev. D 47, 4510 (1993).

[12] X. Calmet, M. Graesser and S. D. H. Hsu, Phys. Rev. Lett. 93, 211101 (2004) [arXiv:hep-th/0405033].

[13] V. Daftardar and N. Dadhich, Int. J. Mod. Phys. A 1 (1986) 731. [14] Y. J. Ng and H. Van Dam, Mod. Phys. Lett. A 9, 335 (1994). [15] E. P. Wigner, Rev. Mod. Phys. 29, 255 (1957). [16] H. Salecker and E. P. Wigner, Phys. Rev. 109, 571 (1958). [17] J. D. Barrow, Phys. Rev. D 54, 6563 (1996).

[18] N. Sasakura, Prog. Theor. Phys. 102, 169 (1999) [arXiv:hep-th/9903146]. [19] T. Padmanabhan, T. R. Seshadri and T. P. Singh, Int. J. Mod. Phys. A 1, 491 (1986). [20] F. Scardigli, Phys. Lett. B 452, 39 (1999);

[21] Y. J. Ng and H. van Dam, computers,” Int. J. Mod. Phys. A 20, 1328 (2005) [arXiv:gr-qc/0403057]. [22] T. Padmanabhan, Phys. Rev. Lett. 78, 1854 (1997) [arXiv:hep-th/9608182].

Self-consistency in Theories with a Minimal Length 8

[23] A. Smailagic, E. Spallucci and T. Padmanabhan, [arXiv:hep-th/0308122]. [24] M. Fontanini, E. Spallucci and T. Padmanabhan, [arXiv:hep-th/0509090]. [25] L. J. Garay, Int. J. Mod. Phys. A 10, 145 (1995) [arXiv:gr-qc/9403008]. [26] Y. J. Ng, Mod. Phys. Lett. A 18, 1073 (2003) [arXiv:gr-qc/0305019]. [27] S. Hossenfelder, Mod. Phys. Lett. A 19, 2727 (2004) [arXiv:hep-ph/0410122]. [28] A. Kempf, G. Mangano and R. B. Mann, Phys. Rev. D 52, 1108 (1995) [arXiv:hep-th/9412167]. [29] M. Maggiore, Phys. Lett. B 319, 83 (1993)[arXiv:hep-th/9309034]. [30] M. Maggiore, Phys. Rev. D 49, 5182 (1994) [arXiv:hep-th/9305163]. [31] A. Camacho, Int. J. Mod. Phys. D 12, 1687 (2003) [arXiv:gr-qc/0305052]. [32] I. Dadic, L. Jonke and S. Meljanac, Phys. Rev. D 67 (2003) 087701 [arXiv:hep-th/0210264]. [33] F. Brau, J. Phys. A 32 (1999) 7691 [arXiv:quant-ph/9905033]. [34] R. Akhoury and Y. P. Yao, Phys. Lett. B 572, 37 (2003). [35] U. H. Danielsson, Phys. Rev. D 66 (2002) 023511 [arXiv:hep-th/0203198]. [36] S. Shankaranarayanan, Class. Quant. Grav. 20 (2003) 75 [arXiv:gr-qc/0203060]. [37] L. Mersini, M. Bastero-Gil and P. Kanti, Phys. Rev. D 64 (2001) 043508 [arXiv:hep-ph/0101210]. [38] A. Kempf, Phys. Rev. D 63 (2001) 083514 [arXiv:astro-ph/0009209]. [39] A. Kempf and J. C. Niemeyer, Phys. Rev. D 64 (2001) 103501 [arXiv:astro-ph/0103225]. [40] J. Martin and R. H. Brandenberger, Phys. Rev. D 63 (2001) 123501 [arXiv:hep-th/0005209]. [41] R. Easther, B. R. Greene, W. H. Kinney and G. Shiu, Phys. Rev. D 67, 063508 (2003). [42] R. H. Brandenberger and J. Martin, Mod. Phys. Lett. A 16 (2001) 999 [arXiv:astro-ph/0005432]. [43] S. Hossenfelder et al, Phys. Lett. B 575, 85 (2003) [arXiv:hep-th/0305262]. [44] S. Hossenfelder, Phys. Rev. D 70, 105003 (2004) [arXiv:hep-ph/0405127]. [45] G. Bhattacharyya et al Phys. Lett. B 603, 46 (2004) [arXiv:hep-ph/0408295]. [46] W. G. Unruh, Phys. Rev. D 51, 2827 (1995).

[47] J. Magueijo and L. Smolin, Phys. Rev. D 67, 044017 (2003) [arXiv:gr-qc/0207085]. [48] J. L. Cortes and J. Gamboa, Phys. Rev. D 71, 065015 (2005) [arXiv:hep-th/0405285]. [49] G. Amelino-Camelia, Int. J. Mod. Phys. D 11, 35 (2002) [arXiv:gr-qc/0012051]. [50] G. Amelino-Camelia, Nature 418, 34 (2002) [arXiv:gr-qc/0207049]. [51] N. Sasakura, JHEP 0005, 015 (2000) [arXiv:hep-th/0001161].

[52] J. Magueijo and L. Smolin, Phys. Rev. Lett. 88, 190403 (2002) [arXiv:hep-th/0112090]. [53] M. Toller, Mod. Phys. Lett. A 18, 2019 (2003) [arXiv:hep-th/0301153]. [54] C. Rovelli and S. Speziale, Phys. Rev. D 67, 064019 (2003) [arXiv:gr-qc/0205108]. [55] A. A. Deriglazov, Phys. Lett. B 603, 124 (2004) [arXiv:hep-th/0409232]. [56] A. A. Deriglazov, [arXiv:hep-th/0510015].

[57] J. Lukierski, H. Ruegg, A. Nowicki and V. N. Tolstoi, Phys. Lett. B 264, 331 (1991). [58] S. Majid and H. Ruegg, Phys. Lett. B 334, 348 (1994) [arXiv:hep-th/9405107]. [59] J. Lukierski, H. Ruegg and W. J. Zakrzewski, Annals Phys. 243, 90 (1995) [arXiv:hep-th/9312153]. [60] J. Kowalski-Glikman, Phys. Lett. A 286, 391 (2001) [arXiv:hep-th/0102098]. [61] N. R. Bruno, G. Amelino-Camelia and J. Kowalski-Glikman, Phys. Lett. B 522, 133 (2001) [arXiv:hep-th/0107039].

[62] J. Kowalski-Glikman and S. Nowak, Phys. Lett. B 539, 126 (2002) [arXiv:hep-th/0203040]. [63] H. Calisto and C. Leiva, [arXiv:hep-th/0509227].

[64] T. Jacobson, S. Liberati and D. Mattingly, Phys. Rev. D 67, 124011 (2003). [65] G. Amelino-Camelia, Int. J. Mod. Phys. D 12, 1211 (2003) [arXiv:astro-ph/0209232]. [66] S. Sarkar, Mod. Phys. Lett. A 17, 1025 (2002) [arXiv:gr-qc/0204092]. [67] J. R. Chisholm and E. W. Kolb, Phys. Rev. D 69, 085001 (2004) [arXiv:hep-ph/0306288]. [68] J. W. Moffat, Int. J. Mod. Phys. D 12, 1279 (2003) [arXiv:hep-th/0211167]. [69] L. Gonzalez-Mestres, AIP Conf. Proc. 558, 878 (2001) [arXiv:astro-ph/0011181]. [70] O. Bertolami and C. S. Carvalho, Phys. Rev. D 61, 103002 (2000) [arXiv:gr-qc/9912117]. [71] G. Amelino-Camelia and T. Piran, Phys. Rev. D 64, 036005 (2001) [arXiv:astro-ph/0008107].