arXiv:0904.0453v2 [gr-qc] 15 Dec 2009

MIT-CTP-4025 0904.0453 [gr-qc]

Constraints on emergent gravity

Alejandro Jenkins^∗ Center for Theoretical Physics, Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

Abstract

In this essay we review the central difficulty in formulating a viable quantum field theory in which gravity is emergent at low energies, rather than mediated by a fundamental gauge field. The Weinberg-Witten theorem forbids spin-2, massless modes from carrying Lorentz covariant stress-energy. In General Relativity the stress-energy is not covariant because it violates a gauge invariance, but a gravitational theory without fundamental spin-2 gauge invariance must either lack a stress-energy operator or have a non-relativistic graviton. The latter option is incompatible with the principle of equivalence, though such theories are not necessarily ruled out at low energies.

Essay written for the Gravity Research Foundation 2009 Awards for Essays on Gravitation Awarded honorable mention

∗Electronic address: ajv@mit.edu

I. INTRODUCTION

The classical theory of General Relativity (GR) emerges at low energies from a relativistic quantum field theory (QFT) with an interacting, massless, spin-2 particle (the graviton) [1, 2, 3, 4]. The graviton’s coupling has dimensions of mass^{−1} (in units in which c = ℏ = 1), which implies that perturbative scattering amplitudes grow with energy. The quantized theory therefore appears to be non-renormalizable (for a review see, e.g., [5]).

String theory solves the problem of non-renormalizability and is widely seen as the most promising proposal for a consistent quantum theory of gravity, but its implications are far from being fully understood. A conceivable alternative is to take the graviton to be an emergent, low energy degree of freedom, like the pion in the case of the strong interactions. In this essay we review the reasons why this idea is difficult to implement, though a viable theory of gravity along these lines is not impossible.

II. LORENTZ AND GAUGE SYMMETRIES

Local gauge invariance is distinct from the other physical symmetries in that, rather than relating different physical setups, it declares that two different mathematical descriptions correspond to the same physical setup. This redundancy is a necessary feature of the relativistic description of massless particles with spin j > 1/2. (For a full treatment of this interpretation of gauge invariance in the spin 1 case, see [6].)

For spin 2, a Lorentz covariant tensor needs five polarizations, but a massless particle has only two. Under a Lorentz transformation Λ, a massless spin-2 field h_{μν} therefore transforms non-covariantly, as

h_{μν} (x) → Λ^ρ_μ Λ^σ_ν h_{ρσ}(Λx) + ∂_μξ_ν (x, Λ) + ∂_ν ξ_μ(x, Λ) . (1)

Maintaining physical Lorentz symmetry requires that we mod out graviton states by all gauge terms of the form ∂_μξ_ν + ∂_ν ξ_μ, and the graviton’s interactions must be such that these terms drop out of the expressions for observable quantities. In classical GR, this gauge invariance becomes general coordinate invariance [3].

Weinberg showed that Lorentz invariance in the QFT requires that the graviton couple universally to the conserved energy-momentum [7]. Otherwise, a Lorentz transformation will introduce a pure gauge term in the amplitude for soft graviton emission, leading to an

IR divergence (see also Sec. 13.1 in [6]). Thus, the graviton must couple to the Noether stress-energy T^μ_ν = ∂L ∂(∂_μg_{αβ}) (∂_ν g_{αβ}) − δ^μ_ν L , (2) where g_{μν} = η_{μν} + h_{μν} to linear order. But the Einstein-Hilbert action contains terms linear in second derivatives of the metric g_{μν} . To define the stress-energy by the Noether procedure, we must integrate these by parts and drop the boundary term, destroying the gauge invariance (see, e.g., Ch. 31 in [8]). This reflects the fact that the conserved energymomentum cannot be defined in a coordinate invariant way in GR and is therefore not a local observable.^1 Meanwhile, the gauge invariant

Θ^{μν} = 1 √ −g δS_{matter} δg_{μν} (3) measures the stress-energy of everything except gravity, and is therefore not conserved (see, e.g., Sec. 7.6 in [9]). For spin 1, all of this has a close parallel in Yang-Mills theories, where the conserved current is not gauge invariant because the gauge field is charged.

III. WEINBERG-WITTEN THEOREM

Let |p⟩ and |p^′⟩ be one-particle, spin-2, massless states —labeled by their 4-momenta— with the same Lorentz-invariant helicity ±2. The Weinberg-Witten theorem [10] establishes that if the matrix elements ⟨p^′|T^{μν} |p⟩ are Lorentz covariant, then lim_{p′→p}⟨p^′|T^{μν} |p⟩ = 0 , (4) which prevents the particle from carrying observable energy-momentum (for detailed reviews of the Weinberg-Witten theorem, see [11, 12]). Therefore, any theory with a non-trivial, massless tensor mode in its spectrum must

(a) lack a stress-energy operator, or

(b) have a fundamental gauge invariance, under which the stress-energy is not invariant, making the matrix elements ⟨p^′|T^{μν} |p⟩ mathematically non-covariant by Eq. (1), or

1 The fact that the conserved energy-momentum is not a local observable in GR follows from the principle of equivalence: there is always a frame of reference in which the gravitational field vanishes locally.

(c) have an emergent space-time, distinct from the background space-time, in which the emergent graviton propagates and has an emergent gauge invariance,^2

(d) have non-relativistic gravitons.

First-quantized string theory falls under category (a), because there is no consistent, offshell definition of the string action S in the background space-time with metric g_{ab}, so that the object T^{ab} = 1 √ −g δS δg_{ab} (5) is undefined. Other intrinsically nonlocal theories, such as Sundrum’s “fat gravitons” [15] also fall into this category (on this point, see also [16]). GR (and, presumably, string field theory) fall under category (b). The AdS/CFT correspondence falls under category (c). Proposals for emergent gravitons motivated by condensed matter physics usually fall under category (d): for some recent examples, see [17, 18, 19, 20, 21].

IV. EFFECTIVE GRAVITON COUPLING

A complete theory of emergent gravity should account for the non-gravitational physics (i.e., the Standard Model) as well as for a gravity-like interaction at low energies. Since the Standard Model is known to be Lorentz invariant to very high accuracy (see, e.g., [23]), the underlying theory should be well described by a relativistic QFT, at least up to the TeV scale. However, if that theory has a gauge invariant, conserved stress-energy,^3 then the Weinberg-Witten theorem requires that the emergent graviton’s energy-momentum be physically Lorentz non-covariant.

Let L̄ be the order of the gravitational Lorentz violation, i.e., the fraction of the gravity sector’s energy-momentum —defined in the appropriate preferred frame of reference— which does not transform covariantly. For instance, a graviton with a dispersion relation E = v|p|

2 It does not make sense to consider an emergent, spin-2 gauge invariance in the background space-time, because such an invariance prevents gravitational energy from being locally observable, and is therefore at odds with the separation of energy scales needed to formulate an effective field theory of emergent gravity. On this point, see also [13, 14].

3 Yang-Mills theories like the Standard Model have such a stress-energy: the Belinfante tensor (see, e.g., Sec. 7.4 in [6]), which may also be expressed by Eq. (3) evaluated at g_{μν} = η_{μν} .

FIG. 1: Diagram for the exchange of energy ΔE via an emergent graviton. If E, E^′ ∼ μ, then by dimensional analysis we typically expect ΔE ∼ μ^2/M_{Pl}. Meanwhile, by Eq. (6), ΔE ∼ L̄μ.

would have L̄ ∼ (c − v)/c, where c is the limiting speed in the Lorentz transformations. In the preferred frame, Eq. (4) becomes lim_{p′→p} ∫ d^3x ⟨p^′|T^{00}|p⟩ = p^0 ∼ L̄ · μ , (6)

where μ is the energy scale of the interactions. In other words, the Weinberg-Witten theorem implies that the fraction of the conserved energy that can couple like a graviton is of order L̄. Since the energy p0 carried by a graviton is of order μ2/M_{Pl}, where M^{−1}_{Pl} is the effective gravitational coupling to matter (see Fig. 1), we conclude that μ M_{Pl} ∼ L̄ . (7) For instance, if the emergent graviton is a Goldstone boson of spontaneous Lorentz violation, as in [18, 19, 20], L̄ → 0 corresponds to the restoration of the symmetry and the disappearance of the gravitational degrees of freedom (M_{Pl} → ∞). In Hořava’s implementation of emergent gravity [21], the graviton becomes relativistic only as μ → 0.

V. PRINCIPLE OF EQUIVALENCE

As we pointed out in Sec. II, the fact that in GR gravity couples universally to the conserved stress-energy follows from invariance of observables under gauge transformations

h_{μν} → h_{μν} + ∂_μξ_ν + ∂_ν ξ_μ . (8)

This universality —the principle of equivalence— is enforced in QFT by the Ward identity of the spin-2 gauge invariance [22]. Lorentz violation breaks this gauge invariance and consequently also the principle of equivalence (see, e.g., [23]).^4

As Witten has emphasized in [14], the key problem for emergent gravity is that exact equivalence implies a general coordinate invariance that prevents gravity from having a physical cutoff scale in that space-time, because a cutoff cannot be defined in a coordinateinvariant way. Equivalence has been experimentally verified at the level of ∼ 10^{−13}, but only in the coupling of gravity to matter [25]. It is possible that some new dynamical principle might give the non-relativistic graviton a universal or quasi-universal couplings to non-gravitational stress-energy. If Lorentz symmetry is broken only by gravity, a spurion analysis shows that the graviton’s self-coupling will violate equivalence at order L̄, but there are no direct observational constraints on this (see, e.g., Sec. 3.1 of [9], where it is referred to as violation of the “very strong principle of equivalence”).^5

Particles traveling faster than the non-relativistic graviton’s speed v would lose energy by gravitational Čerenkov radiation. Limits on this effect from high-energy cosmic rays indicate that (c − v)/c ≲ 10^{−15} [29], which may generically constrain emergent gravity much more than tests of equivalence.^6 Without exact equivalence, however, gravity at higher energies may look very different from GR, with consequences for the cosmology of the early universe, black holes,^7 etc.

VI. SUMMARY

In local field theory, if the graviton is not a gauge particle, then it must be non-relativistic. In that case, the order of the gravitational Lorentz violation will also be the order of the

4 We could, of course, replace Lorentz symmetry by a different symmetry, e.g. by working around de Sitter space-time [24]. The Standard Model would respect de Sitter (rather than Lorentz) invariance and the de Sitter analog of the Weinberg-Witten theorem would require either a local gauge invariance or physical non-covariance of the graviton’s energy-momentum. The latter would be incompatible with equivalence.

5 Vector-tensor theories of gravity [26] are examples of theories that break Lorentz symmetry and equivalence only in the gravity sector. Their gravitational vector field can be interpreted as a spurion of the breaking of Lorentz invariance [27]. For constraints on these theories, see [28].

6 These bounds are absent if the graviton is superluminal (v > c), which would require abandoning Lorentz symmetry at high energies [28].

7 Gravitational Lorentz violation may conflict with the laws of black hole thermodynamics [30]. There are no direct constraints of such effects, but they could raise problems for the consistency of quantum gravity.

violation of the principle of equivalence, as well as the order by which the graviton’s effective coupling is suppressed with respect to the energy scale of the interactions. Such theories are not necessarily ruled out, at least at low energies. Whether the apparent cost in elegance of working out a viable theory of this sort outweighs the potential advantage of addressing the problem of quantizing gravity within the context of ordinary field theory, seems open to debate.

Acknowledgments

We thank Ted Jacobson and Bob McElrath for valuable feedback on the draft of this essay, and Nabil Iqbal, Vijay Kumar, Florian Loebbert, John McGreevy, Luboš Motl, Takemichi Okui, T. Padmanabhan, Matthew Schwartz, Mark Wise, and Barton Zwiebach for discussions. This work was supported in part by the U.S. Department of Energy under contract DE-FG03-92ER40701.

[1] R. H. Kraichnan, S.B. thesis, MIT, 1947; Phys. Rev. 98, 1118 (1955); A. Papapetrou, Proc.

Roy. Irish Acad. 52A, 11 (1948); S. N. Gupta, Proc. Phys. Soc. London A65, 608 (1952); R. P. Feynman, Chapel Hill Conference, unpublished, 1956; R. P. Feynman, F. B. Morinigo, and W. G. Wagner, Feynman Lectures on Gravitation, ed. B. Hatfield, (Addison-Wesley, 1995).

[2] S. Deser, Gen. Rel. Grav. 1, 9 (1970) [arXiv:gr-qc/0411023]; arXiv:0910.2975 [gr-qc]. [3] S. Weinberg, Phys. Rev. 138, B988 (1965).

[4] D. G. Boulware and S. Deser, Annals Phys. 89, 193 (1975).

[5] S. Weinberg, in General Relativity: An Einstein Centenary Survey, eds. S. W. Hawking and W. Israel (Cambridge University Press, 1980), pp. 790-831.

[6] S. Weinberg, The Quantum Theory of Fields, Vol. I, (Cambridge University Press, 1995). [7] S. Weinberg, Phys. Rev. 140, B516 (1965).

[8] P. A. M. Dirac, General Theory of Relativity, (Princeton University Press, 1996). [9] S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity, (John Wiley & Sons, 1972).

[10] S. Weinberg and E. Witten, Phys. Lett. 96B, 59 (1980).

[11] A. Jenkins, arXiv:hep-th/0607239. [12] F. Loebbert, Annalen Phys. 17, 803 (2008). [13] H. Elvang and J. Polchinski, arXiv:hep-th/0209104.

[14] E. Witten, Conference in honor of Sidney Coleman at Harvard University, unpublished, 2005.

Video available at http://www.physics.harvard.edu/QFT/ [15] R. Sundrum, JHEP 9907, 001 (1999) [arXiv:hep-ph/9708329]; Phys. Rev. D 69, 044014 (2004) [arXiv:hep-th/0306106]; Nucl. Phys. B 690, 302 (2004) [arXiv:hep-th/0310251].

[16] T. Okui, Phys. Rev. D 73, 075012 (2006) [arXiv:hep-ph/0511082]. [17] S. C. Zhang and J. Hu, Science 294, 823 (2001) [arXiv:cond-mat/0110572]. [18] P. Kraus and E. T. Tomboulis, Phys. Rev. D 66, 045015 (2002) [arXiv:hep-th/0203221]. [19] A. Hebecker and C. Wetterich, Phys. Lett. B 574, 269 (2003) [arXiv:hep-th/0307109]; C. Wetterich, Phys. Rev. D 70, 105004 (2004) [arXiv:hep-th/0307145].

[20] B. McElrath, arXiv:0812.2696 [gr-qc].

[21] P. Hořava, JHEP 0903, 020 (2009) [arXiv:0812.4287 [hep-th]]; Phys. Rev. D 79, 084008 (2009) [arXiv:0901.3775 [hep-th]].

[22] R. Brout and F. Englert, Phys. Rev. 141, 1231 (1966); B. S. DeWitt, Phys. Rev. 162, 1239 (1967).

[23] D. Mattingly, Living Rev. Rel. 8, 5 (2005) [arXiv:gr-qc/0502097]. [24] H. Bacry and J. Levy-Leblond, J. Math. Phys. 9, 1605 (1968).

[25] S. Schlamminger, K. Y. Choi, T. A. Wagner, J. H. Gundlach and E. G. Adelberger, Phys.

Rev. Lett. 100, 041101 (2008) [arXiv:0712.0607 [gr-qc]].

[26] C. M. Will and K. J. Nordtvedt, Astrophys. J. 177, 757 (1972); R. W. Hellings and K. Nordtvedt, Phys. Rev. D 7, 3593 (1973). T. Jacobson and D. Mattingly, Phys. Rev. D 64, 024028 (2001) [arXiv:gr-qc/0007031].

[27] M. L. Graesser, A. Jenkins and M. B. Wise, Phys. Lett. B 613, 5 (2005) [arXiv:hep-th/0501223].

[28] T. Jacobson, PoS QG-PH, 020 (2007) [arXiv:0801.1547 [gr-qc]]. [29] G. D. Moore and A. E. Nelson, JHEP 0109, 023 (2001) [arXiv:hep-ph/0106220]. [30] S. L. Dubovsky and S. M. Sibiryakov, Phys. Lett. B 638, 509 (2006) [arXiv:hep-th/0603158].