arXiv:1106.0328v1 [gr-qc] 1 Jun 2011

R^n gravity and the chameleon

Valerio Faraoni^∗ Physics Department, Bishop’s University Sherbrooke, Québec, Canada J1M 1Z7

The Solar System bounds on R^n gravity are often ignored in the literature by invoking the chameleon mechanism. We show that in order for the latter to work, the exponent n must be ridicolously close to unity and, therefore, these theories are severely constrained.

PACS numbers: 04.50.Kd; 04.50.-h; 98.80.Jk Keywords: modified gravity, acceleration of the universe.

The acceleration of the cosmic expansion discovered with type Ia supernovae [1] still lacks a satisfactory explanation. The hypothetical dark energy wich is supposed to drive this acceleration is an ad hoc explanation: it cannot be detected directly in the laboratory and is extremely exotic due to its negative pressure P . Its equation of state should be P ≃ −ρ (where ρ is the comoving energy density) and phantom energy, which opens the door to much trouble with its instabilities and thermodynamical behaviour, is not at all excluded by the observations. Much theoretical effort has gone into proposing an abundance of models for dark energy and to constrain it observationally (see [2] for a detailed discussion and for references). An alternative approach consists of dispensing with dark energy and postulating, instead, that Einstein’s theory of General Relativity (GR) fails at the largest scales and that, with the cosmic acceleration, we have detected departures from the expected GR behaviour. This proposal [3, 4] has led to a revival of f(R) or “modified” gravity, described by the action S = 1 2κ ∫ d^4x √ −gf(R) + S^{(m)} , (1)

where g is the determinant of the spacetime metric g_{ab}, R is the Ricci scalar, κ = 8πG, G is Newton’s constant, and S^{(m)} is the matter action. This class of theories, which reduces to GR for a linear function f(R), comes in three versions: metric, Palatini, and metric-affine formalisms (see [5, 6] for reviews and [7] for introductions). The more complicated metric-affine formalism [8] is not fully developed yet and has seen little use in cosmology. Inside matter the Palatini formalism, in which the metric and the connection are treated as independent variables, is riddled with problems unless its field equations get modified by higher order terms [9] and, therefore, we will discuss here only the metric formalism, in which the connection is the metric connection (the distinction between metric and Palatini formalisms is irrelevant for GR, but the two variations produce inequivalent field equations for non-linear f(R) functions).

Metric f(R) gravity contains a scalar degree of freedom, identified with ϕ ≡ f^′(R). In fact, metric f(R) gravity is a Brans-Dicke theory [10] with parameter ω = 0 and a special potential for the Brans-Dicke field ϕ [11].

Starting from the action (1) and introducing a new field χ, the action S = 1 2κ ∫ d^4x √ −g [f(χ) + f^′(χ) (R − χ)] + S^{(m)} (2)

is dynamically equivalent to (1). Variation with respect to χ yields f^{′′}(χ) (R − χ) = 0 and χ = R if f^{′′}(R) ≠ 0, and the action (1) is reproduced. If we define the field ϕ ≡ f^′(χ) and set V (ϕ) = χ(ϕ)ϕ − f(χ(ϕ)) , (3) the action becomes [42] S = 1 2κ ∫ d^4x √ −g [ϕR − V (ϕ)] + S^{(m)} , (4)

an ω = 0 Brans-Dicke theory [10].

Many choices for the function f(R) have appeared in the literature, and there are viable ones which satisfy both theoretical viability criteria (such as correct cosmological dynamics, smooth transition between different cosmological eras, well-posed initial value problem, stability, correct weak-field limit and dynamics of cosmological perturbations) and experimental constraints [5, 6]. There is a large body of literature ([13, 14] and references therein) on the choice f(R) = αR^n (where α > 0 has the dimensions of a mass squared and n is not restricted to be an integer), on which we focus. Let us be clear on the terminology here: often, the literature refers to the theory described by f(R) = R +αR^2 motivated by quantum corrections to the Einstein-Hilbert Lagrangian as “R^2-gravity” (and, consequently, to f(R) = R + αR^n as “R^n-gravity”). This is not what we mean here: the term “R^n-gravity” in this paper refers strictly to the choice f(R) = αR^n and our considerations apply only to this class of theories (the prospects appear much better for f(R) = R + αR^n theories).

R^n gravity, like any f(R) theory, is subject to experimental constraints: while, from the mathematical physics point of view, it is perfectly acceptable to study this theory as a toy model in order to obtain analytical or qualitative insight on exact solutions, or on the role that the scalar degree of freedom f^′(R) may play in modifying GR, or to replace the full theory f(R) = R + αR^n with αR^n (which is mathematically easier to handle) for n > 0 in the strong gravity regime, the exponent n is not an entirely free parameter if the theory is meant to constitute a realistic alternative to dark energy.

Let us first consider two basic theoretical requirements associated with stability. First, avoiding the Dolgov- Kawasaki instability [15] leads to f^{′′}(R) ≥ 0 [16, 17] which corresponds to n ≤ 0 or n ≥ 1 for f(R) = αR^n. Second, on time scales shorter than the Hubble time, one models the present universe as a de Sitter one, and de Sitter space is usually found to be a late-time attractor in f(R) and dark energy models. Therefore, it is important that de Sitter space be stable, too, which provides the second criterion. The mass m of the scalar field ϕ = f^′(R) in de Sitter space is given by

m^2 = 1 3 ( f^′_0 f^{′′}_0 − R_0 ) , (5)

where a zero subscript denotes quantities evaluated in the de Sitter space with Ricci scalar R_0. Eq. (5) has been derived in a variety of ways, including the weakfield limit [18–20], gauge-invariant perturbation analyses of de Sitter space [21], and calculations of the propagator of f(R) gravity in a locally flat background [22]. For f(R) = αR^n, it is

m^2 =

(2 − n) 3(n − 1)

R_0 , (6)

and the requirement that the field ϕ be non-tachyonic is equivalent to 1 ≤ n ≤ 2. We take the parameter n in the intersection of these two intervals 1 ≤ n ≤ 2 (bounded from below by GR).

In order for f(R) = αR^n to provide a realistic alternative to dark energy, it also needs to satisfy the available experimental constraints. Writing n ≡ 1 + δ, light deflection does not provide bounds [23, 24] but the precession of Mercury’s perihelion yields the stringent limits [23, 25– 27] δ = (2.7 ± 4.5) · 10^{−19} . (7)

This constraint is often ignored in studies of R^n gravity [14], based on the belief that the Solar System limits are circumvented because in the weak-field limit of general f(R) gravity, the effective degree of freedom ϕ = f^′(R) is endowed with a range which may be very small at Solar system densities and much larger at cosmological densities. This feature would enable effects on cosmological scales but would shelter ϕ from the experimental bounds in the Solar System (the chameleon mechanism at work, see below). This argument is misleading: let us examine how it applies to the weak field limit of f(R) gravity in general, and then discuss the specific R^n theory.

The weak-field limit of f(R) gravity has been studied by various authors [20, 29, 30, 32]. Based on the equivalence between metric f(R) and ω = 0 Brans-Dicke gravity and on the Cassini bound |ω| > 40000 [28], early work dismissed all f(R) theories as unviable [29]. However, the fact was missed that the Cassini limit only applies to a Brans-Dicke field with range larger than, or comparable to, the size of Solar System experiments, while the effective mass and range of the scalar field ϕ = f^′(R) depend on the background curvature R, hence on the energy density of the environment. This is the chameleon mechanism originally discovered in quintessence models of dark energy [33], and later rediscovered in modified gravity [34]. The chameleon mechanism is not imposed to fine-tune the theory and evade the experimental limits: it is contained naturally in f(R) gravity and whether it works or not depends on the specific theory considered.

In the weak-field limit of f(R) theories [20, 30], one considers a spherically symmetric, weakly gravitating, perturbation of mass M of a cosmological space. In an adiabatic approximation, the background is taken to be a de Sitter space (with constant curvature, R_{ab} = R_0g_{ab}/4, and R_0 = 12H^2_0 ), which is a solution of f(R) gravity subject to the conditions [5]

f^′_0R_0 = 2f_0 . H_0 = √ f_0 6f^′_0

. (8)

The weak-field line element is written as

ds^2 = − [ 1 + 2Ψ(r) − H^2_0 r^2 ] dt^2 + [ 1 + 2Φ(r) + H^2_0 r^2 ] dr^2 + r^2dΩ^2 , (9)

where dΩ^2 = dθ^2 + sin^2 θdφ^2 is the line element on the unit 2-sphere and Ψ(r) and Φ(r) are post-Newtonian potentials. The goal is to compute these potentials by solving the linearized fourth order field equations and to obtain the PPN parameter γ = −Ψ/Φ, which is subject to the Cassini bound [28]

|γ − 1| < 2.3 · 10^{−5} (10)

(in GR, Ψ = −Φ is the Newtonian potential −κ M/(8πr) and γ = 1). A linearized analysis assuming that |Ψ(r)| , |Φ(r)| ≪ 1, H_0r ≪ 1, f(R) is analytical at R_0, and mr ≪ 1 yields [20, 30, 32]

Ψ(r) = − κ M 6πf^′_0r

, Φ(r) = κ M 12πf^′_0r , γ = 1 2 , (11)

in gross violation of the Cassini bound. This result would spell the end for f(R) gravity if it wasn’t for the fact that the assumption of a light scalar field, mr ≪ 1, is violated. In many f(R) theories this happens naturally and the mass of ϕ is large at high (i.e., Solar System) densities and almost zero at cosmological densities [34]. But does this mechanism work for f(R) = αR^n?

To answer this question, note that for n = 2 (the largest value of n allowed by theoretical stability) the mass (5) of the scalar ϕ = f^′(R) in a de Sitter background is exactly zero and this field has infinite range independent of the density of the environment; therefore, it is certainly subject to Solar System constraints and R^2 gravity is ruled out experimentally.

At a first sight, it looks surprising that the mass m vanishes while the potential (3) turns out to be V (ϕ) =^{ϕ2}_{4α} for this theory. The solution to this apparent contradiction is that it is not V (ϕ), but rather the combination ϕ^{dV}_{dϕ} − 2V (ϕ) that enters the equation of motion for the Brans-Dicke scalar [10] □ϕ = 1 2ω + 3 [ 8πT^{(m)} + ϕ dV dϕ − 2V ] , (12)

where T^{(m)} is the trace of the matter stress-energy tensor T^{(m)}_{ab} (which, in the weak-field, slow-motion limit, reduces to −ρ) and ϕ^{dV}_{dϕ} − 2V (ϕ) vanishes identically for a purely quadratic potential [43].

Incidentally, the theory f(R) = αR^2 with α > 0 (in D spacetime dimensions, f(R) = αR^{D/2} [36]) has other peculiarities or theoretical problems [37, 38]: it does not have the correct Newtonian limit [39] and eq. (8) is satisfied for all, not for special, values of the Ricci curvature R, which leads to unpleasant consequences [40]. That something goes wrong in the weak-field limit can be seen in the post-Newtonian potentials (11) which, using R_0 = 12H^2_0 , reduce to

Ψ = −2Φ = − κMH^{−1}_0 864πα 1 H_0r = − 1 216 R_scH^{−1}_0 α cH^{−1}_0 r (13) (restoring G and c) where R_s = 2GM/c^2 is the Schwarzschild radius of the mass M. Ψ and Φ are no longer guaranteed to be small in absolute value because cH^{−1}_0 /r ≪ 1 and it is not clear how to choose the parameter α. A more refined analysis including terms of order H_0r yields post-Newtonian potentials with Yukawa terms [24, 34, 41]

Ψ = − GM r ( 1 − δ e^{−ar} a^2r ) , (14)

Φ = GM r ( 1 + δ (1 + ar) e^{−ar} a^2r ] . (15)

In the limit n → 2^− in which a → 0 and the range of the scalar becomes infinite, the Yukawa terms dominate the Newtonian ones and diverge. The range of ϕ must be kept small in order to recover even the Newtonian limit [44].

At the opposite range of values for n we have GR, which is viable and in agreement with all available Solar System experiments. Between the values n = 1 and n = 2, the range of the scalar field varies continuously but rapidly between zero and infinity. This range is given by

FIG. 1: The range s(n) of the effective scalar degree of freedom ϕ = f^′(R) (in units cH^{−1}_0 ) for the theory f(R) = αR^n. The parameter n is in the range 1 ≤ n ≤ 2 allowed by stability. The function s(n) starts out with vertical tangent at n = 1.

the function s(n) = 1 2 √ n − 1 2 − n cH^{−1}_0 (16)

in the interval [1, 2]. This function varies continuously between s(1) = 0 and its limit lim_{s→2}− s(n) = +∞, always increasing. The derivative s^′(n) =^{cH−10}_{2(n−1)1/2(2−n)3/2} is always positive and the tangent to the graph of s(n) starts vertically at n = 1 and ends vertically as n → 2^−, which means that the range of ϕ increases quickly as the R^ntheory departs very slightly from GR (see fig. 1). Clearly, as long as the exponent n is very close to unity, the theory behaves as GR and passes the experimental tests while, approaching values of n closer to 2, the experimental bounds begin being violated, and disaster happens in the limit n → 2^−. In conclusion, only for very small values of n it is possible to invoke the chameleon mechanism in the weak-field analysis. By imposing the range of the scalar to be less than one astronomical unit (1.496 · 10^{13} cm) and using the value H_0 = 70 km · s^{−1} · Mpc^{−1} for the Hubble parameter, one would obtain the requirement

0 ≤ δ ≡ n − 1 ≤ 5 · 10^{−30} . (17)

Of course, realistic Solar System experiments do not have this level of precision, and the limit (7) applies instead. This renders R^n gravity a poor candidate for a realistic alternative to dark energy.

We thank Salvatore Capozziello for a discussion and the Natural Sciences and Engineering Research Council of Canada (NSERC) for financial support.

∗ vfaraoni@ubishops.ca [1] A.G. Riess et al., Astron. J. 116, 1009 (1998); S. Perlmutter et al., Nature 391, 51 (1998); A.G. Riess et al., Astron. J. 118, 2668 (1999); S. Perlmutter et al., Astrophys. J. 517, 565 (1999); A.G. Riess et al., Astrophys. J. 560, 49 (2001); J.L. Tonry et al., Astrophys. J. 594, 1 (2003); R. Knop et al., Astrophys. J. 598, 102 (2003); A.G. Riess et al., Astrophys. J. 607, 665 (2004); B. Barris et al., Astrophys. J. 602, 571 (2004).

[2] L. Amendola and S. Tsujikawa, Dark Energy, Theory and Observations (Cambridge University Press, Cambridge, 2010).

[3] S. Capozziello, S. Carloni, and A. Troisi, arXiv:astro-ph/0303041.

[4] S.M. Carroll, V. Duvvuri, M. Trodden, and M.S. Turner, Phys. Rev. D 70, 043528 (2004).

[5] T.P. Sotiriou and V. Faraoni, Rev. Mod. Phys. 82, 451 (2010).

[6] A. De Felice and S. Tsujikawa, Living Rev. Rel. 13, 3 (2010).

[7] S. Nojiri and S.D. Odintsov, Int. J. Geom. Meth. Mod.

Phys. 4, 115 (2007); N. Straumann, arXiv:0809.5148; S. Capozziello and M. Francaviglia Gel. Rel. Grav. 40, 357 (2008); T.P. Sotiriou, J. Phys. Conf. Ser. 189, 012039 (2009); V. Faraoni, arXiv:0810.2602.

[8] V. Vitagliano, T.P. Sotiriou, and S. Liberati, Ann. Phys.

(NY) 326, 1259 (2011); V. Vitagliano, T.P. Sotiriou, and S. Liberati, Phys. Rev. D 82, 084007 (2010); T.P. Sotiriou, Class. Quantum Grav. 23, 5117 (2006); arXiv:gr-qc/0611158; arXiv:0710.4438; T.P. Sotiriou and S. Liberati, Ann. Phys. (NY) 322, 935 (2007); J. Phys. Conf. Ser. 68, 012022 (2007).

[9] E. Barausse, T.P. Sotiriou, and J. Miller, Class. Quantum Grav. 25, 062001 (2008); Class. Quantum Grav. 25, 105008 (2008); arXiv:0801.4852; B. Li, D.F. Mota, and D.J. Shaw, Phys. Rev. D 78, 064018 (2008).

[10] C.H. Brans and R.H. Dicke, Phys. Rev. 124, 925 (1961). [11] P.W. Higgs, Nuovo Cimento 11, 816 (1959); B. Whitt, Phys. Lett. B 145, 176 (984); P. Teyssandier and P. Tourrenc, J. Math. Phys. 24, 2793 (1983); J.D. Barrow and S. Cotsakis, Phys. Lett. B 214, 515 (1988); K.I. Maeda, Phys. Rev. D 39, 3159 (1989); T. Chiba, Phys. Lett. B 575, 1 (2005).

[12] R.M. Wald, General Relativity (Chicago University Press, Chicago, 1984).

[13] S. Nojiri and S.D. Odintsov, arXiv:1011.0544; A.M.

Nzioki, P.K.S. Dunsby, R. Goswami, and S. Carloni, Phys. Rev. D 83, 024030 (2011); C.-G. Park, J. Hwang, and H. Noh, arXiv:1012.1662; S. Capozziello, M. De Laurentis, and A. Stabile, Class. Quantum Grav. 27, 165008 (2010); P.K.S. Dunsby, AIP Conf. Proc. 1115 205 (2009); V. Faraoni, Class. Quantum Grav. 26, 195013 (2009); N. Goheer, J. Larena, and P.K.S. Dunsby, Phys. Rev. D 80, 061301 (2009); P.K.S. Dunsby, Class. Quantum Grav. 26, 105003 (2009); K.N. Ananda, S. Carloni, and P.K.S. Dunsby, Class. Quantum Grav. 26, 235018 (2009); S. Carloni, A. Troisi, and P.K.S. Dunsby, Gen. Rel. Grav. 41, 1757 (2009); S. Carloni, K.N. Ananda, P.K.S. Dunsby, and M.E.S. Abdelwahab, arXiv:0812.2211; K.N. Ananda, S. Carloni, and P.K.S. Dunsby, arXiv:0812.2028; N. Goheer, R. Goswami, J.A. Leach, and P.K.S. Dunsby,

Class. Quantum Grav. 25, 035013 (2008); K.N. Ananda, S. Carloni, and P.K.S. Dunsby, Phys. Rev. D 77, 024033 (2008); S. Carloni, P.K.S. Dunsby, and A. Troisi, Phys. Rev. D 77, 024024 (2008); L. Amendola, R. Gannouji, D. Polarski, and S. Tsujikawa, Phys. Rev. D 75, 083504 (2007); N. Goheer, J.A. Leach, and P.K.S. Dunsby, Class. Quantum Grav. 24, 5689 (2007); T. Clifton, Class. Quantum Grav. 24, 5073 (2007); C. Corda, J. Cosmol. Astropart. Phys. 0704, 009 (2007); J.A. Leach, P.K.S. Dunsby, and S. Carloni, arXiv:gr-qc/0702122; S. Carloni and P.K.S. Dunsby, J. Phys. A 40 6919 (2007); T. Clifton and J.D. Barrow, Class. Quantum Grav. 23, 2951 (2006); S. Carloni, P.K.S. Dunsby, and D.M. Solomons, Class. Quantum Grav. 23, 1913 (2006); D. Barrow and T. Clifton, Class. Quantum Grav. 23, L1 (2006); S. Capozziello, V.F. Cardone, and A. Troisi, Phys. Rev. D 73, 104019 (2006); J.A. Leach, S. Carloni, and P.K.S. Dunsby, Class. Quantum Grav. 23, 4915 (2006); C. Corda, arXiv:0710.2605; T. Clifton, Class. Quantum Grav. 23, 7445 (2006); S. Carloni, P. K.S. Dunsby, S. Capozziello, and A. Troisi, Class. Quantum Grav. 22, 4839 (2005); T. Clifton and J.D. Barrow, Phys. Rev. D 72, 103005 (2005); N. Furey and A. De Benedictis, Class. Quantum Grav. 22, 313 (2005); A. Pavlov, Int. J. Theor. Phys. 36, 2107 (1997); M. Ferraris, M. Francaviglia, and I. Volovich, Class Quantum Grav. 11, 1505 (1994); D. Burlankov and A. Pavlov, Int. J. Mod. Phys. A 4, 5177 (1989).

[14] G. Leon and E.N. Saridakis, Class. Quantum Grav. 28, 065008 (2011); Y. Bisabr, Grav. Cosmol. 16, 239 (2010); S. Carloni, Open Astron. J. 3, 76 (2010); S. Capozziello, M. De Laurentis, and M. Francaviglia, Astropart. Phys. 29, 125 (2008); C. Corda, Mod. Phys. Lett. A 23, 109 (2008); Phys. Lett. B 669, 255 (2008); A. Aviles Cervantes and J.L. Cervantes-Cota, AIP Conf. Proc. 1083, 57 (2008); C, Corda, arXiv:0710.2665; C. Frigerio Martins and Paolo Salucci, Mon. Not. Roy. Astr. Soc. 381, 1103 (2007); S. Capozziello, V.F. Cardone, and A. Troisi, Mon. Not. Roy. Astr. Soc. 375, 1423 (2007); C. Corda, J. Cosmol. Astropart. Phys. 0704, 009 (2007); S. Mendoza and Y. M. Rosas-Guevara, Astron. Astrophys. 472, 367 (2007); R. Saffari and Y. Sobouti, Astron. Astrophys. 472, 833 (2007); C. Corda, arXiv:0710.2605; S. Capozziello, S. Carloni, and A. Troisi, Res. Dev. Astron. Astrophys. 1, 625 (2003); S. Capozziello, Int. J. Mod. Phys. D 11 483 (2002).

[15] A.D. Dolgov and M. Kawasaki, Phys. Lett. B 573, 1 (2003).

[16] V. Faraoni, Phys. Rev. D 74, 104017 (2006); Phys. Rev.

D 75, 067302 (2007).

[17] S. Nojiri and S.D. Odintsov, Phys. Rev. D 68, 123512 (2003).

[18] V. Muller, H.J. Schmidt, and A.A. Starobinsky, Class.

Quantum Grav. 7, 1163 (1990).

[19] I. Navarro and K. Van Acoleyen, J. Cosmol. Astropart.

Phys. 0702, 022 (2007).

[20] T. Chiba, T.L. Smith, and A.L. Erickcek, Phys. Rev. D 75, 124014 (2007).

[21] V. Faraoni and S. Nadeau, Phys. Rev. D 72, 124005 (2005); V. Faraoni, Phys. Rev. D 70, 044037 (2004); Phys. Rev. D 72, 061501(R) (2005).

[22] A. Nunez and S. Solganik, arXiv:hep-th/0403159. [23] T. Clifton and J.D. Barrow, Phys. Rev. D 72, 103005 (2005).

[24] M. Lubini, C. Tortora, J. Näf, P. Jetzer, and S.

Capozziello, arXiv:1104.2851.

[25] T. Clifton and J.D. Barrow, Class. Quantum Grav. 23, 2951 (2006).

[26] J.D. Barrow and T. Clifton, Class. Quantum Grav. 23, L1 (2006).

[27] A.F. Zakharov, A.A. Nucita, F. De Paolis, and G. Ingrosso, Phys. Rev. D 74, 107101 (2006).

[28] B. Bertotti, L. Iess, and P. Tortora, Nature 425, 374 (2003).

[29] T. Chiba, Phys. Lett. B 575, 1 (2003). [30] G.J. Olmo, Phys. Rev. D 75, 023511 (2007). [31] I. Navarro and K. Van Acoleyen, JCAP, 0603, 008 (2006). [32] V. Faraoni and N. Lanahan-Tremblay, Phys. Rev. D 77, 108501 (2008).

[33] J. Khoury and A. Weltman, Phys. Rev. Lett., 93, 171104 (2004); Phys. Rev. D 69, 044026 (2004).

[34] T. Faulkner, M. Tegmark, E.F. Bunn, and Y. Mao, Phys.

Rev. D 76, 063505 (2007).

[35] V. Faraoni, Class. Quantum Grav. 26, 145014 (2009). [36] D.N. Vollick, Phys. Rev. D 76, 124001 (2007). [37] M. Ferraris, M. Francaviglia, and G. Magnano, Class.

Quantum Grav. 5, 295 (1988).

[38] T.P. Sotiriou, Class. Quantum Grav. 23, 5117 (2006). [39] E. Pechlaner and R. Sexl, Comm. Math. Phys. 2, 165 (1966).

[40] A.M. Nzioki, S. Carloni, R. Goswami, and P.K.S.

Dunsby, Phys. Rev. D 81, 084028 (2010).

[41] S. Capozziello and A. Stabile, Mod. Phys. Lett. A 24, 659 (2009); V.F. Cardone and S. Capozziello, arXiv:1102.0916.

[42] We follow the notations of Ref. [12].

[43] Because of this fact, the coefficient of ϕ^2 in a quadratic potential should not be regarded as the mass of ϕ [35].

[44] Note that these considerations do not apply to f(R) = R + αR^n theories.