arXiv:1304.7270v1 [hep-ph] 26 Apr 2013

Axion Dark Matter and Planck favor non-minimal couplings to gravity

Sarah Folkerts,^{1, ∗} Cristiano Germani,^{1, †} and Javier Redondo^{1, 2, ‡} 1Arnold Sommerfeld Center, Ludwig-Maximilians-University, Theresienstr. 37, 80333 München, Germany 2Max-Planck-Institut für Physik (Werner-Heisenberg-Institut) , Föhringer Ring 6, 80805 München, Germany

Constraints on inflationary scenarios and isocurvature perturbations have excluded the simplest and most generic models of dark matter based on QCD axions. Considering non-minimal kinetic couplings of scalar fields to gravity substantially changes this picture. The axion can account for the observed dark matter density in the anthropic window avoiding an overproduction of isocurvature fluctuations. Finally, we show that assuming the same non-minimal kinetic coupling to the axion (dark matter) and to the standard model Higgs boson (inflaton) provides a minimal picture of early time cosmology.

INTRODUCTION

The new results of Planck are striking for cosmology [1]. The absence of non-gaussianity [2] points to models of inflation that are effectively single-field. Moreover, the fact that no gravitational waves have been observed so far puts a severe constraint on single-field models. With this constraint, typical large-field scenarios (chaotic inflation) minimally coupled to gravity [3] are disfavored with respect to non-minimal ones [4]. Natural inflationary scenarios (small field inflation) [5] are instead favored because of their low gravitational wave emission. However, in order to rely on these models, again, non-minimal couplings to gravity are necessary [6].

The implications of Planck transcend the physics of inflation and have far-reaching consequences for other aspects of cosmology, like the nature of dark matter (DM).

The QCD axion [7, 8] is one of the better motivated DM candidates [9–11]. It is a hypothetical 0^− particle with a very small mass (m_a ≲ 10 meV) that appears as a consequence of the Peccei-Quinn solution to the strong CP problem of the standard model [12, 13]. It requires peculiar laboratory searches [14–16] and might have distinctive signatures in structure formation [17].

The axion can be described by a model-independent effective-field-theory up to a strong coupling scale f_a [18]. The axion would be a massless field if it were not for its coupling to the QCD Chern-Simons form (L ∋ G^a_{μν} ~G^{aμν} a/f_a). Through it QCD instantons give the axion a small mass, which is strongly suppressed at temperatures larger than the QCD confining scale, T > Λ_{QCD}. This description can be used during inflation if the inflationary scale H_I is far below f_a.

During inflation, the axion field settles to a homogeneous value a_i ∝ f_a. Much later, as the universe cools down and its mass is generated, the axion starts oscillating around the minimum of its potential producing DM particles with a density proportional to a^2_i . This is what is called the misalignment mechanism. From a phenomenological point of view, the right amount of axion cold dark matter can be obtained in a broad range of values of f_a > 10^{10} GeV [10, 19]. This is possible because a_i is unspecified in our local universe, although it can actually be selected by anthropic arguments [20] – hence the name anthropic axion window. Experimental searches for axion DM are sensitive around f_a ∼ 10^{12} GeV (μeV masses) and new ideas exist to explore much larger values [21].

The anthropic axion dark matter paradigm has been severely constrained by cosmology but, after Planck, it is more than ever. During inflation, the massless axion has quantum fluctuations around a_i. These induce DM fluctuations of order δa/a_i ∼ H_I /a_i when the axion mass sets in. They modify the temperature power spectrum of the cosmic microwave background (CMB) by shifting the acoustic oscillations towards smaller scales [22]. The crucial point is that large-field inflationary scenarios with a spectral index n_s ≃ 0.96, as measured by Planck, are typically related to inflationary scales above H_I ∼ 10^{13}GeV. With such values of H_I , the distortion of the power spectrum would be large but Planck (and the previous WMAP mission) see no trace of isocurvature perturbations. Therefore, DM models with a dominant axion component in the anthropic regime are excluded.

In this letter, we show that considering non-minimal kinetic couplings to gravity allows for two solutions to the isocurvature problem. First, we will consider a low-H_I scenario achieved by coupling the inflaton non-minimally to gravity as in [6]. Second, we couple the QCD axion itself non-minimally to gravity. The new coupling does not affect the density of DM but can be set to suppress the isocurvature perturbations during inflation. This mechanism is applicable to other light DM candidates that suffer from the isocurvature constraint [23]. Finally, we discuss a minimal scenario where the standard model plus the axion account for both: inflation via the Higgs boson and DM via the axion, both of them non-minimally coupled as in the new Higgs inflationary case [24].

We conclude mentioning that alternative scenarios to the anthropic axion are also severely constrained by cosmology. The axion can be modeled as a Nambu- Goldstone boson appearing only at temperatures below the so-called Peccei-Quinn phase-transition (∼ f_a). If this transition happens after inflation, isocurvature perturbations are not generated simply because the axion does not exist yet. However, during this transition topological defects are produced, which in the most generic cases over-close the Universe and are excluded [19, 25].

It seems then, that the anthropic DM axion is strongly favored by the last Planck data when non-minimal couplings to gravity are considered, as we shall show. Non-minimal couplings during Inflation.- The paradigm of inflation is based on an interacting massless spin-2 particle (the graviton) with a spin-0 (the inflaton), i.e. three degrees of freedom. Since gravity is non-renormalizable, we are allowed to consider all possible interactions that do not change the number of degrees of freedom. As we are only interested in small derivative expansions (slowroll), we consider Lagrangians up to two derivatives in the (canonical) scalar. The most generic ghost-free action in the Einstein-frame, linear in curvatures, reads [24] 1 2 ∫ d^4x √ −g [ M^2_p R − ( g^{αβ} − G^{αβ} M^2_ϕ ) ∂_αϕ∂_β ϕ − 2V (ϕ) ] .(1)

An interesting feature is that the coupling M_ϕ does not run up to the Planck scale [26].

The Universe, characterized by the Friedman- Robertson-Walker metric ds^2 = −dt^2 + R(t)^2dx^2, undergoes a quasi-deSitter expansion during inflation, Ṙ/R ≡ H_I ≃ const. In this case G^{αβ} ≃ −3H^2g^{αβ} , so the kinetic term of the non-minimally coupled field ϕ is effectively renormalized by

γ^2 = 1 +

3H^2_I M^2_ϕ

. (2)

The scalar field ϕ must then be canonically normalized to ϕ̄ = γϕ, which makes V (ϕ) → V (ϕ̄/γ). In the high friction regime [4], H_I ≫ M_ϕ, the curvatures of the potential are suppressed by factors of γ, e.g. ∂¯_ϕV = V^′/γ ≪ V^′, where^′ denotes derivatives w.r.t. ϕ. Therefore, potentials that are steep in ϕ can be flat in ϕ̄ and at the same time be in the weak coupling regime [6, 24]. This is the gravitationally enhanced friction mechanism (GEF) explained in [4] and [27]. In these models, the power spectrum of fluctuations and their spectral index are

P_s =

H^2_I 8π^2M^2_p 1 ϵ and n_s − 1 = −8ϵ + 2η, (3)

where ϵ = V^{′2}M^2_p 2V^2 1 γ^2

; η =

V^{′′}M^2_p V 1 γ^2 (4) are the slow-roll parameters of the theory, which satisfy η, ϵ ≪ 1. Note, that they are different from the ones in standard minimal inflationary theories.

Axion Dark Matter.- In the early universe, axion DM is produced around the time when H ∼ m_a, where m_a is the axion mass, and the axion starts to oscillate coherently as a condensate of non-relativistic particles. At this time the number density of DM axions is n_a ≃^1_2 m_aa^2_i =^1_2 m_aΘ^2_i f^2_a , where a_i is the initial value of the axion field. The axion potential is periodic a → a + 2πf_a, so we can take a in the range (−πf_a, πf_a) and define the angle Θ_i = a_i/f_a. The axion mass is temperature-dependent. Below the QCD phase transition (T < Λ_{QCD} ∼ 200 MeV) m_a ∼ (77MeV)^2/f_a is fixed by the low energy action, but at T > Λ_{QCD} the mass decreases very strongly with temperature. However, being driven by instantons the exact behavior of m_a(T ) is uncertain [28].

Assuming radiation domination during the QCD phase transition and standard cosmology afterwards, the axion DM abundance today, ρ_a, is [10]^1

ρ^a_{DM} ρ^{obs}_{DM}

≃ Θ^2_i 1.7 (_{fa} 10^{12} GeV

)_{1.184} ; (f_a < f_Λ)

8 × 10^5 (_{fa} 10^{17} GeV )_{1.5} ; (f_a > f_Λ) , (5)

where f_Λ ≡ 3.6 × 10^{17}GeV and the observed DM abundance is ρ_{DM} = 1.3 keV/cm^3 [1]. The upper expression of (5) corresponds to T_{osc} > Λ_{QCD} and the lower to T_{osc} < Λ_{QCD}. Note that for each value of f_a ≳ 10^{12} GeV there is an initial condition for which axions can account for all the DM. We denote it by Θ_i(f_a).

The main constraint in this scenario comes from isocurvature perturbations. Being essentially massless during inflation, the axion field receives quantum fluctuations of the order of the Hubble scale, δa ≃ H_I /2π ≃ const. Since the axion potential is flat during inflation, these fluctuations will not perturb the total energy density of the universe; such fluctuations are called isocurvature perturbations. When the axion mass builds up at T ≃ Λ_{QCD} these fluctuations induce non-vanishing density perturbations. Since the relevant curvature perturbations are already at super-horizon scales and therefore frozen, other components have to be perturbed such that the total curvature perturbation vanishes. This implies additional temperature perturbations. Standard calculations [29] show that the power spectrum of these perturbations is given by P_{iso} = δ^{iso}T/T ∝ −δn_a/n_a. The total power-spectrum is thus given by P_{ad} + P_{iso} = P (k) where P_{ad} is the adiabatic component induced by the inflaton. The Planck results are compatible with only adiabatic perturbations, and thus constrain the amount of isocurvature α ≡ P_{iso} P_{iso} + P_{ad} ≃ H^2_I P_sπ^2f^2_a Θ^2_i

< 0.039 (95%C.L.) (6)

where P_s = 2.2 × 10^{−9} [1].

Insisting on axions accounting for all the DM, Θ_i(f_a) is known, and one finds a widely-discussed [10, 30] upper

1 We neglect anharmonicities and fluctuations of the initital misalignment angle, which are small in our region of interest.

bound on H_I < π √ αP_sf_aΘ_i(f_a),

H_I < 2.3 × 10^7 (_{fa} 10^{12} GeV

)_{0.408} GeV 3.2 × 10^9 (_{fa} 10^{17} GeV

)_{0.25}

GeV. (7)

This bound is in strong tension with Planck not observing non-gaussianities, which prefers large single field inflationary scenarios with H_I ∼ 10^{13} GeV.

There are two naive solutions to the problem: a) considering very low values of H_I < 10^{10} GeV or b) huge values of f_a ≫ M_p. However, as stated before, in the first case one can very easily run into trouble with nongaussianities, while the second is incompatible with the fact that all physical scales should be sub-Planckian [31], and hence will be dismissed.

SAVING THE DARK MATTER AXION

In the following we point out two possible ways to circumvent the bounds previously discussed in the context of fields non-minimally coupled to gravity. Small scale Inflation.- In order to obtain a small-scale inflationary scenario we consider the model of [6], which is a natural inflation model [5] where all scales are sub- Planckian. The role of the inflaton is played by a hidden axion (characterized by a decay constant f_ϕ), which is non-minimally kinetically coupled as in (1) and where (3) and (4) hold. The potential comes from instanton effects of a hidden gauge group with strong-coupling scale Λ_ϕ. In the small field case (ϕ/f_ϕ ≪ 1), one finds V (ϕ) ≃ Λ^4_ϕ(2 − ϕ^2/2f^2_ϕ) which directly implies

1 − n_s ≃ 2η =

M^2_p f^2_ϕ 1 γ^2

. (8)

Since Planck measures 1 − n_s ≃ 0.04, one can only have f_ϕ ≪ M_p in the high friction limit γ ≫ 1.

The power-spectrum allows to relate H_I and ϕ/f_ϕ,

H_I = π √ P_s(1 − n_s)/2 M_p ϕ f_ϕ ≃ 5 × 10^{13} ϕ f_ϕ GeV. (9)

Thus, by considering small ϕ we can arbitrarily choose H_I , as we desired. In this model it is therefore possible to have axion dark matter created from the misalignment mechanism [10, 30] with H_I ≲ 10^{10}GeV avoiding large isocurvature perturbations. Since the model is singlefield non-gaussianities are negligible [32].

Suppressing isocurvature perturbations.- The isocurvature perturbations are given by the ratio δΘ/Θ_i. In order to quantize Θ we need to canonically normalize it. In other words we need to define the field axion as a = NΘf_a, where N represents the normalization appearing in the kinetic term of Θ, f^2_a N^2(∂Θ)^2. Let us suppose that the canonical normalization of Θ during and after inflation differs. In terms of the dark matter axion a_{after} = N_{after}Θf_a, where N_{after}(N_{before}) represents the normalization of the axion after (before) inflation, we have

δa_{after} a_{after} = N_{after} N_{during} δa_{during} a_{after} ≃ N_{after} N_{during} H_I 2π a_{after}

. (10)

The action (1) obviously provides a simple mechanism to get N_{after} ≪ N_{during}, suppressing isocurvature perturbations. During inflation N_{during} ≃ γ in the high friction regime whereas N_{after} ≃ 1 later when H ≪ M_a. Therefore

N_{after} N_{during} = 1 γ ≃ M_a √ 3H_I ≪ 1 . (11)

The isocurvature constraint (6) turns then into an upper bound on M_a

M_a < M^{max}_a =

4.0 × 10^7 (_{fa} 10^{12} GeV

)_{0.408} GeV,

5.2 × 10^9 (_{fa} 10^{17} GeV

)_{0.25} GeV.

(12)

Imposing f_a < M_p we get M_a < 1.2 × 10^{10} GeV. In our scenario Θ_i is small and anharmonic effects can be safely neglected as assumed before; for f_a ∼ 4×10^{16} GeV we indeed have Θ_i = 1.5 × 10^{−3}.

Another mechanism for supressing isocurvatures is to force the QCD coupling to be strong during inflation by coupling for instance the inflaton to the gluon kinetic term as (ϕ/M_p)^2G_{μν} G^{μν} with ϕ/M_p ≲ 1 [33]. Interestingly, one can naturally achieve this in the GEF inflation scenario, again pointing to the non-minimal coupling.

INFLATION AND DARK MATTER FROM THE STANDARD MODEL

We now consider the natural case in which, not only the QCD axion, but also the Higgs boson of the Standard Model is non-minimally kinetically coupled to gravity. This allows the attractive option of producing, with only one mechanism, a successful inflationary scenario and the right abundance of dark matter.

The Higgs boson (h) with the action (1) (mass scale → M_h) and potential^2 V (h) =^λ_4 h^4 leads to a successful model of inflation, as shown in [24]. Canonical inflationary models with potential λϕ^4 are ruled out by Planck because of too much gravitational wave emission [1]. However, in our case the amplitude of gravitational waves is strongly suppressed and those bounds

2 Here we assume that, during inflation, h ≫ 246GeV, i.e. much larger than the Higgs boson vev for the Standard Model. h is the Higgs component in the unitary gauge.

are easily evaded [4]. This is due to the fact that nonminimal kinetic couplings make the inflationary background “closer” to de-Sitter [26].

The equations (3), (4) predict H_I = 2πM_p √ 2P_s(1 − n_s)/5 = 9 × 10^{13} GeV but do not fix M_h. For this we have to complement them with the Friedman equation H^2_I ≃ V/3M^2_p , which during slow-roll then leads to

M_h = 4.0 M_p(1 − n_s)^{54} P^{34}_s λ^{− 14} . (13)

The recent measurement of ATLAS and CMS of the Higgs boson mass, m_h = 126 GeV, give λ = 0.26. However, λ runs from the electroweak scale to the ∼ H_I scale where our formulas apply. As an order of magnitude estimate of the values of λ during inflation, we considered the Standard Model renormalization group equations up to the scale H_I , for a recent computation see e.g. [34]. In order to avoid the electroweak instability problem (see e.g. [35] and references therein), we consider values of the top mass m_t ≃ 171GeV. This is within the 3σ range of the measured value. Of course, new physics can in principle have an important role and are a source of uncertainties that we cannot address. The additional nonminimal coupling itself influences the running (at scales > M_h). We expect that it softens the running such that λ > 0 even for different values of m_t, but this important aspect is left for future work [36]. All in all, assuming λ(H_I ) > 0 is realized allows to consider λ ∼ 0.01 as a order-of-magnitude estimate.

If our model is responsible for having Higgs inflation and QCD axions as dark matter, we would ideally only tolerate a small hierarchy between M_a and M_h. The ratio M_a/M_h is not fixed by our model and Planck data, but it is bounded from above because of the upper limit for M_a, c.f. (12). The upper limit M^{max}_a /M_h depends on the value of f_a and generally decreases with decreasing f_a. In Fig. 1 we show isocontours of M^{max}_a /M_h in the n_s −f_a plane. We see that natural values (M^{max}_a /M_h ∼ 0.1) are possible for the highest meaningful values of f_a ∼ M_p. Even for values as small as f_a ∼ 10^{16} GeV, we get quite acceptable ratios of 0.01 < M^{max}_a /M_h ≲ 0.03. These numbers are relatively sensitive to uncertainties on the measured value of n_s but not on λ because it enters mainly through M_h, which scales as (1 − n_s)^{5/4}/λ^{1/4} (see (13)). Therefore, even though for a complete picture one has to perform the full RG analysis, we are confident that this will not change our main conclusions.

CONCLUSIONS

The absence of an indirect observation of gravitational waves by Planck challenges the standard particle-physics-motivated inflationary scenarios where gravity is minimally coupled to the inflaton. Scenarios with nonminimal kinetic couplings as in [6] or [24] are instead

FIG. 1. Isocontours of M^{max}_a /M_h, i.e. the maximum value of Ma/M_h in our model of Higgs inflation and axion dark matter allowed by Planck constraints on isocurvature perturbations. We have used λ(HI ) = 0.01. The spectral index ns measured by Planck is shown as yellow bands for 1 and 2σ error. The area outside is disfavored at 95%C.L.

strongly favored because of their small gravitational wave production during inflation [4]. In addition, the absence of non-gaussianities and isocurvature perturbations in the CMB challenges one of the best motivated dark matter candidates, the QCD axion, if minimally coupled to gravity. A kinetic non-minimal coupling of the axion to gravity again solves this tension by suppressing isocurvature perturbations of the axion even at high inflationary scales.

Non-minimal couplings “change” the canonical normalization of the axion before and after inflation, such that the ratio between the axion fluctuations during inflation and the expectation-value of the axion much after inflation is suppressed by the scale of inflation. Contrary to the minimal case, the higher the scale of inflation is the smaller are the observed isocurvature perturbations. Thus, we find axion dark matter in the anthropic window is still a viable paradigm.

Finally, we have shown that non-minimal kinetic couplings allow the Higgs boson and the axion to account for inflation and dark matter, respectively, without introducing a large hierarchy of scales.

To conclude, in this letter we would like to leave the message that, perhaps, cosmology is leading us to revisit our ideas of how gravity should “naturally” couple to matter, at least at high energies.

ACKNOWLEDGMENTS

We thank A. Pritzel, N. Wintergerst for initial discussions and G. Dvali, J. Jaeckel, M. Goodsell, and G. Raffelt for glancing over the first draft. The authors are supported by Humboldt foundation.

∗ sarah.folkerts@lmu.de † cristiano.germani@lmu.de ‡ javier.redondo@lmu.de [1] P. A. R. Ade et al. [Planck Coll.], arXiv:1303.5082. [2] P. A. R. Ade et al. [Planck Coll.], arXiv:1303.5084. [3] A. D. Linde, Phys. Lett. B 108 389 (1982) . [4] C. Germani and Y. Watanabe, JCAP 1107, 031 (2011) [Addendum-ibid. 1107, A01 (2011)] [arXiv:1106.0502 [astro-ph.CO]].

[5] K. Freese, J. A. Frieman and A. V. Olinto, Phys. Rev.

Lett. 65, 3233 (1990).

[6] C. Germani, A. Kehagias, Phys. Rev. Lett. 106, 161302 (2011) arXiv:1012.0853.

[7] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978). [8] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978). [9] L. Visinelli and P. Gondolo, Phys. Rev. D 80, 035024 (2009), arXiv:0903.4377.

[10] O. Wantz and E. P. S. Shellard, Phys. Rev. D 82, 123508 (2010), [arXiv:0910.1066 [astro-ph.CO]].

[11] P. Sikivie, Lect. Notes Phys. 741, 19 (2008), astro-ph/0610440.

[12] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977) ; Phys. Rev. D 16, 1791 (1977).

[13] R. D. Peccei, Lect. Notes Phys. 741, 3 (2008). [14] P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983) [Erratumibid. 52, 695 (1984)].

[15] S. J. Asztalos et al. [ADMX Coll.], Phys. Rev. Lett. 104, 041301 (2010), arXiv:0910.5914.

[16] D. Horns, J. Jaeckel, A. Lindner, A. Lobanov, J. Redondo and A. Ringwald, JCAP 1304, 016 (2013), arXiv:1212.2970.

[17] O. Erken, P. Sikivie, H. Tam and Q. Yang, Phys. Rev. D 85, 063520 (2012), arXiv:1111.1157.

[18] H. Georgi, D. B. Kaplan and L. Randall, Phys. Lett. B 169, 73 (1986).

[19] T. Hiramatsu, M. Kawasaki and K. ’i. Saikawa, JCAP 1108, 030 (2011), arXiv:1012.4558 ; JCAP 1301, 001 (2013), arXiv:1207.3166.

[20] M. P. Hertzberg, M. Tegmark and F. Wilczek, Phys. Rev.

D 78, 083507 (2008), arXiv:0807.1726.

[21] P. W. Graham and S. Rajendran, Phys. Rev. D 84, 055013 (2011), arXiv:1101.2691.

[22] D. H. Lyth, Phys. Lett. B 236, 408 (1990). [23] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo and A. Ringwald, JCAP 1206, 013 (2012), arXiv:1201.5902.

[24] C. Germani, A. Kehagias, Phys. Rev. Lett. 105, 011302 (2010), arXiv:1003.2635.

[25] P. Sikivie, Phys. Rev. Lett. 48, 1156 (1982). [26] C. Germani, L. Martucci and P. Moyassari, Phys. Rev.

D 85, 103501 (2012), arXiv:1108.1406.

[27] C. Germani, Rom. J. Phys. 57, 841 (2012) [arXiv:1112.1083 [astro-ph.CO]].

[28] K. J. Bae, J. -H. Huh and J. E. Kim, JCAP 0809 005 (2008), arXiv:0806.0497 [29] D. Langlois, Comptes Rendus Physique 4 953 (2003). [30] J. Hamann, S. Hannestad, G. G. Raffelt and Y. Y. Y. Wong, JCAP 0906 022 (2009), arXiv:0904.0647.

[31] G. Dvali, S. Folkerts, C. Germani, Phys. Rev. D 84, 024039 (2011), arXiv:1006.0984.

[32] J. M. Maldacena, JHEP 0305, 013 (2003) [astro-ph/0210603].

[33] G. R. Dvali, hep-ph/9505253.

[34] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori and A. Strumia, JHEP 1208, 098 (2012), arXiv:1205.6497.

[35] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori, A. Riotto and A. Strumia, Phys. Lett. B 709, 222 (2012), arXiv:1112.3022.

[36] S. Folkerts, C. Germani and Y. Watanabe, in preparation.