arXiv:astro-ph/0611353 v1 12 Nov 2006

Late Forming Dark Matter in Theories of Neutrino Dark Energy

Subinoy Das^1 and Neal Weiner^1 1Center for Cosmology and Particle Physics, Department of Physics, New York University, New York, NY 10003, USA (Dated: November 12, 2006)

Abstract

We study the possibility of Late Forming Dark Matter (LFDM), where a scalar field, previously trapped in a metastable state by thermal or finite density effects, begins to oscillate near the era matter-radiation equality about its true minimum. Such a theory is motivated generally if the dark energy is of a similar form, but has not yet made the transition to dark matter, and, in particular, arises automatically in recently considered theories of neutrino dark energy. If such a field comprises the present dark matter, the matter power spectrum typically shows a sharp break at small, presently nonlinear scales, below which power is highly suppressed and previously contained acoustic oscillations. If, instead, such a field forms a subdominant component of the total dark matter, such acoustic oscillations may imprint themselves in the linear regime.

I. INTRODUCTION

The increasingly significant evidence for the dark universe has established a strong paradigm in cosmology, in which the dynamics of the universe at the largest scales are governed by two components of energy which, up to this point, have only been observed by their gravitational consequences [1, 2, 3, 4, 5]. These two, dark matter and dark energy, appear to behave in fundamentally different ways, with dark matter clustering into galaxies and diluting as the universe expands, while dark energy appears to remain smooth and dilutes either slowly or not at all, with equation of state near w = −1.

In spite of this, there is great effort to explore whether or not these substances might somehow be related. The strongest motivation for this is the similarity of the energy densities of ρ_{DM} and ρ_{DE} at the present epoch. Such attempts to connect these substances inevitably must confront the above differences, and attempts to unify them into one fluid often leads to dramatic observational consequences (see, for example [6]).

There is a slightly more restrained approach, however. Rather than viewing these substances as necessarily the same fluid, we might instead view them of a similar type. That is, dark matter may be a substance which, at some time in the past behaved as dark energy, and dark energy may, in the future, behave as dark matter. The fact that physics in the standard model has a generational structure, with repeated fields at different mass scales especially motivates such duplication. In particular, in theories where the dark energy is connected to a new neutrino force as recently explored in [7, 8, 9], such generational structure is expected in the dark energy sector.

Such a consideration immediately raises the question: for how long must dark matter have behaved as dark matter? Certainly, at least since matter radiation equality dark matter has been clustering and diluting more or less as a^{−3}. However, even at eras earlier than this, the clustering behavior of the dark matter can be observed in the power spectrum, at least to scales of 0.1h^{−1} Mpc, where the matter power spectrum becomes non-linear.

It is quite natural to consider a scalar field which at some point in the history of the universe transitions to a dark matter state. Chaotic inflation [10, 11], for instance, ends when the slow roll condition ends, and, for a suitable potential, begins to evolve as dark matter. A very familiar example of such dark matter is the axion [12, 13, 14], which acquires a (relatively) large mass after the QCD phase transition, at which point it begins to behave as dark matter. A conversion to dark matter is the natural final state of numerous quintessence theories [15, 16, 17]

Our focus here will be on a transition that occurs much later in the universe, in order to make connections to theories of dark energy. In fact, we shall see that this transition naturally occurs near the era of matter-radiation equality. With such a late-time transition, effects on the CDM power spectrum are possible. This “Late Forming Dark Matter” (LFDM), arises simply from a scalar field coupled to a thermal bath, initially sitting in a metastable state, behaving like a cosmological constant. When the thermal bath dilutes, the scalar transitions near matter-radiation equality (MRE) to dark matter, yielding interesting observable consequences.

The layout of this paper is as follows: in section II, we lay out the basic structure of a general theory. In section III we will explore the effects of such a scenario on the power spectrum of dark matter. In section IV we will see how this sort of dark matter naturally arises in theories of neutrino dark energy. In section V we will review what experimental studies constrain this scenario, and may test it in the future. Finally, in section VI we conclude.

II. LATE FORMING DARK MATTER

Let us consider a single scalar field ϕ coupled to some other relativistic particle ψ which is in thermal equilibrium. For simplicity, we will assume that ϕ is at zero temperature (i.e., its couplings to ψ are sufficiently small that it is not thermalized). At zero temperature for ψ, we assume a potential of the form

V (ϕ) = V_0 − m^2 2 ϕ^2 − ϵϕ^3 + λ 4 ϕ^4, (1)

where V_0 is a constant which sets the true cosmological constant to zero. We assume the presence of the thermal ψ contributes a term to the potential

δV = DT^2ϕ^2 (2)

where D is a coefficient determined by the spin, coupling, and number of degrees of freedom in ψ.

The behavior of this system is simple to understand. At high temperature, there is a thermal mass for ϕ which will confine it to the origin. At T = √ λm^2 + 2ϵ^2 2Dλ (3) a new minimum appears at energy lower than at ϕ = 0. However, because of the thermal mass, ϕ remains trapped at the origin.

At a temperature T_{tach} = m √ 2D (4) ϕ becomes tachyonic about the origin, and will begin to oscillate about what then evolves into its true minimum. These oscillations then behave as dark matter. Note that the energy in the dark matter is set by the depth of the global minimum relative to ϕ = 0 at T_{tach}, in this case O(ϵ^4/λ^3). If all the dimensionful parameters are of the same order (i.e., ϵ ∼ m), then the temperature at which dark matter is formed is soon followed by matter-radiation equality. Such correlation leaves a strong imprint on the power spectrum which will discuss in section III.

The above gives an extremely simple example of a model in which for most of the history of the universe, ϕ acted as a cosmological constant and only at very late times does ϕ begin to behave as conventional dark matter. Such a form of dark matter is very natural when similar structures explain the existence of dark energy, for instance in neutrino theories of dark energy.

III. COSMOLOGICAL CONSEQUENCES

Unlike weak-scale dark matter, which necessitates some interactions with ordinary matter which may be tested at underground experiments, and unlike axions, which require a coupling to photons giving again an experimental test, LFDM theories need not have strong couplings to standard model fields. Even within theories of neutrino dark energy, where LFDM is motivated, direct tests are difficult, if not impossible.

The best hope of detection for such a scenario is cosmological. Because we expect z_{tach} naturally to lie near z_{MRE} , we expect deviations in the power spectrum of DM at small (k >∼ hMpc^{−1}) scales. In this section we will discuss the signatures of LFDM and the predictions it makes for cosmological experiments.

In general, for our scenario, effects on the CMB are negligible. We will return to this issue later. As LFDM behaves as ordinary CDM after z_{tach}, we should not expect visible consequences on scales k < k_{tach}, where k_{tach} is the scale of the horizon at z_{tach}.

A. Power Spectra

Let us consider the power spectrum for dark matter near z_{tach}. Since this is when CDM is formed, after this point we can evolve it quite simply. The relevant quantity for the local density of dark matter is the redshift when it formed. Since all dark matter forms with the same initial energy density, regions where it forms earlier will have diluted more at later times, and regions where it forms later will have diluted less.

Dark matter forms at z_{tach} = z̄_{tach} + δz_{tach}(x). By definition z_{tach} is the redshift when T (z_{tach}, x) = T_{tach}. We can reexpress the local temperature as T (z̄_{tach} + δz(x)) = T̄ (z̄_{tach} + δz) + δT (z̄_{tach} + δz, x) (5) = (T̄ (z̄_{tach}) + δT (z̄_{tach}, x)) (1 + z̄_{tach}) (1 + z̄_{tach} + δz) . (6)

In the last equality is clearly true only for regions over which sound waves cannot propagate between z̄_{tach} and z̄_{tach} + δz_{tach}. Since this will be at scales of order 10^5 smaller than the horizon size, we can neglect it for our purposes. By definition, T_{tach} = T (z̄_{tach} + δz_{tach}, x) = T̄ (z̄_{tach}), and thus we can easily find that δT (z̄_{tach}, x)/T̄ (z̄_{tach}) = δz_{tach}/(1 + z̄_{tach}) (7) Similarly, ρ(z, x)/ρ̄(z) = (1 + z̄_{tach})^3/(1 + z̄_{tach} + δz(x))^3, from which we can find δρ(z̄_{tach}, x)/ρ̄(z̄_{tach}) = 3δz_{tach}(x)/(1 + z̄_{tach}) = 3δT (z̄_{tach}, x)/T (z̄_{tach}). (8) Thus, at z = z_{tach} the CDM power spectrum is proportional to the ψ temperature power spectrum at z_{tach}. From this point, the density perturbations will grow as CDM, so determining the power spectrum of CDM today is tantamount to determining the ψ-temperature power spectrum at z_{tach}.

We will ultimately want to identify ψ with a more conventional particle-physics candidate, and, in particular, the neutrino. In general, the neutrino is highly relativistic at the time of its decoupling, after which it free-streams until it becomes non relativistic, yielding a suppression of its power at scales k > k_{fs} = 0.018Ω^{1/2}(^{mν}_{eV} )^{1/2}Mpc^{−1}. However, in models of neutrino dark energy, there are additional neutrino interactions, and these may serve to keep the neutrino tightly coupled until z_{tach}. If this is the case, this should be imprinted on the CDM power spectrum. Similar studies have been performed for scenarios where the neutrino was significantly heavier, and such strong interactions were proposed in order to retain neutrinos as dark matter [18]. More recently, the implications of such neutrino interactions for cosmology have been studied [19, 20, 21, 22].

B. Calculation of power spectra for LFDM

We will consider LFDM with both an interacting and a non-interacting coupled bath. As described above, we will compute the power spectrum of the relativistic fluid, and match that to the initial power spectrum of the CDM at z = z_{tach}. The non-interacting case is straightforward. The interacting case can be got by considering earlier studies of the evolution of density perturbations for interacting neutrinos [23, 24], where the the interaction makes different components behave as a single tightly coupled fluid. Under this assumption, the shear or anisotropic stress in the perturbation is negligible. The evolution is characterized by density and velocity perturbations only, and we can truncate all the higher order moments. The evolution of density and velocity perturbations is given by [25] δ̇ = −(1 + w)(θ + ḣ/2) − 3ȧ a (c^2_s − w)δ (9) θ̇ = −ȧ a (1 − 3w)θ − ẇ 1 + w θ + c^2_s 1 + w k^2δ (10) We are interested in the case where the thermal bath is made of essentially massless particles, so the equation of state and sound speed are given by w = 1/3 = c^2_s. To get the amplitude of the perturbation at any redshift, the above two equations need to be solved with the background equations of motion for the metric perturbations. We have modified the publicly available CAMB and CMBFAST to solve and get the power spectra at z_{tach}.

After z_{tach}, LFDM follows the same evolution equation as CDM, and it is straightforward to grow the perturbations to today. We are principally interested in situations where LFDM makes up all or nearly all or the dark matter, but we can also consider situations where it is only some fraction. As we see in figure 1, there is a suppression of power at small scales, and the possibility of acoustic oscillations imprinted on the power spectrum. For comparison, we also include the power spectrum for ΛCDM with a 0.75 eV massive neutrino, near the experimental limit [26, 27, 28]. Though both LFDM and a massive neutrino give suppression in power, there is a distinct difference in power spectra between the two. The suppression of power for a massive neutrino turns on much more gradually than the abrupt suppression for LFDM.

As we make z_{tach} smaller (larger), we move the break to larger (smaller) scales. At scales much smaller than k_{tach} we would expect the acoustic oscillations to be damped out (which is not captured by our tightly coupled approximation). If LFDM is merely a fraction of the dark matter, the observability of such oscillations would depend on how much LFDM existed. If LFDM is all or nearly all of the dark matter, the oscillations are already severely constrained, and must lie in the non-linear regime [56].

It is important to point out here, though we get a large suppression beyond k ≈ 0.01hMpc^{−1} we cannot compare it directly to the linear power spectra of standard ΛCDM cosmology in this regime as the the non-linear effects in structure formations [29, 30] become very important for k >∼ 0.15hMpc^{−1}. We return to this issue in section V. Only if LFDM forms later in time (z_{tach} ≪ 15000), does the power get suppressed in the linear regime. In this case a rigorous statistical analysis would be needed to place legitimate constraints on this scenario, which is beyond the scope of this paper.

IV. MODELS OF LFDM IN THEORIES OF NEUTRINO DARK ENERGY

The idea of LFDM is appealing, largely because it offers to make a connection to theories of dark energy. If the dark energy is associated with a scalar field trapped at a false minimum in its potential due to thermal effects, then, quite likely, “copies” of such physics may have existed earlier. If so, the energy stored there would now behave as dark matter.

Remarkably, there is already a class of models that fit these criteria, specifically the recently discussed “hybrid” models of neutrino dark energy [9]. There has been a long motivation to make a connection between neutrino masses and dark energy [7, 8, 31, 32, 33]. In these most recent models, the generational structure of the neutrinos is copied in the dark energy sector. The finite density of relic neutrinos modifies the potential and stabilizes a scalar field at a false minimum. These hybrid models arise naturally when MaVaN models are promoted to a supersymmetric theory (see [34, 35, 36] for other supersymmetric extensions).

a)

b) FIG. 1: Power spectra (a), and power compared to CDM (b) for CDM, LFDM (with different fractions, interacting and free-streaming) and a 0.75 eV freestreaming neutrino for z_{tach} = 50, 000

The natural extension to LFDM comes in these supersymmetric theories. We refer readers to [9] for details, and only briefly summarize here. Because there are three neutrinos, these theories contain three singlet neutrinos N_i. Each one of these is associated by supersymmetry with a scalar field. Arguments related to naturalness suggest the the lightest of the three neutrinos is associated with the dark energy today. Energy previously trapped in the other scalar neutrinos would appear as dark matter today, and it is this that we consider.

We shall now present a simple model of LFDM within the context of neutrino dark energy theories. It is not intended to be representative of all such models, but merely a simple example of one with the relevant phenomenology.

Consider the fermion fields ψ_{2,3}, and scalars n_{2,3}, with a Lagrangian

L = λn_2ψ^2_3 + 2λψ_2ψ_3 + m_3ψ_3ν_3 + m_2ψ_2ν_2 + V_{susy} + V_{soft} + V_ϵ (11)

where V_{susy} = 4λ^2|n_2|^2|n_3|^2 + λ^2|n_3|^4, (12) V_{soft} = m̃^2|n_2|^2 − m̃^2_3|n_3|^2 + (ã_3n^3 + h.c.) (13) and V_ϵ = 4λϵ(n^∗_3n^3_2 + n^3n^∗_2 + h.c.) + ϵ^2(|n_2|^4 + 4|n_3|^2|n_2|^2). (14) Such a Lagrangian can easily be constructed supersymmetrically with soft terms of their natural size. The terms in V_ϵ are included in order to generate a Majorana mass for the neutrino in the vacuum. We also expect couplings to the “acceleron” (again, see [7, 9]), which is directly tied to the stability of dark energy today. Both these couplings as well as V_ϵ do not influence our discussion here. It has been demonstrated that the vevs of such fields do not spoil the success of the dark energy theory in these hybrid models [37].

The natural size of each soft term is of the order of the associated Dirac mass (i.e., ã_3 ∼ m̃_3 ∼ m_3 which is expected to be of order 0.1 eV), assuming the dark energy sector has no approximate R-symmetry.

If n_2 has a large expectation value, it generates a Majorana mass for ψ_3 of order m^2_3/λn_2. The presence of the relic neutrinos affects the dynamics of n_2, in particular by driving it to larger values. Assuming that the relic neutrinos are in the light mass eigenstate (see [38]), the relic neutrinos contribute a term to the effective potential for n_2, V_{eff} = T^2m^4_3 24λ^2n^2

(15)

which is minimized for large n_2, competing with the n_2 mass term which is minimized at n_2 = 0. The competition drives an expectation value ⟨λn_2⟩ ∼ m_3 √ λT/m_2. (We should note all temperatures here refer to neutrino temperature, which are slightly lower than the CMB temperature.) The non-zero value of n_2 creates a positive value for the mass squared of n_3, stabilizing it in the false vacuum with an effective cosmological constant. Such a model is analogous to hybrid inflation models, with n_2 playing the role of the slow-roll field, and n_3 playing the role of the waterfall field.

The temperature where n_3 becomes tachyonic is T_{tach} = √ 3/2m_2m̃^2_3/λm^2_3, and the energy converted to dark matter at that time is ρ_{LF DM} ∼ 10^{−3}ã^4_3/λ^6. The time of matter radiation equality is T_{MRE} = 3 √ 3/2ã^4_3m^6_3/64λ^3m^3_2m̃^6_3. Because of the high powers of parameters, each uncertain by factors of order one, there is a high uncertainty in T_{MRE} . Simply varying the mass parameters in the ranges 10^{−1.5}eV < m̃_3, ã_3, m_3 < 10^{−.5}, 10^{−2}eV < m_2 < 10^{−1}eV and the parameter 10^{−2} < λ < 1, we find 10^{−3}eV <∼ T_{MRE} <∼ 10^7eV . Similarly, we find 10−1 <∼ T_{MRE} /T_{DMDE} <∼ 10^{13}. Hence, the solution to the coincidence problem is present in that such a crossing should occur relatively soon after matter-radiation equality. However, the precise value is clearly uncertain, so the success is limited.

A more precise statement of the success of the solution to the coincidence problem is that if this is the explanation of the present coincidence (by relating the energy densities to neutrino masses), then a break should exist in the power spectrum. Given that we can set λ by fixing T_{MRE} , we can more precisely determine T_{tach}, even with the uncertainties of parameters. Thus, using the same ranges above, and requiring λ < 1, one finds that 1eV <∼ T_{tach} <∼ 10^3eV and thus 2×10^{−2}hMpc^{−1} <∼ k_{tach} <∼ 20hMpc^{−1}. Such limits are certainly model dependent, but clearly there is a strong expectation of a break in the power spectrum in the observable range.

V. EXPERIMENTS

A great deal of data already would constrain such a scenario. For instance, one immediate concern would be from the CMB. In general, neutrinos are not freestreaming at recombination, which affects the gravitational potential well which boosts the first peak of the CMB. Such constraints have been considered [20, 39], but one interacting neutrino seems acceptable. One also must consider (1.6 ≤ N^ν_{eff} ≤ 7.1), the constraint on total number of freestreaming neutrinos during decoupling because having extra radiation degrees of freedom could delay the matter radiation equality resulting in the early ISW effect[40, 41, 42, 43].

Structure formation is where LFDM is most likely to be tested. Many experiments such as 2dF Galaxy Redshift survey [1, 44], Sloan Digital Sky Survey (SDSS) [45], Ly-α forest [46, 47, 48, 49, 50], and weak gravitational lensing [51] have measured the matter power spectrum over a wide range of scales. Though these experiments are in good agreement with the ΛCDM model, small scales remain an open question, with a possible modifications seen in Lyman-α systems [30], as well as some studies of dwarf galaxies [52].

The studies most promising to test this scenario in the future would include Ly-α data, but one still needs non-linear simulations to extract the linear power spectra information on these length scales. Future weak lensing experiments [53] will measure the power at higher z when the relevant scales would be more linear. Other experiments like 21 cm tomography [54] will also measure power in very small scales (sub-Mpc) and may find signatures of LFDM. As discussed before, to compare LFDM power spectra with experiments in this range we need detailed N-body simulation which includes the non-linear hydrodynamical effects of gravitational clustering.

VI. CONCLUSIONS

We have considered the scenario of “Late Forming Dark Matter” (LFDM) in which a scalar field converts the energy of a metastable point to dark matter at times late in the history of the universe, near the era of matter-radiation equality. Such effects arise when the potential of the scalar field is strongly effected by finite temperature effects from some additional thermal species. These theories arise naturally in hybrid models of neutrino dark energy, in which new scalar fields arise in association with neutrinos.

The power spectrum of such theories naturally has a sharp near the scale of the horizion at matter-radiation equality, due to the streaming of the thermal species. The presence strong scattering of these particles can modify the depth of the break, and the presence of acoustic oscillations.

Within the context of theories of neutrino dark energy, the scale of dark energy is controlled by the scale of neutrino masses, and, similarly, the amount of dark matter, and the redshift at which it forms, z_{tach}, are also determined by the neutrino masses. In these simple theories, consistency requires a sharp break in the CDM power spectrum in the approximate range 10^2 hMpc^{−1} >∼ k_{tach} >∼ 10^{−3} hMpc^{−1}. Future studies at small scales, such as of Lyman-α systems, gravitational lensing or 21 cm absorption may be able to test these theories.

Acknowledgements

We thank Kris Sigurdson for his help in including interactions into CMBFAST and CAMB, as well as Roman Scoccimarro and Ann Nelson for reading a draft of the manuscript and providing useful comments. This work was supported by NSF CAREER grant PHY- 0449818 and by the DOE OJI program under grant DE-FG02-06ER41417.

[1] M. Colless et al. (The 2DFGRS), Mon. Not. Roy. Astron. Soc. 328, 1039 (2001), astroph/0106498.

[2] M. Tegmark et al. (SDSS), Astrophys. J. 606, 702 (2004), astro-ph/0310725. [3] A. G. Riess et al. (Supernova Search Team), Astron. J. 116, 1009 (1998), astro-ph/9805201. [4] S. Perlmutter et al. (Supernova Cosmology Project), Astrophys. J. 517, 565 (1999), astroph/9812133.

[5] D. N. Spergel et al. (2006), astro-ph/0603449.

[6] H. Sandvik, M. Tegmark, M. Zaldarriaga, and I. Waga, Phys. Rev. D69, 123524 (2004), astro-ph/0212114.

[7] R. Fardon, A. E. Nelson, and N. Weiner, JCAP 0410, 005 (2004), astro-ph/0309800. [8] R. D. Peccei, Phys. Rev. D71, 023527 (2005), hep-ph/0411137. [9] R. Fardon, A. E. Nelson, and N. Weiner, JHEP 03, 042 (2006), hep-ph/0507235. [10] A. D. Linde, Phys. Lett. B108, 389 (1982).

[11] A. Albrecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220 (1982). [12] L. F. Abbott and P. Sikivie, Phys. Lett. B120, 133 (1983). [13] M. Dine and W. Fischler, Phys. Lett. B120, 137 (1983). [14] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. B120, 127 (1983). [15] P. J. E. Peebles and B. Ratra, Astrophys. J. 325, L17 (1988).

[16] J. A. Frieman, C. T. Hill, A. Stebbins, and I. Waga, Phys. Rev. Lett. 75, 2077 (1995), astroph/9505060.

[17] Z. Chacko, L. J. Hall, and Y. Nomura, JCAP 0410, 011 (2004), astro-ph/0405596. [18] G. Raffelt and J. Silk, Phys. Lett. B192, 65 (1987).

[19] J. F. Beacom, N. F. Bell, and S. Dodelson, Phys. Rev. Lett. 93, 121302 (2004), astroph/0404585.

[20] N. F. Bell, E. Pierpaoli, and K. Sigurdson, Phys. Rev. D73, 063523 (2006), astro-ph/0511410. [21] M. Cirelli and A. Strumia (2006), astro-ph/0607086. [22] R. F. Sawyer (2006), astro-ph/0601525.

[23] F. Atrio-Barandela and S. Davidson, Phys. Rev. D55, 5886 (1997), astro-ph/9702236. [24] S. Hannestad, JCAP 0502, 011 (2005), astro-ph/0411475. [25] C.-P. Ma and E. Bertschinger, Astrophys. J. 455, 7 (1995), astro-ph/9506072. [26] U. Seljak et al. (SDSS), Phys. Rev. D71, 103515 (2005), astro-ph/0407372. [27] C. J. MacTavish et al. (2005), astro-ph/0507503. [28] S. Hannestad (2004), hep-ph/0409108.

[29] K. Abazajian, E. R. Switzer, S. Dodelson, K. Heitmann, and S. Habib, Phys. Rev. D71, 043507 (2005), astro-ph/0411552.

[30] U. Seljak, A. Makarov, P. McDonald, and H. Trac (2006), astro-ph/0602430. [31] C. T. Hill, D. N. Schramm, and J. N. Fry, Comments Nucl. Part. Phys. 19, 25 (1989). [32] P. Q. Hung (2000), hep-ph/0010126.

[33] P. Gu, X. Wang, and X. Zhang, Phys. Rev. D68, 087301 (2003), hep-ph/0307148. [34] R. Takahashi and M. Tanimoto, Phys. Lett. B633, 675 (2006), hep-ph/0507142. [35] R. Takahashi and M. Tanimoto, Phys. Rev. D74, 055002 (2006), hep-ph/0603204. [36] R. Takahashi and M. Tanimoto (2006), hep-ph/0610347. [37] C. Spitzer (2006), astro-ph/0606034.

[38] N. Weiner and K. M. Zurek, Phys. Rev. D74, 023517 (2006), hep-ph/0509201. [39] S. Hannestad and G. Raffelt, Phys. Rev. D72, 103514 (2005), hep-ph/0509278. [40] P. Crotty, J. Lesgourgues, and S. Pastor, Phys. Rev. D67, 123005 (2003), astro-ph/0302337. [41] S. Hannestad, JCAP 0305, 004 (2003), astro-ph/0303076. [42] E. Pierpaoli, Mon. Not. Roy. Astron. Soc. 342, L63 (2003), astro-ph/0302465. [43] S. Hannestad and G. G. Raffelt (2006), astro-ph/0607101.

[44] W. J. Percival et al. (The 2dFGRS), Mon. Not. Roy. Astron. Soc. 327, 1297 (2001), astroph/0105252.

[45] M. Tegmark et al. (SDSS), Astrophys. J. 606, 702 (2004), astro-ph/0310725. [46] M. Viel, M. G. Haehnelt, and V. Springel, Mon. Not. Roy. Astron. Soc. 354, 684 (2004), astro-ph/0404600.

[47] M. Viel, J. Weller, and M. Haehnelt, Mon. Not. Roy. Astron. Soc. 355, L23 (2004), astroph/0407294.

[48] U. Seljak, A. Slosar, and P. McDonald (2006), astro-ph/0604335.

[49] M. Viel and M. G. Haehnelt, Mon. Not. Roy. Astron. Soc. 365, 231 (2006), astro-ph/0508177. [50] P. McDonald et al., Astrophys. J. Suppl. 163, 80 (2006), astro-ph/0405013. [51] A. Refregier et al., Astron. J. 127, 3102 (2004), astro-ph/0304419. [52] G. Gilmore et al. (2006), astro-ph/0608528.

[53] K. N. Abazajian and S. Dodelson, Phys. Rev. Lett. 91, 041301 (2003), astro-ph/0212216. [54] A. Loeb and M. Zaldarriaga, Phys. Rev. Lett. 92, 211301 (2004), astro-ph/0312134. [55] G. Mangano, A. Melchiorri, P. Serra, A. Cooray, and M. Kamionkowski (2006), astroph/0606190.

[56] Though in different context, [55] has found similar oscillations for power spectra of a neutrino interacting with dark matter.