arXiv:1205.0553v2 [astro-ph.CO] 28 Sep 2012

TTK-12-14

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter

Ole Eggers Bjaelde

Department of Physics and Astronomy, University of Aarhus, 8000 Aarhus C, Denmark

E-mail: oeb@phys.au.dk

Subinoy Das

Institut für Theoretische Teilchenphysik und Kosmologie RWTH Aachen, D-52056 Aachen, Germany, Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road, Vancouver, BC V6T 1Z1, Canada

E-mail: subinoy@physik.rwth-aachen.de

Adam Moss

Department of Physics and Astronomy, University of Nottingham, Nottingham, NG7 2RD, UK

E-mail: Adam.Moss@nottingham.ac.uk

Abstract.

Results from the Wilkinson Microwave Anisotropy Probe (WMAP), Atacama Cosmology Telescope (ACT) and recently from the South Pole Telescope (SPT) have indicated the possible existence of an extra radiation component in addition to the well known three neutrino species predicted by the Standard Model of particle physics. In this paper, we explore the possibility of the apparent extra dark radiation being linked directly to the physics of cold dark matter (CDM). In particular, we consider a generic scenario where dark radiation, as a result of an interaction, is produced directly by a fraction of the dark matter density effectively decaying into dark radiation. At an early epoch when the dark matter density is negligible, as an obvious consequence, the density of dark radiation is also very small. As the Universe approaches matter radiation equality, the dark matter density starts to dominate thereby increasing the content of dark radiation and changing the expansion rate of the Universe. As this increase in dark radiation content happens naturally after Big Bang Nucleosynthesis (BBN), it can relax the possible tension with lower values of radiation degrees of freedom measured from light element abundances compared to that of the CMB. We numerically confront this scenario with WMAP+ACT and WMAP+SPT data and derive an upper limit on the allowed fraction of dark matter decaying into dark radiation.

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter2

1. Introduction

Measurements of fluctuations in the Cosmic Microwave Background (CMB) power spectra [1] and light element abundances from Big Bang Nucleosynthesis (BBN) [2] have been corner stones in the era of precision cosmology. Though standard ΛCDM cosmology is a very good fit to present data from these measurements, there are also tantalising hints of physics beyond standard ΛCDM. One such example is the possible presence of an extra dark radiation component during the epoch of decoupling. Recent analyses of CMB data point towards the possible existence of one or more radiation component(s) [3–7] with no standard electromagnetic and electroweak interactions other than those predicted by the standard model of particle physics. This extra radiation needs to be dark in the sense that the presence of an extra photon like component would not only spoil the success of BBN, but also generate a chemical potential for the photon – something which is constrained by CMB observations. The indication of excess radiation arises mainly through the precise observation of less power in the smaller scales of CMB anisotropy spectra. It has also been confirmed that these hints for extra radiation are indeed ‘real’, insofar as not being a statistical ambiguity from the choice of confidence interval [8]. Recently, the evidence was bolstered through the possible indication of ultra light sterile neutrino states in the neutrino oscillation experiments [9–13] and also through the reactor neutrino anomaly [14].

The nature of the dark radiation component is a topic of much debate. Current data allow the dark radiation component to be comprised by both sterile neutrinos as well as active neutrinos with a nonthermal distribution (see e.g. [15]). If dark radiation is comprised by massless sterile neutrinos, we expect them to behave as relativistic particles with effective sound speed c^2_{eff} and viscosity parameter c^2_{vis} satisfying c^2_{eff} = c^2_{vis} = 1/3‡. Possible deviations from these values could indicate nonstandard interactions in the neutrino sector [15, 17–20]. Luckily, measurements of CMB anisotropies can help in constraining these parameters [21] and most analyses are consistent with the c^2_{eff} = c^2_{vis} = 1/3 (see e.g. [7, 22, 23]) - although [24] reported on finding c^2_{eff} < 1/3. The bottom line is that cosmological data is sensitive to the details of dark radiation and can help in predicting its nature.

The helium abundance Y_P is very sensitive to the expansion rate of the Universe (and hence the amount of radiation present) at the time when T ∼ MeV. However, the evidence for extra radiation from BBN data is somewhat ambiguous. In some analyses, it is reported that one can accommodate one extra dark radiation component [25], while in other works it is concluded that there is no need for extra radiation during BBN [26, 27]. The former of these studies, for example, found N^{BBN}_{eff} = 2.4 ± 0.4 [26]. The main reason for the confusion is that N_{eff} is highly sensitive to how the helium abundance is treated in the analysis [28]. In general, from many data analyses, it remains a possibility that the central value for the number of relativistic degrees of freedom allowed by CMB data is higher than that of BBN. Taking CMB data alone, the

‡ Check definitions in [16].

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter3

estimate is N^{CMB}_{eff} = 5.3±1.3 from the Wilkinson Microwave Anisotropy Probe (WMAP) 7-year with Atacama Cosmology Telescope (ACT) data [29]. Combined WMAP and South Pole Telescope (SPT) data give a slightly lower value of N^{CMB}_{eff} = 3.85 ± 0.62 [30]. The addition of baryon acoustic oscillations (BAO) data and the measurement of the Hubble parameter H_0 improves these constraints somewhat. It is found that N^{CMB}_{eff} = 4.56 ± 0.75 for WMAP+ACT+BAO+H_0 [29] and N^{CMB}_{eff} = 3.86 ± 0.42 for WMAP+SPT+BAO+H_0 [30]. Taken at face value, the latter two results suggest ∼ 2σ evidence for extra relativistic species. The Planck satellite will dramatically increase the precision of the inferred value of ΔN_{eff} ≃ 0.26 [31] and should be able to find a mismatch (if there is one) between N^{CMB}_{eff} and N^{BBN}_{eff} at the level of 4 − 5σ [3].

To explain the apparent radiation excess, one can, of course, just add a weakly interacting neutrino-like fermion by hand. However, then the question remains of explaining the origin of such a particle. For a recent particle physics model explaining the radiation excess with three flavours of light right-handed neutrinos, though, see [32]. See also [33–35] for another explanation of excess radiation during decoupling through the Bose-Einstein condensation of a coherently oscillating dark matter axion. We would like to point out that though LSND [36] and MiNiBooNE [37] indicate the existence of one or more eV scale sterile neutrinos [38], which are excellent candidates for the excess radiation hinted by small scale CMB data, it is very hard to reconcile two eV scale sterile neutrinos as dark radiation with the large scale structure and other measurements [39] unless sterile neutrinos have other interactions [40–44]. So, it is highly possible that the dark radiation may be a result of dark sector physics. For instance, if dark matter decays into dark radiation, that can explain the dark radiation excess and its effect could be found in the structure formation of the Universe. Note that some hidden sector models [45–47] motivated by other issues of particle physics and cosmology can also provide extra ΔN_{eff} .

If it is indeed the case that there is a change (increase) in the number of radiation degrees of freedom between the epoch of BBN and CMB, that will be an extremely interesting and surprising result. From a theoretical point of view, some new physics has to set in at a low energy scale (T ∼ eV). Recently, there have been a few interesting works in this line of thought [48, 49], where ΔN^{BBN}_{eff} ≠ ΔN^{CMB}_{eff} . From a particle physics view point, this indicates that a particle (beyond the frame work of the standard model) has to decay [50] into an extra dark radiation component in between the epoch of BBN and photon decoupling.

In this paper we propose a very simple mechanism where one naturally generates an extra radiation component when the Universe approaches the era of matter radiation equality and decoupling. The basic idea is to allow dark matter to interact with and decay into dark radiation: As the Universe approaches matter radiation equality (MRE), the density of dark matter starts to dominate the universal energy budget. As a result of the interaction, the densities of dark matter and dark radiation are proportional, hence the density of dark radiation increases as we approach MRE. In this scenario, one

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter4

would naturally see an increase in the dark radiation component after BBN but before decoupling. One extra advantage of this scenario is the fact that the decay naturally reduces the amount of dark matter in galaxies and clusters. As a consequence it may help to alleviate [51, 52] the well known small scale structure issues in ΛCDM cosmology - the problems with cuspy cores and overproduction of satellite galaxies in numerical simulations of structure formation [53–55]. We leave the details of this as possible future work.

In this paper we solve for the dark radiation density as a function of redshift numerically and show that we can obtain ΔN_{eff} → 1 as the Universe approaches the epoch of photon decoupling. We confront this generic scenario with the present cosmological data. We take a model-independent approach, where we use WMAP with either ACT or SPT data§ to constrain the fraction of the dark matter density which is allowed to be converted into dark radiation. We show that one can easily find a viable region in parameter space where ΔN^{CMB}_{eff} can be greater than ΔN^{BBN}_{eff} by of order unity.

The plan of the paper is as follows: In section 2, we quantify the production of dark radiation and solve for the background solution. We present an analytical expression of ΔN_{eff} and plot its dependence on scale factor and the coupling between dark matter and dark radiation. In section 3, we derive the cosmological perturbation equations for our scenario and, in section 4, we discuss our main numerical results from a COSMOMC analysis using various datasets. We demonstrate that observations are consistent with ΔN_{eff} ∼ 1 around decoupling and ΔN_{eff} ∼ 0 around BBN. In section 5, we present a specific model in which the dark radiation production can be realised and constrain the model parameters. Finally we conclude in section 6.

2. Interaction between dark radiation and dark matter

2.1. Background evolution

If dark radiation belongs to the dark sector along with dark matter, an interaction between the two could be possible. A general coupling (at the background level) can be described by the energy balance equations

ρ̇_{DM} + 3Hρ_{DM} = −Q , ρ̇_{dark} + 3H (1 + w_{dark}) ρ_{dark} = Q , (1)

where ρ_{DM} and ρ_{dark} are the dark matter/radiation energy densities and H = ȧ/a is the Hubble rate, where a is the scale factor and an overdot denotes the derivative with respect to conformal time τ. For our case of dark matter being converted into dark radiation then w_{dark} = P_{dark}/ρ_{dark} = 1/3. The rate of energy transfer is given by Q – a positive Q denotes the direction of energy transfer from dark matter to dark radiation. A non-zero Q means that dark matter no longer redshifts exactly as 1/a^3 and also that

§ We do not use ACT and SPT data simultaneously. This is because the observational fields slightly overlap and hence require a more detailed analysis of the combined noise properties. We thank Mark Halpern for pointing this out.

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter5

dark radiation does not redshift as 1/a^4. It is important to remind ourselves that we require a covariant form for the energy momentum transfer Q.

Several papers over the recent years have studied different forms of the energy transfer rate Q in the context of interacting dark matter-dark energy [58–68]. We adopt the covariant form of energy momentum transfer 4-vector introduced in [68] Q_{DM} = Γρ_{DM} , (2) where the form of interaction rate Γ depends on the details of the particle physics of the decay process. Many forms of Γ has been studied in literature, we adopt a simple case where Γ = αH, where α is a constant and H is the Hubble rate. As discussed in [68], an implicit assumption behind this form of Γ is that the interaction rate varies with time but not with space, which explains the presence of H in the place of the interaction rate in Eq. 2. This form of Γ can arise from different models of dark matter decay. In section 5, we demonstrate a model of dark matter decaying into dark radiation and we show that the above mentioned form of Γ can be easily realised in nature.

For this form of the coupling it is easy to solve the background energy density equations [68] ρ_{DM} = ρ_{DM,0}a^{−(3+α)} ,

ρ_{dark} = ρ_{dark,0}a^{−3(1+wdark)} + ( α α − 3w_{dark} ) ρ_{DM,0}a^{−3}(a^{−3wdark} − a^{−α}) . (3)

With w_{dark} = 1/3 the equation for ρ_{dark} can be collected into two terms

ρ_{dark} = βa^{−4} + ( α 1 − α ) ρ_{DM,0}a^{−(3+α)}, (4)

where β is a constant. The first part behaves like a standard radiation density and the second part behaves like a fluid with an equation of state α/3. In the case of a weak coupling between dark matter and dark radiation, we require that α is small, which in turn leads to β ∼ 0. In the following we only keep the second term in Eq. 4. This is further justified by the fact that the fraction of ρ_{dark}, which redshifts like 1/a^4, will be subdominant to the fraction which redshifts like dark matter due to the expansion of the Universe.

With this assumption we obtain

ρ_{dark} ρ_{DM} → α 3w_{dark} − α = α 1 − α . (5)

As we will see later from our numerical analysis, α ≪ 1, so the ratio reduces to ρ_{dark}/ρ_{DM} = α. In fact, in section 6 we study a model of dark matter decay for a specific interaction and decay mechanism where our assumption is realised. This means that the pure radiation-like component (the term with coefficient β) is indeed absent.

2.2. Calculation of ΔN_{eff}

In the standard cosmological scenario, it is a standard practice to define ΔN_{eff} by

ρ_{rad} = 1 + 7 8 N_{eff} ( T_ν T_γ )_4 ρ_γ , (6)

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter6

where the radiation density ρ_{rad} is given as a sum of the energy density in photons ρ_γ = (π^2/15)T^4_γ and standard model neutrinos. In the standard model this predicts N^{SM}_{eff} = 3.046 with T_ν /T_γ = (4/11)^{1/3}. Any departure from the standard scenario is parameterized as N_{eff} = N^{SM}_{eff} + ΔN_{eff} .

One implicit assumption in the above definition is that the dark matter dilutes as 1/a^3. But in our case neither dark matter nor dark radiation dilutes in the standard way. This means we cannot simply use the definition above – a more appropriate model independent method is needed to compare the expansion rate H to that of the standard model H_{SM} and attribute the difference to ΔN_{eff} . In our model

3H^2M^2_{P l} = ρ_{DM,0}/a^{3+α} + α 1 − α ρ_{DM,0}/a^{3+α} + ρ_{rest} (7) = 1 1 − α ρ_{DM,0}/a^{3+α} + ρ_{rest} ,

where ρ_{rest} stands for the normal radiation and dark energy components. We then compare to the standard H_{SM} (with non-zero ΔN_{eff} ) to obtain 7 8 ΔN_{eff} ( T_ν T_γ )_4 ρ_{γ0} a^4 = 1 1 − α ρ_{DM,0}/a^{3+α} − ρ_{DM,0}/a^3 . (8)

Using the above definition we find that ΔN_{eff} depends on the decay constant α as well as scale factor a. We show ΔN_{eff} as function of a in the top-left panel of Fig. 1 for α = 0.02 and 0.04. At the time of decoupling this produces a ΔN_{eff} of order unity.

As already discussed, the contribution to ΔN_{eff} arises mainly due to the faster expansion rate at the time of decoupling and MRE in our model. It is interesting to note that at an early epoch deep in the radiation-dominated era, when the dark matter density is negligible, the deviation from the standard expansion rate is close to zero, as expected. At late times – after z ∼ 100 – the expansion rate again approaches the standard model expansion rate, as demonstrated in Fig. 1. This is because a → 1 and α is still small – in other words the interacting dark matter starts to behave in the same way as in standard ΛCDM.

3. Perturbations of dark radiation

To determine the perturbations to dark radiation and dark matter we need to consider the Boltzmann equation for its distribution. For simplicity we will consider a massive dark matter particle decaying into a pair of massless daughter particles. Following standard practice (e.g. [69]) we expand the distribution function for each species j in terms of a zero-order component f^0_j and a perturbation Ψ_j

f_j(x^i, q_j, n_i, τ) = f^0_j (q_j , τ)[1 + Ψ_j(x^i, q_j, n_i, τ)] , (9) which depends on position x^i, magnitude of momentum q_j , direction n_i and conformal time τ. The phase space of each species obeys the Boltzmann equation Df_j dτ = ∂f_j ∂τ + ∂f_j ∂x^i dx^i dτ + ∂f_j ∂q_j dq_j dτ + ∂f_j ∂n_i dn_i dτ = ( df_j dτ ) C , (10)

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter7

Figure 1. For each panel we show the best-fit vanilla 6-parameter model from WMAP+SPT (black), then models with the same parameters but one extra relativistic species (dotted-red), a lower dark matter density of Ω_{DM} = 0.085 (dashed-blue, as opposed to Ω_{DM} = 0.112) and a decaying dark matter model with α = 0.02 (dot-dash green) and 0.04 (dot-dot-dash magenta). (Top-left) ΔN_{eff} as a function of scale factor. (Top-right) Hubble rate compared to the standard model. (Bottom-left) Effective (total) equation of state. (Bottom-right) Ratio of the gravitational potential Φ for a Fourier mode with k = 0.02 Mpc^{−1} compared to the standard model. Horizon entry for this mode is indicated by the dashed vertical line.

where (_{dfj} dτ ) C is the collision term, which depends on particle interactions.

At zeroth-order the Boltzmann equation for the dark matter distribution function can then be written as [70, 71] ḟ^0_{DM} = −αHf^0_{DM} , (11)

under the assumption that Eq. 5 is fulfilled. Upon multiplying by the proper energy ϵ_j = √ q^2_j + a^2m^2_j and integrating over all momenta one obtains the same continuity equation for dark matter as in Eq. 1.

Working in the synchronous gauge, we can now work out the equations of motion for the perturbations to dark matter and its decay product. For the perturbations to dark matter we write out the Boltzmann equation and the perturbation to the energy density by following the machinery described in Ref. [69]. In the end, the equations of motion for the dark matter perturbations reduce to the case of stable dark matter

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter8

particles - the only difference being the different distribution function f^0_{DM} specified by Eq. 11. This result was also obtained in Refs. [71–73]

Following Ref. [69], for the massless decay product we integrate out the q dependence of the distribution function and expand the angular component in terms of Legendre polynomials, F_j(⃗k, n̂, τ) ≡ ∫ q^2_j dq_j q_jf^0_j (q_j)Ψ ∫ q^2_j dq_j q_jf^0_j (q_j ) ≡ ∞∑ l=0 (−i)^l(2l + 1)F_{j l}(⃗k, τ)P_l(k̂ · n̂) , (12)

where μ = k̂ · n̂ and P_n(μ) are the Legendre polynomials of order n.

The Boltzmann equation can then be worked out to give

Ḟ_{dark} + ikμF_{dark} = −2 3 ḣ − 4 3 ( ḣ + 6η̇ ) P_2(μ) + H(1 − α) (δ_{DM} − F_{dark}) ,(13)

where the expression for the density perturbation δ = δρ/ρ in terms of phase-space integrals, and the definition of the synchronous gauge metric perturbations h and η can be found in Ref. [69].

Eq. 13 can be translated into a hierarchy of perturbation equations of motion for the dark radiation by inserting the expansion in Eq. 12 and collecting terms. The final results are δ̇_{dark} = − 4 3 θ_{dark} − 2 3 ḣ − H(1 − α)(δ_{dark} − δ_{DM}) , (14)

θ̇_{dark} = k^2 ( 1 4 δ_{dark} − σ_{dark} ) − H(1 − α)θ_{dark} ,

Ḟ_{dark 2} = 2σ̇_{dark} = 8 15 θ_s − 3 5 kF_{dark 3} + 4 15 ḣ + 8 5 η̇ − H(1 − α)F_{dark 2} ,

Ḟ_{dark l} = k

2l + 1 [ lF_{dark (l−1)} − (l + 1)F_{dark (l+1)} ] − H(1 − α)F_{dark l} , l ≥ 3 ,

where δ_{dark} = F_{dark 0}, θ_{dark} = 3k/4F_{dark 1} and σ_{dark} = F_{dark 2}/2. This is an infinite hierarchy so we need to truncate the hierarchy at some l_{max}, for which we choose [69]

F_{ν (lmax+1)} ≈

(2l_{max} + 1) kτ F_{ν lmax} − F_{ν (lmax−1)} . (15)

These equations are equivalent to those in Ref. [71] for their choice of decay variables.

We implemented these equations in a modified version of CAMB [74]. This amounts to: (1) Changing the scaling behaviour of dark matter to a^{−(3+α)}; (2) Modifying the background evolution to include an additional component whose energy density scales like dark matter but with w_{dark} = 1/3 ; (3) Implementing the hierarchy of perturbation equations, which are similar (with the exception of the final terms in Eq. 14) to the existing massless neutrino perturbation equations.

4. Results

In Fig. 2 we show the temperature power spectrum each of the models listed in Fig. 1. The general features can be understood qualitatively by the following

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter9

Figure 2. Temperature power spectrum for the models listed in Fig. 1.

• For models with an extra relativistic species, lower CDM and decaying dark matter (DDM) the acoustic peaks are shifted to smaller scales. The angular scale of the peaks is set by the ratio of the sound horizon at decoupling to the angular diameter distance to decoupling. For a flat Universe this is approximately the ratio of the conformal time at decoupling to that today, i.e. θ_A ≈ τ_{dec}/τ_0. For extra relativistic species the increased Hubble rate at early times decreases τ_{dec}, while τ_0 remains similar. For lower CDM both τ_{dec} and τ_0 increase, with the relative increase in τ_0 compared to the standard model greater. For DDM both τ_{dec} and τ_0 decrease, with the relative decrease in τ_{dec} greater.

• The first two peaks are noticeably enhanced in models with an extra relativistic species and lower CDM, but are suppressed in the DDM model. This arises from the driving effect (modes entering the horizon during the radiation era are enhanced due to the decay of gravitational potentials) and (for the first peak) the early Integrated Sachs-Wolfe (ISW) effect. The total (effective) equation of state of the Universe for each model is shown in Fig. 1. For extra relativistic species and lower CDM, radiation domination (w_{eff} ≈ 1/3) is extended, while for the decaying dark matter model the Universe actually departs from radiation domination faster. This is somewhat opposite to what one might expect, since dark matter is decaying into dark radiation, but is a consequence of fixing Ω_{DM} today to be the same as the standard model and it scaling as a^{−(3+α)}. The result of this can be seen in Fig. 1, by plotting the gravitational potential Φ for a mode with k = 0.02 Mpc^{−1}, which enters the horizon around a ≈ 10^{−4}. Potential decay is suppressed in the DDM model by the time of decoupling.

• The first peak is also affected by the early ISW – here the potential can still decay

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter10

after decoupling as the Universe is not completely matter dominated. For DDM the total equation of state is closer to the standard model at decoupling than in models with an extra relativistic species or lower CDM, so the early ISW contribution is smaller. There is, however, a late time ISW effect, resulting in more power on large scales. This is because the total equation of state w_{eff} ≠ 0, and also because the radiation decay product (whose energy density is αρ_{DM}) contributes a source of pressure and anisotropic stress.

• On small scales there is reduced power in the damping tail of the CMB for both extra relativistic species and DDM. This is due to the increased expansion rate prior to decoupling, resulting in higher diffusion damping. The opposite occurs for lower CDM due to the decreased expansion rate.

In order to confront the DDM model with observations we perform parameter estimation using a modified version of the COSMOMC package [75]. For our analysis we use data from the 7-year WMAP release [1], the 148 GHz 2008 ACT data [29] and the 150 GHz 2008/2009 SPT data [30]. Due to the small overlapping sky coverage between ACT and SPT we consider WMAP + ACT and WMAP + SPT independently. We use software provided by each team to compute the likelihood of cosmological models.

Figure 3. Marginalized parameter constraints for WMAP + ACT (solid black) and WMAP + SPT (dashed red).

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter11

To parameterize these models we fit for 7 parameters, imposing the flatness condition Ω_k = 0‖: the baryon density Ω_bh^2, cold dark matter density Ω_{DM}h^2, Hubble parameter H_0 = 100 h Mpc^{−1} km s^{−1}, optical depth to reionization τ, and the amplitude A_s and spectral index n_s of initial fluctuations. In addition we fit for the dark matter decay constant α, imposing a prior that α ≥ 0. Since ACT and SPT observe much smaller scales than WMAP, marginalisation over foregrounds is also required, since these contribute to the small scale temperature power spectrum. We follow the same procedure as in the ACT and SPT analysis, marginalising over a combined thermal and kinetic Sunyaev-Zeldovich (SZ), and a clustered point source, template, together with a Poisson (C_ℓ = const) point source component. The reader is referred to these references for more details on the templates used. This brings the total number of parameters fitted to 10 (7 cosmological and 3 secondary foreground parameters). We used the lensed theoretical CMB spectra from CAMB in our fits, since lensing is favoured by WMAP + ACT/SPT at the level of several σ.

The results of our analysis are shown in Fig. 3 and Fig. 4, where we show marginalised 1-dimensional and 2-dimensional parameter constraints. There is no preference for a non-zero decay constant, with a 2σ upper-limit of α < 0.027 for WMAP + ACT and α < 0.028 for WMAP + SPT. This likely stems from the different effect on the CMB spectrum for DDM than for extra relativistic species, in particular the suppression of the first peak instead of an enhancement. There is some degeneracy with other parameters, in particular the spectral index and Hubble parameter. Repeating our analysis for the standard model (α = 0) we find, for example, WMAP + SPT gives n_s = 0.964±0.011 and h = 0.706±0.021, while allowing α to vary then n_s = 0.976±0.015 and h = 0.765 ± 0.052.

5. Origin of interaction: A phenomenological model

An empirical form of energy transfer has been introduced in most studies [58–68] where interactions between different cosmological sectors has been considered. Till now we also have chosen an empirical form Γ = α H for our model and used it to confront with data. For this form of coupling we have shown that the ratio of the energy densities of dark radiation and dark matter ρ_{dark}/ρ_{DM} = α is practically constant in time for small α. Hence, putting an upper bound on α basically gives us an estimate of how large a fraction of dark matter is allowed to decay into dark radiation, obeying all cosmological constraints.

Though the main goal of this paper is not a dark matter model, we will now discuss a specific phenomenological model where one can analytically derive the energy transfer equations between dark matter and dark radiation. We show that a time independent

‖ The effect of leaving Ω_k as a free parameter has been investigated in e.g. [56, 57]. Interestingly, in a model with two sterile neutrinos the cosmological constant seems to be ruled out at 95 % confidence level. Furthermore, models with sterile neutrinos seem to prefer w < −1 for the dark energy equation of state.

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter12

Figure 4. Marginalized constraints on the 7 fitted cosmological parameters for WMAP + ACT (solid black) and WMAP + SPT (dashed red). Likelihood contours show the 68% and 95% confidence levels.

α can indeed emerge in a phenomenological model. Note, however, that our numerical results are not limited to this specific model. Any dark matter model with a coupling to dark radiation and where the fraction of dark radiation to dark matter does not change much in the course of a Hubble time will be subject to the constraints from section 4.

We consider a coherently oscillating scalar field which plays the role of CDM [76–78]. This has a Yukawa type coupling to a nearly massless dark fermion ψ_d (L ⊃ λϕψ_dψ̄_d). This type of CDM can in principle decay parametrically into dark radiation and the situation is very similar to the fermionic preheating scenario in the context of inflation [79]. However, the energy scale which we are considering here is much lower compared to that of inflation. We refer our readers to Refs. [76–78] for details of the dark matter decay process in this scenario. Here we present a brief review about the basic mechanism

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter13

of dark radiation production from CDM and finally we put constaints on the model parameters on the basis of the numerical results obtained in section 4.

By adopting the results of fermionic preheating [77, 79] in an expanding background, the comoving number density of dark fermions can be found by solving the well known Mathieu equations

X^{′′}_k + [κ^2 + (m̃ + √ qf)^2 − i √ qf^′]X_k = 0, (16)

where the resonance parameter q ≡ λ^2ϕ^2_0/m^2_ϕ, ϕ_0f(t) is the background solution for the time evolution of the oscillating scalar field, κ ≡ k/m_ϕ is the dimensionless fermion mass, and m̃ ≡ m_ψ/m_ϕ. These three parameters completely determine the parametric production of fermions. We consider the oscillation of the field with the usual quadratic potential V =^1_2 m^2ϕ^2, which is a good first order approximation around the minima of any potential. The term (m̃ + √ qf) can be thought of as an effective mass of the fermion. As the scalar field oscillates, the effective mass itself will oscillate around zero and the parametric production of fermions is enhanced when the effective mass crosses zero. It can be shown numerically that n_k(t) oscillates and due to Pauli blocking its maximum value never crosses unity.

The expansion of the Universe has not been taken into account in the discussion above. As the mass of the oscillating scalar is very low, for a complete treatment, however, we have to consider the expansion of the Universe. When the expansion is taken into account, the resonance parameter q ≡ λ^2ϕ(t)^2/m^2_ϕ becomes time-dependent and the periodic modulation of the comoving number density does not hold any more. It has been shown [77] (though in a different context of neutrino cosmology) that the parametric production of dark radiation happens as long as the time dependent resonance parameter satisfies q(z) ≫ 1. In this regime, the produced dark radiation density takes a very simple form ρ_{dark} = 8πλ^2ρ_{DM}, which gives α in terms of model parameters α = 8πλ^2. The only requirement for the above relation is q ≫ 1, which translates into 2 λ^2 ρ_{DM,0}

m^4_ϕ

(1 + z)^3 ≫ 1, (17)

which we assumes holds true from BBN till the present epoch denoted by the ’0’ superscript.

So far the dark matter mass m_ϕ has not been constrained in our analysis. This is because the dark matter mass does not enter explicitly into the perturbation analysis and thus our numerical results do not constrain the dark matter mass directly. One can, however, place an upper bound on the dark matter mass for this specific model of parametric decay. This is possible from the requirement m_ϕ ≥ H – otherwise the Hubble friction would prevent the field from oscillating coherently and will not allow it to behave as CDM. From the constraints on CDM matter power spectra we know that dark matter has to be present in the Universe at least couple of e-foldings before MRE – otherwise there would be too much suppression in the linear matter power-spectra

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter14

on small scales [76]. So to get an estimate we assume the scalar started to oscillate coherently when the temperature of the Universe was around T = T_{osc} ≃ 100 eV. This choice keeps us out of the conflict with constraints from linear matter power spectra measurements from Lyman-α and SDSS data [80, 81]. This, in turn, constrains the dark matter mass m_ϕ ≫ H(T_{osc}). In Fig. 5 we show the allowed region in the (m_ϕ, λ) plane which satisfy all of the above three constraints namely: a) To satisfy the parametric production of dark radiation; b) To be consistent with our numerical results (upper bound on α) from section 4; c) To obey the condition for the coherent oscillation setting in before MRE.

Figure 5. Allowed region in the (m_ϕ, λ) plane for a coherently oscillating scalar dark matter decaying into dark radiation. The blue area is excluded from the requirement that the resonance parameter is not high enough to produce dark radiation through parametric resonance. The purple region is excluded from the upper limit on the fraction of dark matter decaying into dark radiation taken from our numerical result in section 4. The lower grey area is excluded from the requirement m_ϕ ≫ H(T_{osc}).

6. Discussion and conclusion

The evidence for the existence of dark radiation at the CMB epoch is intriguing. If future experiments find a mismatch between the radiation content of the Universe at the epoch of BBN and decoupling, the production of dark radiation may be a late-time phenomenon in the cosmic history which took place some e-foldings after BBN. Future surveys like Planck will measure the effective number of radiation degrees of freedom with an accuracy of ΔN_{eff} = 0.026 [31] and will also be able to probe if extra radiation has been produced after BBN at all, so that ΔN^{BBN}_{eff} ≠ ΔN^{CMB}_{eff} .

In this paper, we have shown that if dark radiation is produced from dark matter decays, the Universe naturally gets populated with an extra radiation component after

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter15

BBN but before photon decoupling. The reason is that as the Universe cools the dark matter density increases and, as a result, so does the dark radiation produced from it. We have constrained the fraction of dark matter which is allowed to be converted into dark radiation using the WMAP7 + ACT and WMAP + SPT data. We find an upper bound on this fraction using a COSMOMC analysis and show that it is possible to get an increase in N_{eff} by of order unity as the Universe approaches the epoch of photon decoupling. However, the effect on the temperature power spectrum is somewhat different than adding in extra relativistic species by hand, most noticeably in the suppression of the first acoustic peak. For this reason, if Planck confirms the mismatch between ΔN^{CMB}_{eff} and ΔN^{BBN}_{eff} , it remains to be seen how well the decaying dark matter model fits data.

As a phenomenological example we have presented a model of dark matter decay and calculated the decay rate as a function of the coupling between CDM and dark radiation.

Dark matter decaying into dark radiation could also have important implications for cosmological structure formation. Very recently the observations of high redshift massive galaxy clusters [82] has put ΛCDM cosmology under stringent constraints [83– 85]. In fact, the presence of extra dark radiation during the CMB epoch may play a role in resolving these issues [86]. Note in this context that in Fig. 1 we have showed that the decay of the gravitational potential during decoupling is suppressed in the decaying dark matter model. This may boost early structure formation as discussed above. The detailed study of this effect in the context of our model is beyond the scope of this paper and we leave it for future work.

Acknowledgments

We thank Jim Zibin and Yvonne Wong for useful discussions. OEB acknowledges support from the Villum Foundation.

References

[1] E. Komatsu et al. [WMAP Collaboration], Astrophys. J. Suppl. 192, 18 (2011) [arXiv:1001.4538 [astro-ph.CO]].

[2] G. Steigman, Ann. Rev. Nucl. Part. Sci. 57, 463 (2007) [arXiv:0712.1100 [astro-ph]]. [3] J. Hamann et al., JCAP 0708, 021 (2007) [arXiv:0705.0440 [astro-ph]]. [4] M. Archidiacono, E. Calabrese, A. Melchiorri, [arXiv:1109.2767 [astro-ph.CO]]. [5] E. Calabrese, D. Huterer, E. V. Linder, A. Melchiorri, L. Pagano, Phys. Rev. D83, 123504 (2011) [arXiv:1103.4132 [astro-ph.CO]].

[6] Z. Hou, R. Keisler, L. Knox, M. Millea and C. Reichardt, [arXiv:1104.2333 [astro-ph.CO]]. [7] M. Archidiacono, E. Giusarma, A. Melchiorri and O. Mena, arXiv:1206.0109 [astro-ph.CO]. [8] J. Hamann, JCAP 1203 021 (2012) [arXiv:1110.4271 [astro-ph.CO]]. [9] J. Kopp, M. Maltoni and T. Schwetz, [arXiv:1103.4570].

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter16

[10] E. Akhmedov, T. Schwetz, JHEP 1010 (2010) 115. [arXiv:1007.4171 [hep-ph]]. [11] S. K. Agarwalla, P. Huber, Phys. Lett. B696 (2011) 359 [arXiv:1007.3228 [hep-ph]]. [12] C. Giunti, M. Laveder, [arXiv:1107.1452 [hep-ph]].

[13] J. Hamann, S. Hannestad, G. G. Raffelt, I. Tamborra and Y. Y. Y. Wong, Phys. Rev. Lett. 105, 181301 (2010) [arXiv:1006.5276 [hep-ph]].

[14] G. Mention, M. Fechner, T. Lasserre, T. A. Mueller, D. Lhuillier, M. Cribier and A. Letourneau, Phys. Rev. D 83, 073006 (2011) [arXiv:1101.2755 [hep-ex]].

[15] A. Cuoco, J. Lesgourgues, G. Mangano and S. Pastor, Phys. Rev. D 71 (2005) 123501 [astroph/0502465].

[16] W. Hu, Astrophys. J. 506, 485 (1998) [astro-ph/9801234].

[17] J. F. Beacom, N. F. Bell and S. Dodelson, Phys. Rev. Lett. 93 (2004) 121302 [astro-ph/0404585]. [18] S. Hannestad, JCAP 0502 (2005) 011 [astro-ph/0411475].

[19] A. Basboll, O. E. Bjaelde, S. Hannestad and G. G. Raffelt, Phys. Rev. D 79 (2009) 043512 [arXiv:0806.1735 [astro-ph]].

[20] A. Basboll and O. E. Bjaelde, Phys. Rev. D 81 (2010) 123503 [arXiv:0911.1771 [astro-ph.CO]]. [21] W. Hu, D. J. Eisenstein, M. Tegmark and M. J. White, Phys. Rev. D 59 (1999) 023512 [astroph/9806362].

[22] R. Trotta and A. Melchiorri, Phys. Rev. Lett. 95 (2005) 011305 [astro-ph/0412066]. [23] F. De Bernardis, L. Pagano, P. Serra, A. Melchiorri and A. Cooray, JCAP 0806 (2008) 013 [arXiv:0804.1925 [astro-ph]].

[24] T. L. Smith, S. Das and O. Zahn, Phys. Rev. D 85 (2012) 023001 [arXiv:1105.3246 [astro-ph.CO]]. [25] Y. I. Izotov and T. X. Thuan, Astrophys. J. 710, L67 (2010) [arXiv:1001.4440 [astro-ph.CO]]. [26] V. Simha and G. Steigman, JCAP 0806, 016 (2008) [arXiv:0803.3465 [astro-ph]]. [27] E. Aver, K. A. Olive and E. D. Skillman, JCAP 1005, 003 (2010) [arXiv:1001.5218 [astro-ph.CO]]. [28] K. M. Nollett and G. P. Holder, arXiv:1112.2683 [astro-ph.CO]. [29] J. Dunkley et al., Astrophys. J. 739, 52 (2011) [arXiv:1009.0866 [astro-ph.CO]]. [30] R. Keisler et al., Astrophys. J. 743, 28 (2011) [arXiv:1105.3182 [astro-ph.CO]]. [31] J. Hamann, J. Lesgourgues and G. Mangano, JCAP 0803, 004 (2008) [arXiv:0712.2826 [astro-ph]]. [32] L. A. Anchordoqui and H. Goldberg, Phys. Rev. Lett. 108 (2012) 081805 [arXiv:1111.7264 [hepph]].

[33] P. Sikivie and Q. Yang, Phys. Rev. Lett. 103, 111301 (2009) [arXiv:0901.1106 [hep-ph]]. [34] O. Erken, P. Sikivie, H. Tam and Q. Yang, [arXiv:1104.4507 [astro-ph.CO]]. [35] A. P. Lundgren, M. Bondarescu, R. Bondarescu and J. Balakrishna, Astrophys. J. 715, L35 (2010) [arXiv:1001.0051 [astro-ph.CO]].

[36] A. Aguilar-Arevalo et al. [LSND Collaboration], Phys. Rev. D 64 (2001) 112007 [hep-ex/0104049]. [37] A. A. Aguilar-Arevalo et al. [The MiniBooNE Collaboration], Phys. Rev. Lett. 105 (2010) 181801 [arXiv:1007.1150 [hep-ex]].

[38] K. N. Abazajian, M. A. Acero, S. K. Agarwalla, A. A. Aguilar-Arevalo, C. H. Albright, S. Antusch, C. A. Arguelles and A. B. Balantekin et al., arXiv:1204.5379 [hep-ph].

[39] J. Hamann, S. Hannestad, G. G. Raffelt and Y. Y. Y. Wong, JCAP 1109, 034 (2011) [arXiv:1108.4136 [astro-ph.CO]].

[40] J. Fan and P. Langacker, JHEP 1204, 083 (2012) [arXiv:1201.6662 [hep-ph]]. [41] V. Barger, J. P. Kneller, P. Langacker, D. Marfatia and G. Steigman, Phys. Lett. B 569, 123 (2003) [arXiv:hep-ph/0306061].

[42] G. Mangano, G. Miele, S. Pastor, O. Pisanti and S. Sarikas, JCAP 1103, 035 (2011) [arXiv:1011.0916 [astro-ph.CO]].

[43] R. Fardon, A. E. Nelson and N. Weiner, JCAP 0410, 005 (2004) [arXiv:astro-ph/0309800]. [44] S. Antusch, S. Das and K. Dutta, JCAP 0810, 016 (2008) [arXiv:0807.4930 [astro-ph]]. [45] J. L. Feng, V. Rentala and Z. Surujon, Phys. Rev. D 84, 095033 (2011) [arXiv:1108.4689 [hep-ph]]. [46] M. Blennow, E. Fernandez-Martinez, O. Mena, J. Redondo and P. Serra, [arXiv:1203.5803 [hepph]].

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter17

[47] K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami and F. Takahashi, JCAP 0705, 008 (2007) [arXiv:hep-ph/0703034].

[48] W. Fischler, J. Meyers, Phys. Rev. D83, 063520 (2011) [arXiv:1011.3501 [astro-ph.CO]]. [49] J. Hasenkamp, [arXiv:1107.4319 [hep-ph]].

[50] K. Ichikawa, M. Kawasaki, K. Nakayama, M. Senami and F. Takahashi, JCAP 0705, 008 (2007) [hep-ph/0703034 [HEP-PH]].

[51] N. F. Bell, A. J. Galea and K. Petraki, Phys. Rev. D 82, 023514 (2010) [arXiv:1004.1008 [astroph.HE]].

[52] M. Abdelqader and F. Melia, Mon. Not. Roy. Astron. Soc. 388 (2008) 1869 [arXiv:0806.0602 [astro-ph]].

[53] B. Moore, S. Ghigna, F. Governato, G. Lake, T. R. Quinn, J. Stadel and P. Tozzi, Astrophys. J.

524 (1999) L19 [astro-ph/9907411].

[54] A. A. Klypin, A. V. Kravtsov, O. Valenzuela and F. Prada, Astrophys. J. 522 (1999) 82 [astroph/9901240].

[55] J. F. Navarro, C. S. Frenk and S. D. M. White, Astrophys. J. 490 (1997) 493 [astro-ph/9611107]. [56] J. R. Kristiansen and O. Elgaroy, arXiv:1104.0704 [astro-ph.CO].

[57] E. Giusarma, M. Archidiacono, R. de Putter, A. Melchiorri and O. Mena, Phys. Rev. D 85, 083522 (2012) [arXiv:1112.4661 [astro-ph.CO]].

[58] W. Zimdahl and D. Pavon, Phys. Lett. B 521, 133 (2001) [astro-ph/0105479]. [59] B. Wang, Y. -G. Gong and E. Abdalla, Phys. Lett. B 624, 141 (2005) [hep-th/0506069]. [60] M. R. Setare and E. C. Vagenas, Int. J. Mod. Phys. D 18, 147 (2009) [arXiv:0704.2070 [hep-th]]. [61] H. Ziaeepour, Phys. Rev. D 69, 063512 (2004) [astro-ph/0308515].

[62] G. Olivares, F. Atrio-Barandela and D. Pavon, Phys. Rev. D 74, 043521 (2006) [astro-ph/0607604]. [63] T. Koivisto, Phys. Rev. D 72, 043516 (2005) [astro-ph/0504571].

[64] O. E. Bjaelde, A. W. Brookfield, C. van de Bruck, S. Hannestad, D. F. Mota, L. Schrempp and D. Tocchini-Valentini, JCAP 0801, 026 (2008) [arXiv:0705.2018 [astro-ph]].

[65] O. E. Bjaelde and S. Hannestad, Phys. Rev. D 81 (2010) 063001 [arXiv:0806.2146 [astro-ph]]. [66] S. Das, P. S. Corasaniti and J. Khoury, Phys. Rev. D 73, 083509 (2006) [astro-ph/0510628]. [67] K. A. Malik, D. Wands and C. Ungarelli, Phys. Rev. D 67, 063516 (2003) [astro-ph/0211602]. [68] J. Valiviita, E. Majerotto and R. Maartens, JCAP 0807, 020 (2008) [arXiv:0804.0232 [astro-ph]]. [69] C. -P. Ma, E. Bertschinger, Astrophys. J. 455, 7-25 (1995) [astro-ph/9506072]. [70] M. Kawasaki, G. Steigman, H. -S. Kang, Nucl. Phys. B403, 671-706 (1993). [71] M. Kaplinghat, R. E. Lopez, S. Dodelson, R. J. Scherrer, Phys. Rev. D60, 123508 (1999) [astroph/9907388].

[72] M. -Y. Wang and A. R. Zentner, Phys. Rev. D 82 (2010) 123507 [arXiv:1011.2774 [astro-ph.CO]]. [73] M. -Y. Wang and A. R. Zentner, Phys. Rev. D 85 (2012) 043514 [arXiv:1201.2426 [astro-ph.CO]]. [74] A. Lewis, A. Challinor and A. Lasenby, Astrophys. J. 538, 473 (2000) [astro-ph/9911177]. [75] A. Lewis and S. L. Bridle, Phys. Rev. D66, 103511 (2002) [astro-ph/0205436]. [76] S. Das and N. Weiner, [arXiv:astro-ph/0611353].

[77] O. E. Bjaelde and S. Das, Phys. Rev. D 82, 043504 (2010) [arXiv:1002.1306 [astro-ph.CO]]. [78] T. Kobayashi, F. Takahashi, T. Takahashi, M. Yamaguchi, [arXiv:1111.1336 [astro-ph.CO]]. [79] P. B. Greene and L. Kofman, Phys. Rev. D 62, 123516 (2000) [arXiv:hep-ph/0003018]. [80] P. McDonald et al. [SDSS Collaboration], Astrophys. J. Suppl. 163, 80 (2006) [arXiv:astroph/0405013].

[81] M. Viel and M. G. Haehnelt, Mon. Not. Roy. Astron. Soc. 365, 231 (2006) [arXiv:astroph/0508177].

[82] M. Brodwin, J. Ruel, P. A. R. Ade, K. A. Aird, K. Andersson, M. L. N. Ashby, M. Bautz and G. Bazin et al., Astrophys. J. 721, 90 (2010) [arXiv:1006.5639 [astro-ph.CO]].

[83] B. Hoyle, R. Jimenez and L. Verde, Phys. Rev. D 83, 103502 (2011) [arXiv:1009.3884 [astroph.CO]].

[84] L. Cayon, C. Gordon and J. Silk, [arXiv:1006.1950 [astro-ph.CO]].

Origin of ΔN_{eff} as a Result of an Interaction between Dark Radiation and Dark Matter18

[85] M. J. Mortonson, W. Hu and D. Huterer, Phys. Rev. D 83, 023015 (2011) [arXiv:1011.0004 [astroph.CO]].

[86] S. Bashinsky and U. Seljak, Phys. Rev. D 69 083002 (2004) [arXiv:astro-ph/0310198].