arXiv:1104.3581v1 [astro-ph.CO] 18 Apr 2011

Is the Spectrum of Gravitational Waves the “Holy Grail” of Inflation?

Robert H. Brandenberger^∗ Department of Physics, McGill University, Montréal, QC, H3A 2T8, Canada (Dated: April 20, 2011)

It is often said that detecting a spectrum of primordial gravitational waves via observing B-mode polarization of the Cosmic Microwave Background is the “Holy Grail” of inflation. The purpose of this short note is to point out that it is indeed of immense scientific interest to search for a signal of gravitational waves in B-mode polarization. However, rather than proving that inflation is the right paradigm of early universe cosmology, a positive signal of direct primordial B-mode polarization might well be due to other sources than inflation. In fact, a careful characterization of the spectrum of B-mode polarization might even falsify the inflationary paradigm.

PACS numbers: 98.80.Cq

I. OVERVIEW

At the present time, the Cosmic Microwave Background (CMB) is our most accurate tool to study the structure of the universe. CMB temperature maps allow us to study the structure of the universe at the time t_{rec} when the microwave photons last scattered. The current high precision maps provide strong support for the paradigm that the structure which we now see in our universe comes from a primordial spectrum of almost adiabatic and almost scale-invariant fluctuations which were present on super-Hubble scales already before t_{rec}. The detailed quantitative analysis of these maps also allows us to tightly constrain a number of cosmological parameters which describe our background cosmology. The CMB temperature maps are now so accurate that they are cosmic variance limited for all larger angular scales.

There is, however, more information in the CMB than simple temperature maps reveal: CMB radiation is polarized, and the polarization carries a lot of important information about cosmology. CMB polarization can be decomposed into E-mode and B-mode polarization. The E-mode polarization power spectrum has now been observed, as has the cross correlation power spectrum between temperature and E-mode. However, to date no B-mode polarization has been detected.

Primordial adiabatic density fluctuations only lead to E-mode polarization, whereas gravity waves will lead to a signal in B-mode polarization. Thus, the search for B-mode CMB polarization is one of the ways to detect a spectrum of primordial gravitational radiation on cosmological scales.

The inflationary scenario [1, 2] is the current paradigm for early universe cosmology. Inflation solves some of the mysteries of Big Bang Cosmology and is the first model based on principles of relativistic physics to predict [3] (see also [4, 5]) an approximately scale-invariant spectrum of approximately adiabatic cosmological fluctuations [55]. Inflationary models also predict a roughly

∗email: rhb@hep.physics.mcgill.ca

scale-invariant spectrum of graviational waves [4].

It is currently often said that the measurement of gravitational radiation through the detection of primordial B-mode polarization is the “Holy Grail” needed to confirm that inflation is the correct theory of the very early universe (see e.g. [6]). The purpose of this note is to put this claim into some perspective. Implicit in the claim that detecting primordial B-mode polarization will be the “Holy Grail” of inflation are two assumptions: firstly that there are no other sources of direct B-mode polarization except for gravitational waves, and secondly that if indeed gravitational waves are responsible for B-mode polarization, then these waves will come from inflation.

Here, I point out that IF there is a measurable spectrum of gravitational waves on cosmological scales, these waves could well be due to other sources than inflation. Whereas inflation typically produces a small amplitude of gravitational waves, the other sources which I will mention can produce a larger amplitude. Secondly, I point out that there are other cosmological sources of B-mode polarization. Hence, a positive detection of B-mode polarization might NOT be due to gravitational waves at all.

This Note is intended mainly for experimentalists. I hope to argue here that it is even more important to search for B-mode polarization than if gravitational waves from inflation were the only possible source. In fact, I will show that it is possible that B-mode polarization results could falsify the inflationary paradigm.

II. WHY LOOK BEYOND INFLATIONARY COSMOLOGY?

The scenario of cosmological inflation [1] has for good reasons become the paradigm of early universe cosmology. It explains mysteries about the structure of the universe which Standard Cosmology could not address such as the horizon, flatness and entropy problems. More importantly, it provides a theory for the origin of an almost scale-invariant spectrum of primordial adiabatic curvature fluctuations on scales which at t_{rec} are larger than the Hubble radius (the apparent horizon). Such a spec-

FIG. 1: Space-time sketch of inflationary cosmology. The vertical axis is time, the horizontal axis corresponds to physical distance. The period of inflation lasts from ti until tR. Before ti and after tR the universe is in a phase dominated by radiation. The time tR can be viewed as the start of the the Standard Cosmology epoch of the inflationary scenario. The solid line labelled k is the physical distance between two points at rest in the expanding space. This distance corresponds to the scale of a fluctuation. Note that the horizon (the forward light cone of a point at the Big Bang) begins to deviate exponentially from the Hubble radius as the inflationary phase proceeds.

trum is in excellent agreement with the current data.

A space-time sketch of inflationary cosmology is shown in Figure 1. The vertical axis is time, the horizontal axis represents physical spatial distance. The inflationary phase lasts from time t_i until the time t_R of “reheating”. During this phase, space is expanding almost exponentially and hence the Hubble radius (defined as the inverse expansion rate) is approximately constant [56] During the inflationary phase, the physical wavelength of a fluctuation mode increases exponentially. It is this expansion which leads to the possibility that the fluctuation modes on large cosmological scales which are currently being probed by observation emerge at the beginning of the inflationary period on sub-Hubble scales, which allows a causal theory for their origin. In inflationary cosmology it is assumed that the fluctuations emerge at some early time as quantum vacuum perturbations on sub-Hubble scales [3] (see also [4, 5]). The success of inflation as a theory that can explain the origin of structure in the universe is based on two key points: Firstly, scales which we observe today need to have a wavelength smaller than the Hubble radius at some initial time. Secondly, the fluctuations need to propagate freely for a long duration of time on super-Hubble scales. This is necessary to establish the coherence of the phases of different fluctuation modes which in turn is responsible for producing the acoustic oscillations in the angular power spectrum of the CMB. Any alternative to inflation will have to contain these two features.

It is important to realize that a scale-invariant spectrum of adiabatic fluctuations as the origin of structure in the universe was already postulated a decade before the development of inflationary cosmology [7], and that ANY scenario which produces an almost scale-invariant spectrum of adiabatic fluctuations agrees equally well with the observations. This point is generally recognized, but it is then often claimed that since inflation produces a nearly scale-invariant spectrum of gravitational waves, the discovery of such a spectrum will confirm inflation. However, as will be emphasized here, this logic is incorrect.

Part of the motivation for looking beyond inflationary cosmology is the fact that (at least current realizations of) inflation suffer from various conceptual problems (see e.g. [10] for more extended discussions of these problems). Current models of inflation are based on coupling scalar matter fields to Einstein gravity. Whereas it is easy to construct toy models of inflation, it has proven very difficult - in spite of thirty years of efforts - to embed inflation into a fundamental theory of matter (see e.g. [11] for reviews of attempts to embed inflation into superstring theory). Even if a candidate model with a scalar field which can lead to inflation is found, then often special initial conditions need to be chosen in order to obtain inflation, and the parameters in the model need to be finely tuned if the observed amplitude of the spectrum of fluctuations is to emerge (this is the so-called “amplitude problem” of inflationary cosmology).

There are, however, more serious problems. One of them is the “trans-Planckian problem” for fluctuations [12, 13]: if the period of inflation lasts only slightly longer than it needs to in order for inflation to be successful at solving the cosmological problems of the Standard Big Bang which it is designed to solve [57], then the wavelengths of all scales which are currently probed in cosmological observations are smaller than the Planck length at the beginning of the inflationary period. The physical laws which underlie inflationary cosmology break down on length scales smaller than the Planck length (possibly much earlier), and thus the usual computations of the spectrum of cosmological fluctuations have been done using a theory which does not apply in the zone of ignorance indicated in Figure 2. It is easy to construct [13] toy models of physics beyond the Planck scale which yield large deviations from the usual predictions of inflation.

If inflation is obtained by coupling classical matter fields to Einstein gravity, then a cosmological singularity in the past is as unavoidable [14] as it is in Standard Cosmology. Thus, in the same way that we knew that Standard Cosmology could not be the ultimate theory of the very early universe, we know that neither can in-

FIG. 2: A space-time sketch of inflationary cosmology. As in Figure 1, the vertical axis is time, the horizontal axis denotes physical distance. In addition to the Hubble radius, the horizon and the physical wavelength corresponding to a fluctuation mode which expands as the size of space increases (the curve denoted by k), we show the vertical curve coresponding to the Planck length. Unless the period of inflation is only very slightly larger than the minimal duration it has to have to solve the problems of Standard Cosmology, the physical wavelength corresponding to our current Hubble radius is smaller than the Planck length at the beginning of inflation. Thus, all scales which are observable now in cosmology emerge from the short wavelength zone of ignorance. This is an illustration of the trans-Planckian problem.

flationary cosmology. There must be a theory beyond inflation which applies at very high densities. It may be the case that this theory contains inflation as the low density limit, but this need not be the case.

In large field toy models of inflation, the energy scale at which the inflationary phase takes place is typically of the order 10^{16}GeV, much closer to the Planck scale than to scales where the theory has been tested. In all approaches to quantum gravity it emerges that the Einstein action does not yield a good approximation to the dynamics at scales that approach the Planck scale. Since the scale of inflation is so close to the Planck scale (and even closer to the string scale [15]), it may be dangerous to trust the conclusions obtained by applying Einstein gravity.

The “Achilles heel” of inflation is related to the cosmological constant problem which arises whenever we couple quantum matter to gravity. Quantum vacuum energy cannot gravitate since if it would it would lead to a cosmological constant which is at least sixty orders of magnitude larger than the observed one. Thus, there must be a mechanism which renders quantum vacuum energy gravitationally inert. Why doesn’t the same mechanism

FIG. 3: Time evolution of the scale factor (size of space) in the emergent universe scenario. The time axis is the horizontal axis, the vertical axis gives the value of the scale factor. The time tR is the end of the emergent phase, the time when the universe makes the transition to the radiation stage of Standard Cosmology during which the scale factor increases as the square root of time.

render the constant part of a scalar field potential energy (which leads to inflation) gravitationally inert?

The above conceptual problems of inflation motivate the search for alternatives. As will be shown below, there are in fact alternative cosmological scenarios, and some of them yield an almost scale-invariant spectrum of gravitational waves like inflationary cosmology does. In fact, in at least one of these alternative approaches, the amplitude of the gravitational wave spectrum is larger than it is in simple inflationary models.

III. ALTERNATIVES TO INFLATION

In this section I will briefly review three alternative scenarios to inflation. This list is not meant to be complete! The three scenarios I will mention are an “emergent stringy universe” [16, 17], the “matter bounce scenario” (see e.g. [18] for a review of this and other alternatives), and the Ekpyrotic universe [19]. Two of the three produce a spectrum of almost scale-invariant gravitational waves on cosmological scales, both with amplitudes comparable or larger than what small field inflationary models produce.

A. Emergent Stringy Universe

In the “emergent universe” scenario [20] it is postulated that the universe begins in a long quasi-static phase which at some point in time t_R makes a transition to the expanding universe of Standard Big Bang Cosmology. The evolution of the scale factor as a function of time is sketched in Figure 3, the horizontal axis being time,

FIG. 4: Space-time sketch of the emergent universe scenario. As in Figure 1 in the illustration of inflationary cosmology, the vertical axis indicates time, the horizontal axis physical distance. The time tR is the end of the emergent phase and the onset of the radiation phase and plays a similar role to the time of reheating tR in inflationary cosmology. The Hubble radius (the blue solid curve labelled by H^{−1}) is infinite deep in the emergent phase. The physical wavelengths of fluctuation modes (indicated by k1 and k2 in the graph) are constant in the emergent phase. A mode exits the Hubble radius towards the end of the emergent phase at the time ti(k) and re-enters in late time cosmology at the time t_f (k).

the vertical axis indicating the value of the scale factor. A sketch of the resulting space-time is given in Figure 4. As in Figures 1 and 2, the vertical axis is time and the horizontal axis indicates physical distance. We plot the Hubble radius and the wavelength of some fluctuation mode. Since the universe is quasi-static before t_R, the Hubble radius tends to infinity. Hence, fluctuations which we observe today originate on sub-Hubble scales during the early “emergent” phase. After t_R, the fluctuations propagate on super-Hubble scales until they reenter the Hubble radius at late times. Thus, the two key properties allowing for the existence of a causal mechanism to produce primordial cosmological fluctuations and which also lead to acoustic oscillations in the CMB angular power spectrum (see the discussion at the end of the second paragraph of Section 2) are satisfied.

FIG. 5: Evolution of the temperature (vertical axis) as a function of the logarithm of the radius (horizontal axis). Two possible evolutionary tracks are shown which differ in the amount of entropy which they contain. If we begin the evolution at large radii, then initially the temperature rises as space contracts as for point particle matter. However, once the temperature approaches the limiting Hagedorn temperature TH , the temperature ceases to rise as R decreases. Below a critical radius which is chosen to be one in the figure, the temperature decreases as R decreases.

A possible realization of the emergent universe scenario arises in the context of “String Gas Cosmology” [16] (see [21] for reviews and [22] for some other original work). If we couple a gas of closed fundamental strings to a space-time background in the same way that in Standard Cosmology we couple a gas of point particles to a background space-time, then very important differences to point particle cosmology emerge at high densities. In particular, there is a maximal temperature for a gas of strings in thermal equilibrium, the so-called Hagedorn temperature T_H [23]. If we compress a box of strings, then we observe that initially the temperature T will rise, until T approaches T_H . In the case of a compact space and a gas of closed strings, the evolution of T as a function of the box radius R is sketched in Figure 5 [58]. In the string gas cosmology scenario [16] it is postulated that the universe begins in a quasi-static phase where the temperature hovers just below T_H . Eventually, the winding string modes which are important in the quasistatic phase decay into string loops, and this leads to the beginning of the radiation phase of Standard Cosmology.

In string gas cosmology, matter in the early universe is a gas of strings in thermal equilibrium. Hence, the thermal fluctuations dominate over the vacuum ones - in contrast to inflationary cosmology where it is assumed that fluctuations arise from a vacuum state. It was realized in [17] that in a compact space, thermal fluctuations of strings in the early phase of string gas cosmology lead to a nearly scale-invariant spectrum of cosmological perturbations. The amplitude of the spectrum depends on the ratio of the string scale to the Planck scale, and if that number is taken to be the preferred value in the string theory textbook [15], then the resulting amplitude of the perturbation spectrum is in good agreement with the data. Thus, string gas cosmology can successfully address some of the conceptual problems of the inflationary scenario: there is no amplitude problem for the magnitude of the spectrum, and since the wavelengths of fluctuation modes never become smaller than the length they have at t_R (which is of the order of 1mm for the scale corresponding to the current Hubble radius, and hence many orders of magnitude larger than the Planck scale), modes we observe today are never close to the short wavelength zone of ignorance. Hence the trans-Planckian problem for fluctuations is absent.

B. Matter Bounce Scenario

A second alternative to inflation is the “matter bounce” scenario. If there were a non-singular bouncing cosmology, then there would obviously be no singularity problem. Penrose and Hawking a long time ago taught us that in order to obtain such a non-singular bounce, one needs to go beyond General Relativity as the theory of space-time, or else invoke matter which violates some of the usual energy conditions. There is a long history of such attempts (see [24] for a comprehensive list of references). For a recent construction in the context of a modified gravitational theory (namely Hořava-Lifshitz gravity [25]) see [26] and for another recent construction using ghost condensate matter see [27].

Given a non-singular cosmology, it is most logical to assume that the contracting phase begins with a matterdominated phase, then makes a transition to a radiationdominated phase before undergoing the bounce and reemerging as an expanding Standard cosmology. Figure 6 presents a space-time sketch of a bouncing cosmology. As in earlier figures, the vertical axis represents time, the horizontal axis physical distance. The Hubble radius and the physical wavelength of perturbation modes are symmetric about the bounce point. Thus, we see immediately that fluctuations originate at early times on sub- Hubble scales, and that they propagate for a long time on super-Hubble scales. Thus, the two key conditions for being able to generate primordial curvature fluctuations which agree with the observed acoustic oscillations in the angular power spectrum of the CMB are satisfied [59] . Based on the second law of thermodynamics we know that the duration of the radiation phase of contraction cannot be longer than that of the expanding radiation phase. Hence, scales which are currently observed have exited the Hubble radius in the matter-dominated phase of contraction.

A while back it was realized [28, 29] that initial vacuum fluctuations on sub-Hubble scales in the contracting phase evolve into a scale-invariant spectrum of curvature perturbations on super-Hubble scales before the bounce. As long as the bounce phase does not change this spectrum (which it does not in a number of toy models for

FIG. 6: Space-time sketch of the matter bounce scenario. The vertical axis is conformal time η, the horizontal axis denotes a comoving space coordinate. Also, H^{−1} denotes the co-moving Hubble radius. The vertical solid green line indicates the wavelength of a particular perturbation mode. As is evident, this mode exits the Hubble radius at some point during the contracting phase and re-enters at a later time in the expanding Standard Big Bang phase.

bouncing cosmologies in which the evolution of the fluctuations can be studied (see e.g. [30]), we get a scaleinvariant spectrum at late times. This is called the “matter bounce” alternative to cosmological inflation as the explanation for the origin of structure.

C. The Ekpyrotic Universe

The major problem of the “matter bounce” scenario and of other bouncing cosmologies is the “anisotropy problem”: during the phase of contraction, the energy density in anisotropies grows faster than the energy density in the isotropic matter components. Hence, unless the initial anisotropies are tuned to be extremely small, no smooth cosmological bounce can occur.

The Ekpyrotic scenario [19] is a bouncing cosmology which avoids this problem. The model is motivated by a higher dimensional string theoretical framework [31] in which our matter is confined to a four space-time dimensional “brane” which is one of the two boundaries of a five dimensional bulk space-time. The extra spatial dimension is an interval of finite length, bounded on each side by a brane. There is an attractive force between the two boundary branes which renders the separation r between the branes dynamical. From the point of view of our four dimensional physics on the brane, the separation of the branes corresponds to a scalar field φ with φ ∼ logr.

The Ekpyrotic scenario assumes that the attractive potential V (φ) is a negative exponential function, leading to slow contraction of space. Once the separation between the branes becomes comparable to the string scale, quantum effects take over, leading (as is postulated but not proven) to a cosmological bounce. The radiation generated during the bounce leads to a radiation dominated phase of expansion. In contrast to the “matter bounce” scenario, the time evolution is not symmetric about the bounce point! Due to their coupling with φ, the scalar cosmological fluctuations acquire a scale-invariant spectrum in the contracting phase which, when taking extradimensional effects or entropy fluctuations into account (see e.g. [32]) leads to a scale invariant spectrum of curvature fluctuations after the bounce.

IV. GRAVITATIONAL WAVES FROM INFLATION

In inflationary cosmology, a scale-invariant spectrum of gravitational waves is generated from initial quantum vacuum fluctuations of the canonical fields which represent each polarization state. We begin with the metric

ds^2 = a^2(η) [ dη^2 − (δ_{ij} + h_{ij} )dx^idx^j ] , (1)

where h_{ij} is a transverse and traceless tensor which describes gravitational waves about a cosmological background given by the scale factor a(η). We are using conformal time η which is related to the physical time t via dt = a(η)dη. The tensor h_{ij} can be decomposed into the contributions from the two polarization states:

h_{ij} (η, x) = h_+(η, x)e^+_{ij} + h_−(η, x)e^−_{ij} , (2)

where e^+_{ij} and e^−_{ij} are the two fixed polarization tensors, and h^+ and h^− are the two coefficient functions which are scalar fields on the space-time background.

Inserting the gravitational wave ansatz (1) into the Einstein action and expanding to quadratic order in h^+ and h^−, it is straightforward to show that the resulting action for the fluctuations takes canonical form when written in terms of the fields

u^a ≡ ah^a , (3)

where the value of the index a is either + or −. The linear equations of motion for the Fourier modes u_k of u hence take on the simple form u^{′′}_k + ( k^2 − a^{′′} a ) u_k = 0 , (4)

where a prime indicates the derivative with respect to η. This equation shows that u_k oscillates on scales smaller than the Hubble radius but is squeezed on super-Hubble scales [33].

Up to this point, the analysis has been completely general. Let us now consider the application to inflationary cosmology. In this case, the perturbations originate as quantum vacuum fluctuations. Since the amplitude of the quantum vacuum perturbations is given by the Hubble constant H, the power spectrum of gravitational waves at late times is P_h(k) ∼ H(k) m_{pl} , (5)

where H(k) is the value of the Hubble constant during the inflationary phase when the scale k exits the Hubble radius, and m_{pl} is the Planck mass.

Note that if inflation is realized in the context of Einstein gravity and is generated by matter fields obeying the “Null Energy Condition”, then the Hubble constant must be a decreasing function of time and hence H(k) decreases as k increases. Inflationary cosmology thus produces a roughly scale-invariant spectrum of gravitational waves with a tilt which has to be red. This result is to be contrasted with the tilt of the spectrum of cosmological perturbations produced by inflation which can be blue (although more often it is red, too).

The rate at which the gravitational waves are squeezed on super-Hubble scales is the same as the rate at which a test scalar field on a fixed background metric is squeezed. If the equation of state of the background is independent of time, the scalar metric fluctuations (the “cosmological perturbations”) are squeezed at the same rate (this is true e.g. in the matter bounce scenario during the relevant time intervals), but it is NOT true in inflationary cosmology where the cosmological perturbations are amplified more during the reheating period than the gravitational waves, which leads to the small value of the tensor to scalar ratio r which inflationary models generally predict: r(k) ≡ P_h(k) P_ζ (k)

≪ 1 , (6)

where P_ζ is the power spectrum of curvature fluctuations. Note that large-field inflation models produce a value of r which is closer to 1 than small field models.

V. ALTERNATIVE SOURCES OF GRAVITATIONAL WAVES

A. Gravitational Waves from Topological Defects in Standard Cosmology

Before discussing what kinds of spectra of gravitational waves the alternative cosmological scenarios mentioned in Section 3 lead to, it is important to point out that even in Standard Cosmology there are processes that lead to a scale-invariant spectrum of gravitational waves. Specifically, I am referring to gravitational waves produced by a scaling distribution of topological defects such as cosmic strings [34].

Cosmic strings are linear topological defects predicted to form in a wide range of phase transitions of matter in the early universe. A subset of grand unified field theories leads to cosmic strings, in particular in many supergravity models [35]. Cosmic strings also form at the end of inflation in a wide set of inflationary models which arise motivated by superstring theory [36]. Cosmic strings are characterized by a mass per unit length μ (which is conventionally expressed in terms of the dimensionless number Gμ, G being Newton’s gravitational constant). The current upper bound on μ is about Gμ < 2 × 10^{−7} from the precision data on the angular power spectrum of CMB fluctuations in the region of the first acoustic peak [37].

In models which admit topologically stable cosmic strings, a network of such strings will inevitably form in the early universe (see [34] for detailed discussions and references to the original literature). It can be argued analytically and confirmed numerically that the string distribution will rapidly approach a “scaling solution” characterized by a network of infinite strings with a typical curvature radius which at all times t is of the order the Hubble radius t, and a distribution of string loops with radii R < αt which looks the same at all times if distances are scaled to the Hubble radius. In the above, α is a number smaller than 1 which needs to be determined by numerical simulations. The loops are formed via intersections of segments of the infinite string network. They oscillate and gradually decay via gravitational radiation.

Due to the fact that the distribution of strings is scaling, a scale-invariant spectrum of gravitational waves emerges. In turn, this produces a tensor contribution to the microwave anisotropies, as first calculated in [38] (see also [39] for other studies of gravitational radiation from a network of cosmic strings).

Based on the scaling solution of the network of infinite strings, one can calculate the distribution of cosmic string loop sizes. The number density n(R, t) in space of loops per R interval at time t (i.e. n(R, t)dR is the number density in space of loops with radii in the interval [R, R+ dR]), then for times t ≫ t_{eq} (where T_{eq} is the time of equal matter and radiation) the distribution is given by [40]: n(R, t) = νR^{−2}t^{−2} R ≫ t_{eq} n(R, t) = νR^{−5/2}t^{1/2}_{eq} t^{−2} γGμt < R ≪ t_{eq} . (7) For smaller values of R, n(R, t) is constant. The constant γ determines the overall strength of gravitational radiation, and ν is a coefficient which depends on the number per Hubble volume of infinite string segments in the scaling solution.

Based on this scaling distribution of string loops, the energy density distribution in gravitational waves can be calculated, and the resulting CMB temperature anisotropies can be inferred [38]. The CMB anisotropy spectrum is scale invariant on large angular scales and has a r.m.s. amplitude which is given on angular scales χ larger than about two degrees by [38] < ( δT T )_2 (χ) >^{1/2} ∼ [ 144 5 πβγν]^{1/2} ∼ 3 × 10^{−6} ( Gμ 2 × 10^{−7} ) (8) where in the final step we have inserted typical values β = 9, ν = 10^{−2} and γ = 5 which follow from cosmic string network evolution simulations [41] [60]. In the above, β is a constant of the order 2π which gives the length of a typical string loop as a multiple of the mean loop radius.

The above result for the amplitude of the tensor mode should be compared with the observed amplitude of the scalar mode which is < ( δT T )_2 (χ) >^{1/2} ∼ 10^{−5} , (9)

on large angular scales. Thus, the predicted tensor to scalar ratio r is

r ∼ 3 × 10^{−1} ( Gμ 2 × 10^{−7} ) . (10)

For strings with tension close to the current observational bound this is a value of r greater than what most inflationary models predict.

Although cosmic strings predict a spectrum of gravitational waves which is scale-invariant on large angular scales, the model predicts specific non-Gaussian signatures in position space. In CMB temperature maps the signal is a distribution of edges across which the temperature jumps [43]. These edges are due to strings present between the time t_{rec} of last scattering and the present time t_0. String segments created at time t lead to discontinuity lines in CMB maps of comoving scale s_c given by s_c ∼ t ( z(t) + 1 ) , (11)

where z(t) is the cosmological redshift at time t. These edges can be searched for using edge detection algorithms (see e.g. [44–46] for recent studies).

As pointed out in [47], wakes behind moving strings present between the time t_{eq} of equal matter radiation and the present time lead to a specific polarization signal. Most importantly, the extra scattering which photons passing though a wake at time t̃ experience leads to rectangular regions in the sky (with comoving scale given by (11)) of extra polarization. When averaged over all strings, there is an equal distribution of E-mode and Bmode polarization. This example shows that the discovery of cosmological B-mode polarization is not necessarily due to primordial gravitational waves.

Since the polarization signal of cosmic strings also has special non-Gaussian features, it is important to search for them in position space through the use of statistics such as the edge detection algorithms mentioned above.

As initially pointed out in [48], phase transitions in Standard Cosmology can lead to a scale-invariant spectrum of gravitational waves, even if they do not produce defects. This mechanism is further discussed in [49]. As pointed out in these works, a way to potentially differentiate between inflation and phase transitions as the source of gravitational waves is the absence of characteristic acoustic oscillations in the angular power spectrum in the second case.

After this discussion of gravitational waves and direct B-mode polarization produced by a source which might be present in Standard Cosmology, let us now turn to the predictions for the spectrum of the stochastic background of gravitational radiation from the alternative cosmological models introduced earlier.

B. Gravitational Waves from String Gas Cosmology

We have seen in Section 3 that String Gas Cosmology leads to an almost scale-invariant spectrum of cosmological perturbations. What is important for this Note is that string gas cosmology also leads to an almost scaleinvariant spectrum of primordial gravitational waves [50]. The slope of the spectrum is predicted to be slightly blue, and not red as inflationary universe models predict [61] The amplitude of the gravitational wave spectrum and the resulting tensor to scalar ratio r can also be calculated from first principles [50]. The value of r is related by a consistency relation to the magnitude of the (red) tilt n_s of the spectrum of cosmological perturbations: r ∼ |n_s − 1| . (12) Comparing this result to what is obtained in inflationary models, we see that in both scenarios, the typical value of r is substantially smaller than r = 1. Which scenario gives rise to a larger amplitude depends very much on the special realization of the scenario.

The key difference between the predictions of inflation and string gas cosmology relates to the index of the spectrum. Whereas inflationary models always yield a red spectrum, string gas cosmology generically produces a blue shift (which makes it easier to detect on shorter wavelengths - see [51] for some current bounds). Based on this difference, a key challenge for experimentalists will be not only to detect the gravitational wave spectrum through B-mode polarization, but also to measure the spectral slope. If the results indicate a blue spectrum, the entire inflationary paradigm of structure formation will have been ruled out, and the experiments would have detected an effect which was first predicted from superstring theory [50].

C. Gravitational Waves from a Matter Bounce

In the case of the matter bounce scenario, the evolution of the spectrum of gravitational waves and of cosmological perturbations is identical on super–Hubble scales during the contracting phase. If the bounce phase is short, the evolution in this phase will not lead to a change in the amplitude of the fluctuations (neither of cosmological perturbations nor of gravitational waves). Thus, rather generically a matter bounce scenario will lead to a scaleinvariant spectrum of gravitational waves with a large amplitude ( r of the order 1). Taking into account the presence of entropy modes will lead to a reduction in the value of r [52], but nevertheless the predicted amplitude of the gravitational wave spectrum is generically larger than what is predicted in inflationary models.

The spectrum of fluctuations produced by the matter bounce can be distinguished from that generated by simple single field inflationary models in terms of the induced non-Gaussianities. Specifically, the matter bounce predicts a special shape [53] of the bispectrum of cosmological fluctuations. The difference in shape arises in the following way: the general expression for the bispectrum is a function of the curvature fluctuation variable ζ and its time derivative ζ̇ [54]. In an expanding inflationary universe, ζ is constant on super-Hubble scales in the absence of entropy fluctuations, whereas in a contracting universe the dominant mode of ζ is increasing. Since the terms involving ζ̇ lead to a diferent shape of the bispectrum than that generated by the other terms, a matter bounce can in principle be distinguished from inflationary cosmology by measuring the shape of the bispectrum.

D. No Gravitational Waves in the Ekpyrotic Scenario

In the case of the Ekpyrotic scenario, the equation of motion of the cosmological perturbations depends on the potential of the scalar field, whereas that of the gravitational waves does not.

If we start out with vacuum fluctuations for both cosmological fluctuation and gravitational wave modes on sub-Hubble scales in the contracting phase, then, unlike in the Matter Bounce scenario, the increase of the amplitude of the gravitational wave modes on super-Hubble scales is insufficient to turn the initial vacuum spectrum into a scale-invariant one. The predicted spectrum of gravitational waves is very blue and hence primordial gravitational waves are negligible on scales of cosmological interest today. In contrast, the cosmological perturbation modes couple to the potential and this allows them to attain a scale-invariant spectrum.

VI. CONCLUSIONS

In this Note I have shown that there are many sources of gravitational waves which could lead to a roughly scale-invariant spectrum on cosmological scales. Thus, the detection of relic gravitational radiation via B-mode polarization will NOT prove inflation. Since several of the mechanisms described here predict a spectral amplitude which is larger than that generated in the simplest inflationary models, one may argue that it is more likely that a positive signal will be due to a source different from inflation. Luckily, the different sources of gravitational waves - all of them giving a roughly scale-invariant spectrum - lead to specific predictions with which they can be distinguished. String gas cosmology produces a slight blue tilt of the spectrum, whereas inflationary cosmology always produces a slight red tilt. Cosmic strings lead to specific non-Gaussian signatures which can be identified in position space (see e.g. [44, 46] for studies of how to identify the cosmic string signal in CMB temperature maps). The matter bounce scenario leads to a particular shape of the bispectrum [53].

It must also be kept in mind that gravitational radiation is not the only way to generate primordial Bmode polarization. Once again, cosmic strings formed in a phase transition during the early Standard Cosmology phase of the evolution of the universe will generate primordial polarization which is statistically equally distributed between E-mode and B-mode [47]. This mechanism produces edges in CMB polarization maps - a signal which is easy to look for with position space based algorithms.

The message which this Note is supposed to convey is the following: the search for B-mode polarization is an extremely interesting field, much more interesting than if the only source of such primordial polarization were gravitational waves from inflation. It will be very important to carefully analyze the data without the prejudice that inflation is the only source of a signal. Otherwise, the possible existence of cosmic strings could be missed. More strikingly, if B-mode polarization is found and is shown to be due to gravitational waves, then if the spectrum is slightly blue one would have falsified the inflationary paradigm.

Acknowledgments

This work is supported by an NSERC Discovery Grant, by the Canada Research Chairs program and by a Killam Research Fellowship. I thank Gil Holder, Matt Dobbs and Xingang Chen for comments on the draft.

[1] Guth AH, “The Inflationary Universe: A Possible Solution To The Horizon And Flatness Problems,” Phys. Rev. D 23, 347 (1981).

[2] R. Brout, F. Englert and E. Gunzig, “The Creation Of The Universe As A Quantum Phenomenon,” Annals Phys. 115, 78 (1978);

A. A. Starobinsky, “A New Type Of Isotropic Cosmological Models Without Singularity,” Phys. Lett. B 91, 99 (1980);

K. Sato, “First Order Phase Transition Of A Vacuum And Expansion Of The Universe,” Mon. Not. Roy. Astron. Soc. 195, 467 (1981).

[3] V. Mukhanov and G. Chibisov, “Quantum Fluctuation And Nonsingular Universe. (In Russian),” JETP Lett. 33, 532 (1981) [Pisma Zh. Eksp. Teor. Fiz. 33, 549 (1981)].

[4] A. A. Starobinsky, “Spectrum of relict gravitational radiation and the early state of the universe,” JETP Lett. 30, 682 (1979) [Pisma Zh. Eksp. Teor. Fiz. 30, 719 (1979)].

[5] W. Press, “Spontaneous production of the Zel’dovich spectrum of cosmological fluctuations”, Phys. Scr. 21, 702 (1980);

V. N. Lukash, “Production of phonons in an isotropic universe,” Sov. Phys. JETP 52, 807 (1980) [Zh. Eksp. Teor. Fiz. 79, (19??)].

[6] D. Baumann et al. [ CMBPol Study Team Collaboration ], “CMBPol Mission Concept Study: Probing Inflation with CMB Polarization,” AIP Conf. Proc. 1141, 10-120 (2009). [arXiv:0811.3919 [astro-ph]].

[7] R. A. Sunyaev, Y. .B. Zeldovich, “Small scale fluctuations of relic radiation,” Astrophys. Space Sci. 7, 3-19 (1970);

P. J. E. Peebles, J. T. Yu, “Primeval adiabatic perturbation in an expanding universe,” Astrophys. J. 162, 815- 836 (1970).

[8] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, “Theory of cosmological perturbations. Part 1. Classical perturbations. Part 2. Quantum theory of perturbations. Part 3. Extensions,” Phys. Rept. 215, 203 (1992).

[9] R. H. Brandenberger, “Lectures on the theory of cosmological perturbations,” Lect. Notes Phys. 646, 127 (2004) [arXiv:hep-th/0306071].

[10] R. H. Brandenberger, “Looking beyond inflationary cosmology,” arXiv:hep-th/0509076, publ. in Can. J. Phys. (2006).

[11] L. McAllister, E. Silverstein, “String Cosmology:

A Review,” Gen. Rel. Grav. 40, 565-605 (2008). [arXiv:0710.2951 [hep-th]];

S. -H. Henry Tye, “Brane inflation: String theory viewed from the cosmos,” Lect. Notes Phys. 737, 949-974 (2008). [hep-th/0610221];

C. P. Burgess, “Lectures on Cosmic Inflation and its Potential Stringy Realizations,” Class. Quant. Grav. 24, S795 (2007). [arXiv:0708.2865 [hep-th]];

J. M. Cline, “Inflation from string theory,” [hep-th/0501179].

[12] R. H. Brandenberger, “Inflationary cosmology: Progress and problems,” arXiv:hep-ph/9910410.

[13] J. Martin and R. H. Brandenberger, “The TransPlanckian problem of inflationary cosmology,” Phys. Rev. D 63, 123501 (2001), [arXiv:hep-th/0005209].

[14] A. Borde and A. Vilenkin, “Eternal Inflation And The Initial Singularity,” Phys. Rev. Lett. 72, 3305 (1994) [arXiv:gr-qc/9312022].

[15] M. Green, J. Schwarz and E. Witten, Superstring Theory, Vols. 1 and 2 (Cambridge Univ. Press, Cambridge, 1987).

[16] R. H. Brandenberger and C. Vafa, “Superstrings In The Early Universe,” Nucl. Phys. B 316, 391 (1989).

[17] A. Nayeri, R. H. Brandenberger and C. Vafa, “Producing a scale-invariant spectrum of perturbations in a Hagedorn phase of string cosmology,” Phys. Rev. Lett. 97, 021302 (2006) [arXiv:hep-th/0511140].

[18] R. H. Brandenberger, “Alternatives to Cosmological Inflation,” arXiv:0902.4731 [hep-th];

R. H. Brandenberger, “Cosmology of the Very Early Universe,” AIP Conf. Proc. 1268, 3-70 (2010). [arXiv:1003.1745 [hep-th]];

R. H. Brandenberger, “Introduction to Early Universe Cosmology,” arXiv:1103.2271 [astro-ph.CO].

[19] J. Khoury, B. A. Ovrut, P. J. Steinhardt and N. Turok, “The ekpyrotic universe: Colliding branes and the origin of the hot big bang,” Phys. Rev. D 64, 123522 (2001) [arXiv:hep-th/0103239].

[20] G. F. R. Ellis and R. Maartens, “The emergent universe: Inflationary cosmology with no singularity,” Class. Quant. Grav. 21, 223 (2004) [arXiv:gr-qc/0211082].

[21] R. H. Brandenberger, “String Gas Cosmology,” arXiv:0808.0746 [hep-th];

T. Battefeld and S. Watson, “String gas cosmology,” Rev. Mod. Phys. 78, 435 (2006) [arXiv:hep-th/0510022].

[22] J. Kripfganz and H. Perlt, “Cosmological Impact Of Winding Strings,” Class. Quant. Grav. 5, 453 (1988).

[23] R. Hagedorn, “Statistical Thermodynamics Of Strong Interactions At High-Energies,” Nuovo Cim. Suppl. 3, 147 (1965).

[24] M. Novello and S. E. P. Bergliaffa, “Bouncing Cosmologies,” Phys. Rept. 463, 127 (2008) [arXiv:0802.1634 [astro-ph]].

[25] P. Horava, “Quantum Gravity at a Lifshitz Point,” Phys.

Rev. D 79, 084008 (2009) [arXiv:0901.3775 [hep-th]]. [26] R. Brandenberger, “Matter Bounce in Horava- Lifshitz Cosmology,” Phys. Rev. D 80, 043516 (2009) [arXiv:0904.2835 [hep-th]].

[27] C. Lin, R. H. Brandenberger and L. P. Levasseur, “A Matter Bounce By Means of Ghost Condensation,” JCAP, in press (2011), [arXiv:1007.2654 [hep-th]].

[28] D. Wands, “Duality invariance of cosmological perturbation spectra,” Phys. Rev. D 60, 023507 (1999) [arXiv:gr-qc/9809062].

[29] F. Finelli and R. Brandenberger, “On the generation of a scale-invariant spectrum of adiabatic fluctuations in cosmological models with a contracting phase,” Phys. Rev. D 65, 103522 (2002) [arXiv:hep-th/0112249].

[30] R. Brandenberger, H. Firouzjahi and O. Saremi, “Cosmological Perturbations on a Bouncing Brane,” JCAP 0711, 028 (2007) [arXiv:0707.4181 [hep-th]]; S. Alexander, T. Biswas and R. H. Brandenberger, “On the Transfer of Adiabatic Fluctuations through a Nonsingular Cosmological Bounce,” arXiv:0707.4679 [hep-th]; Y. F. Cai, T. Qiu, R. Brandenberger, Y. S. Piao and X. Zhang, “On Perturbations of Quintom Bounce,” JCAP 0803, 013 (2008) [arXiv:0711.2187 [hep-th]]; Y. F. Cai, T. t. Qiu, R. Brandenberger and X. m. Zhang, “A Nonsingular Cosmology with a Scale-Invariant Spectrum of Cosmological Perturbations from Lee-Wick Theory,” Phys. Rev. D 80, 023511 (2009) [arXiv:0810.4677 [hep-th]];

X. Gao, Y. Wang, W. Xue and R. Brandenberger, “Fluctuations in a Hořava-Lifshitz Bouncing Cosmology,” JCAP 1002, 020 (2010) [arXiv:0911.3196 [hep-th]]; C. Lin, R. H. Brandenberger and L. P. Levasseur, “A Matter Bounce By Means of Ghost Condensation,” arXiv:1007.2654 [hep-th].

[31] P. Horava and E. Witten, “Eleven-dimensional supergravity on a manifold with boundary,” Nucl. Phys. B 475, 94 (1996) [arXiv:hep-th/9603142].

[32] A. Notari and A. Riotto, “Isocurvature perturbations in the ekpyrotic universe,” Nucl. Phys. B 644, 371 (2002) [arXiv:hep-th/0205019];

A. J. Tolley, N. Turok and P. J. Steinhardt, “Cosmological perturbations in a big crunch / big bang space-time,” Phys. Rev. D 69, 106005 (2004) [arXiv:hep-th/0306109]; T. J. Battefeld, S. P. Patil and R. H. Brandenberger, “On the transfer of metric fluctuations when extra dimensions bounce or stabilize,” Phys. Rev. D 73, 086002 (2006) [arXiv:hep-th/0509043];

E. I. Buchbinder, J. Khoury and B. A. Ovrut, “New Ekpyrotic cosmology,” Phys. Rev. D 76, 123503 (2007) [arXiv:hep-th/0702154];

P. Creminelli and L. Senatore, “A Smooth bouncing cosmology with scale invariant spectrum,” JCAP 0711, 010 (2007) [arXiv:hep-th/0702165].

[33] L. P. Grishchuk, “Amplification of gravitational waves in an istropic universe,” Sov. Phys. JETP 40, 409 (1975) [Zh. Eksp. Teor. Fiz. 67, 825 (1974)].

[34] A. Vilenkin and E.P.S. Shellard, Cosmic Strings and other Topological Defects (Cambridge Univ. Press, Cambridge, 1994);

M. B. Hindmarsh and T. W. B. Kibble, “Cosmic strings,” Rept. Prog. Phys. 58, 477 (1995) [arXiv:hep-ph/9411342];

R. H. Brandenberger, “Topological defects and structure formation,” Int. J. Mod. Phys. A 9, 2117 (1994) [arXiv:astro-ph/9310041].

[35] R. Jeannerot, “A Supersymmetric SO(10) Model with Inflation and Cosmic Strings,” Phys. Rev. D 53, 5426 (1996) [arXiv:hep-ph/9509365];

R. Jeannerot, J. Rocher and M. Sakellariadou, “How generic is cosmic string formation in SUSY GUTs,” Phys. Rev. D 68, 103514 (2003) [arXiv:hep-ph/0308134].

[36] S. Sarangi and S. H. H. Tye, “Cosmic string production towards the end of brane inflation,” Phys. Lett. B 536, 185 (2002) [arXiv:hep-th/0204074];

E. J. Copeland, R. C. Myers and J. Polchinski, “Cosmic F- and D-strings,” JHEP 0406, 013 (2004) [arXiv:hep-th/0312067].

[37] L. Pogosian, S. H. H. Tye, I. Wasserman and M. Wyman, “Observational constraints on cosmic string production during brane inflation,” Phys. Rev. D 68, 023506 (2003) [Erratum-ibid. D 73, 089904 (2006)] [arXiv:hep-th/0304188];

M. Wyman, L. Pogosian and I. Wasserman, “Bounds on cosmic strings from WMAP and SDSS,” Phys. Rev. D 72, 023513 (2005) [Erratum-ibid. D 73, 089905 (2006)] [arXiv:astro-ph/0503364];

A. A. Fraisse, “Limits on Defects Formation and Hybrid Inflationary Models with Three-Year WMAP Observations,” JCAP 0703, 008 (2007) [arXiv:astro-ph/0603589];

U. Seljak, A. Slosar and P. McDonald, “Cosmological parameters from combining the Lyman-alpha forest with CMB, galaxy clustering and SN constraints,” JCAP 0610, 014 (2006) [arXiv:astro-ph/0604335]; R. A. Battye, B. Garbrecht and A. Moss, “Constraints on supersymmetric models of hybrid inflation,” JCAP 0609, 007 (2006) [arXiv:astro-ph/0607339]; R. A. Battye, B. Garbrecht, A. Moss and H. Stoica,

“Constraints on Brane Inflation and Cosmic Strings,” JCAP 0801, 020 (2008) [arXiv:0710.1541 [astro-ph]]; N. Bevis, M. Hindmarsh, M. Kunz and J. Urrestilla, “CMB power spectrum contribution from cosmic strings using field-evolution simulations of the Abelian Higgs model,” Phys. Rev. D 75, 065015 (2007) [arXiv:astro-ph/0605018];

N. Bevis, M. Hindmarsh, M. Kunz and J. Urrestilla, “Fitting CMB data with cosmic strings and inflation,” arXiv:astro-ph/0702223;

R. Battye and A. Moss, “Updated constraints on the cosmic string tension,” arXiv:1005.0479 [astro-ph.CO].

[38] R. H. Brandenberger, A. Albrecht and N. Turok, “Gravitational Radiation From Cosmic Strings And The Microwave Background,” Nucl. Phys. B 277, 605 (1986).

[39] T. Vachaspati and A. Vilenkin, “Gravitational Radiation From Cosmic Strings,” Phys. Rev. D 31, 3052 (1985); R. L. Davis, “Nucleosynthesis Problems For String Models Of Galaxy Formation,” Phys. Lett. B 161, 285 (1985); D. P. Bennett, “The Evolution Of Cosmic Strings,” Phys. Rev. D 33, 872 (1986) [Erratum-ibid. D 34, 3932 (1986 PHRVA,D34,3932.1986)];

M. Sakellariadou, “Gravitational waves emitted from infinite strings,” Phys. Rev. D 42, 354 (1990) [Erratum-ibid. D 43, 4150 (1991 PHRVA,D43,4150.1991)]. M. Hindmarsh, “Gravitational radiation from kinky infinite strings,” Phys. Lett. B 251, 28 (1990);

X. Siemens and K. D. Olum, “Gravitational radiation and the small-scale structure of cosmic strings,” Nucl. Phys. B 611, 125 (2001) [Erratum-ibid. B 645, 367 (2002)] [arXiv:gr-qc/0104085];

J. Polchinski and J. V. Rocha, “Cosmic string structure at the gravitational radiation scale,” Phys. Rev. D 75, 123503 (2007) [arXiv:gr-qc/0702055].

[40] N. Turok and R. H. Brandenberger, “Cosmic Strings And The Formation Of Galaxies And Clusters Of Galaxies,” Phys. Rev. D 33, 2175 (1986).

[41] A. Albrecht and N. Turok, “Evolution Of Cosmic Strings,” Phys. Rev. Lett. 54, 1868 (1985).

[42] D. P. Bennett and F. R. Bouchet, “Evidence For A Scaling Solution In Cosmic String Evolution,” Phys. Rev. Lett. 60, 257 (1988);

B. Allen and E. P. S. Shellard, “Cosmic String Evolution: A Numerical Simulation,” Phys. Rev. Lett. 64, 119 (1990);

C. Ringeval, M. Sakellariadou and F. Bouchet, “Cosmological evolution of cosmic string loops,” JCAP 0702, 023 (2007) [arXiv:astro-ph/0511646];

V. Vanchurin, K. D. Olum and A. Vilenkin, “Scaling of cosmic string loops,” Phys. Rev. D 74, 063527 (2006) [arXiv:gr-qc/0511159].

[43] N. Kaiser and A. Stebbins, “Microwave Anisotropy Due To Cosmic Strings,” Nature 310, 391 (1984).

[44] S. Amsel, J. Berger and R. H. Brandenberger, “Detecting Cosmic Strings in the CMB with the Canny Algorithm,” JCAP 0804, 015 (2008) [arXiv:0709.0982 [astro-ph]].

[45] A. Stewart and R. Brandenberger, “Edge Detection, Cosmic Strings and the South Pole Telescope,” arXiv:0809.0865 [astro-ph].

[46] R. J. Danos and R. H. Brandenberger, “Canny Algorithm, Cosmic Strings and the Cosmic Microwave Background,” arXiv:0811.2004 [astro-ph].

[47] R. J. Danos, R. H. Brandenberger and G. Holder, “A Signature of Cosmic Strings Wakes in the CMB Polarization,” Phys. Rev. D 82, 023513 (2010) [arXiv:1003.0905 [astro-ph.CO]].

[48] L. M. Krauss, “Gravitational waves from global phase transitions,” Phys. Lett. B284, 229-233 (1992).

[49] K. Jones-Smith, L. M. Krauss, H. Mathur, “A Nearly Scale Invariant Spectrum of Gravitational Radiation from Global Phase Transitions,” Phys. Rev. Lett. 100, 131302 (2008). [arXiv:0712.0778 [astro-ph]]; E. Fenu, D. G. Figueroa, R. Durrer, J. Garcia-Bellido, “Gravitational waves from self-ordering scalar fields,” JCAP 0910, 005 (2009) [arXiv:0908.0425 [astro-ph.CO]]; L. M. Krauss, K. Jones-Smith, H. Mathur, J. Dent, “Probing the Gravitational Wave Signature from Cosmic Phase Transitions at Different Scales,” Phys. Rev. D82, 044001 (2010). [arXiv:1003.1735 [astro-ph.CO]].

[50] R. H. Brandenberger, A. Nayeri, S. P. Patil and C. Vafa, “String gas cosmology and structure formation,” Int. J. Mod. Phys. A 22, 3621 (2007) [arXiv:hep-th/0608121].

[51] A. Stewart and R. Brandenberger, “Observational Constraints on Theories with a Blue Spectrum of Tensor Modes,” JCAP 0808, 012 (2008) [arXiv:0711.4602 [astroph]].

[52] Y. F. Cai, R. Brandenberger and X. Zhang, “The Matter Bounce Curvaton Scenario,” JCAP 1103, 003 (2011) [arXiv:1101.0822 [hep-th]].

[53] Y. F. Cai, W. Xue, R. Brandenberger and X. Zhang, “Non-Gaussianity in a Matter Bounce,” JCAP 0905, 011 (2009) [arXiv:0903.0631 [astro-ph.CO]].

[54] J. M. Maldacena, “Non-Gaussian features of primordial fluctuations in single field inflationary models,” JHEP 0305, 013 (2003) [arXiv:astro-ph/0210603].

[55] The word “approximately” is to be understood slightly differently in the two contexts above. All simple inflationary models lead to a slight deviation from scaleinvariance - this explains the meaning of “approximate” in the first case. The simplese inflationary models produce a purely adiabatic spectrum of fluctuations, but a generic more complicated model will produce an isocurvature component to the fluctuation spectrum - this is the way in which the second use of “approximate” should be understood.

[56] The Hubble radius separates small scales where fluctuations typically oscillate from large scales where the microphysical oscillations are frozen out and the evolution of the perturbations are dominated by the gravitational dynamics of the background. See [8] for an in-depth treatment of the theory of cosmological perturbations, and [9] for an introductory overview.

[57] In numbers, more than 70H^{−1} (where H is the Hubble expansion rate during the inflationary phase), while inflation needs to last at least 50H^{−1} - there is a slight dependence of these numbers on the energy scale at which inflation takes place - we have assumed the standard value.

[58] The decrease of T for very small values of R is a consquence of the T-duality symmetry of string theory. Once R becomes smaller than the string scale, it becomes thermodynamically favorable for the energy of the string gas to excite string modes which wind the box, since winding modes become light as R decreases.

[59] As in the case of string gas cosmology, this scenario is free from the trans-Planckian problem for fluctuations provided that the energy scale of the bounce is lower than the Planck scale.

[60] Taking the numbers from the more updated simulations of [42] might change the overall coefficient by an order of magnitude - reliable statements are impossible to make since there is still a lot of uncertainty about the details of the cosmic string loop distribution during the scaling regime.

[61] The reason for the blue tilt is easy to understand physically [50]: the amplitude of the gravitational waves is given by the anisotropic pressure fluctuations. Their amplitude, in turn, is proportional to the background pressure. The background pressure tends to zero as we go deeper back into the emergent phase. Hence, long wavelength fluctuations which exit the Hubble radius earlier (see Figure 4) obtain less gravitational wave power than short wavelength modes.