arXiv:1111.5607v2 [gr-qc] 27 Aug 2012

Cosmological Two-stream Instability

G. L. Comer

Department of Physics & Center for Fluids at All Scales, Saint Louis University, St. Louis, MO, 63156-0907, USA

P. Peter

GRεCO – Institut d’Astrophysique de Paris, UMR7095 CNRS, Université Pierre & Marie Curie, 98 bis boulevard Arago, 75014 Paris, France

N. Andersson

School of Mathematics, University of Southampton, Southampton SO17 1BJ, UK

Abstract

Two-stream instability requires, essentially, two things to operate: a relative flow between two fluids and some type of interaction between them. In this letter we provide the first demonstration that this mechanism may be active in a cosmological context. Building on a recently developed formalism for cosmological models with two, interpenetrating fluids with a relative flow between them, we show that two-stream instability may be triggered during the transition from one fluid domination to the other. We also demonstrate that the cosmological expansion eventually shuts down the instability by driving to zero the relative flow and the coupling between the two fluids.

Keywords:

cosmology, relativistic fluids PACS: 97.60.Jd, 26.20.+c, 47.75.+f, 95.30.Sf

Two-stream instability of two, interpenetrating plasmas is a well-established phenomenon [11, 7]. It is expected also to play a role in two, interpenetrating fluids, such as superfluid helium [4], gravitational-wave instabilities in neutron stars [1], and glitches in pulsars (due to the interior superfluid components) [3, 4]. It is not surprising that the instability shows up in diverse settings, since the basic requirements for it to operate are fairly generic: there must be a relative flow and some type of coupling between the two fluids. A window of instability may be opened when a perturbation of the fluids (hereafter, “mode”) appears to be “left-moving”, say, with respect to one fluid, but “right-moving” with respect to the other. The mechanism may be well-known, yet it was considered in a relativistic context only recently. Samuelsson et al. [13] demonstrated quite generally the existence of (local) two-stream instability for a system of two, general relativistic fluids (using only causality – mode-speed less than one, in geometric units – and absolute stability – modes are real for the fluids at rest – to constrain

Preprint submitted to Elsevier August 28, 2012

the fluid properties). In this letter we consider a new application by demonstrating that two-stream instability may be triggered in cosmological settings.

Although we use a specific example in this letter to exhibit the possibility of the mechanism to operate, we expect it to apply in various situations such as the presence of many inflaton scalar fields: the scalar fields turn into Bose-Einstein condensates behaving, for example, like the superfluids in a glitching neutron star, thus leading to two flows that have no particular reason to be aligned. Similarly, around the transition between dark matter and dark energy domination, the instability would provide a means of discriminating between a cosmological constant and a dark energy fluid.

Observations over the past few decades have provided a wealth of information that can be used to constrain cosmological models [12]. One of the more stringent is the leading-order observed homogeneity and isotropy of the Universe. Is it possible to have a relative flow in cosmologically important settings that would not have been detected yet? An ideal stage is during a cosmological transition between one phase of domination to another. The requirement of a transition stems from the fact that one should naturally arrive at the current state of the Universe. We have shown, in a companion paper [9], that when one fluid flux dominates over the other (i.e. before and after the transition), one recovers the usual Friedmann-Lemaître-Robertson-Walker (FLRW) behavior. However, during the transition the model goes through a Bianchi I phase. We are thus led to ask whether the two-stream instability can be triggered during the same epoch? As we will show, the answer is “yes”. As a proof-of-principle we consider a fairly simplified picture, leaving actual cosmological consequences and constraints on more elaborate models (that deserve further examination) for future work.

Our cosmological two-fluid model has its relative flow along one direction, which we take to be the z-axis, cf. [9]. Orthogonal to the flow we impose two, mutually orthogonal spacelike Killing vector fields: one along the x-axis and another along the yaxis. The Killing vector fields X^μ and Y^μ are thus X^μ = (0, 1, 0, 0) and Y^μ = (0, 0, 1, 0). These two symmetries, and the remaining freedom in the choice of coordinates, imply the metric and fluid variables are functions of z and time t. The metric can therefore be written

ds^2 = −dt^2 + A^2_xdx^2 + A^2_y dy^2 + A^2_z dz^2, (1)

where the (still arbitrary) dimensionless functions A_i (i ∈ {x, y, z}) can in principle depend on both t and z.

To demonstrate two-stream instability, it is sufficient to consider fixed “moments” of cosmological time (e.g. assume that the time-scale for the oscillations is much less than that of the cosmological expansion). For our mode analysis, this means any time derivatives of the background metric and the corresponding fluid flux will be ignored. We will also ignore the metric perturbations and relax the z-dependence in the background metric and fluid flow so that our modes propagate in a spacetime of the wellknown Bianchi I type. General cosmological perturbations in such a spacetime can be found in [14].

As described in [9], we use the multi-fluid formalism originally due to Carter [8] (see [2] for a review). The fluid variables are two conserved four-currents, to be denoted n^μ = nu^μ_n (with g_{μν}u^μ_nu^ν_n = −1) and s^μ = su^μ_s (with also g_{μν}u^μ_s u^ν_s = −1). The fluid equations of motion are obtained from a Lagrangian Λ(n, s), which we take to be of the form of a fluid with constituent mass m coupled to a fluid with zero constituent mass; i.e.

Λ(n, s) = −mn^α − τ_{ns}n^{σn} s^{σs} − κ_s s^β , (2)

where m, α, σ_n, σ_s, τ_{ns}, κ_s and β are constants. The “bare” sound speeds [13] are given by c^2_n ≡

∂ ln μ ∂ ln n

, c^2_s ≡

∂ ln T ∂ ln s

, (3)

where μ ≡ −∂Λ/∂n and T ≡ −∂Λ/∂s are the associated conjugate momenta^1 of the two fluids. The cross-constituent coupling reads

C_{ns} ≡

∂ ln μ ∂ ln s = T s μn C_{sn}. (4)

Performing perturbations to linear order, the fluid densities and the z-component of the unit four-velocities take the form

ū^z_{n,s}(t, z) = u^z_{n,s}(t) + δU^z_{n,s}e^{ikμ xμ} ,

n̄(t, z) = n(t) + δNe^{ikμ xμ} , s̄(t, z) = s(t) + δSe^{ikμ xμ} , (5)

where k_μ = (k_t, 0, 0, k_z) is the constant wave-vector for the modes and δN, δU^z_n, etc. are the constant wave-amplitudes. Within the setting of Eq. (5), we see that the shortwavelength approximation for the modes is expressible as k_t, k_z ≫ H_i ≡ Ȧ_i/A_i for all i ∈ {x, y, z}.

The results in Figure 1, which displays the time evolution of the two flows u_{n,s} = A_zu^z_{n,s}/u^t_{n,s} as well as the couplings (C_{ns}, C_{sn}), show that the relevant coefficients are driven to zero by cosmological expansion, meaning, as expected and anticipated, that any instability will only operate during a finite time. Note that long before and after the transition, one fluid dominates over the other, so spacetime is effectively FLRW; only during the finite Bianchi I phase do the two fluids have comparable contributions [9].

Given a Bianchi I background, we place the terms of Eq. (5) into the Einstein and two-fluid equations of [9], expand, and keep only terms linear in the perturbed quantities, to arrive at the dispersion relation [ (u_nσ_z − 1)^2 c^2_n − (σ_z − u_n)^2 ] [ (u_sσ_z − 1)^2 c^2_s − (σ_z − u_s)^2 ] −C_{ns}C_{sn} (u_nσ_z − 1)^2 (u_sσ_z − 1)^2 = 0 (6)

for the mode speed σ_z = −A_zk_t/k_z. This relation is of the exact same mathematical form as the dispersion relation obtained by Samuelsson et al. [13] [cf. their Eq. (69)]. It is thus immediately clear that our simplified model possesses all the ingredients for two-stream instability.

1We use notation that is reminiscent of the matter and entropy flows where n is the total matter number density, s the entropy density, μ the chemical potential, and T the temperature.

The presence of the instability is shown in Figures 2 and 3. These figures provide graphs of the real and imaginary components of σ_z, versus the “e-folding” factor N defined as N = ln ( A_xA_yA_z

)_{1/3} . (7)

Figure 2 clearly shows four modes – denoted σ_{z(i)} with i = 1, . . . , 4 – all less than one, as should be the case. These modes evolve asymptotically towards constants corresponding to the “sound” speeds expected for both fluids. The overall asymmetry of the modes is due to the background relative flow. In the lower left corner of the figure, it is interesting to note the presence of a so-called avoided crossing, at which two of the modes “exchange” identity.

The instability window is best seen in Figure 3 where the imaginary parts of σ_z are graphed. Consistent with this is the “mode-merger” of the real parts that occurs in Figure 2. The results show that the window opens and closes during the same epoch as the transition takes place. Of course, the window closes because of the behavior shown in Figure 1; e.g. the relative velocity is quenched by the cosmological expansion.

It should be clear that the mechanism discussed here is robust and should apply equally well, for example, to a system of coupled condensates. As stressed at the beginning, any system with two or more fluids, and a (non-gravitational) coupling between them, could be subject to two-stream instability. What is perhaps unique in the cosmological context is that the instability shuts down automatically, without any fine-tuning, so long as there is overall expansion.

The cosmological expansion thus provides a means of both initiating and ending the instability. This is mostly due to the cosmological principle, which states that the Universe should be, at almost all times, well described by a FLRW model. This implies that only finite epochs can exhibit a different behavior, in the case at hand that of a non-isotropic Bianchi phase. There remains to address the question of the origin of the relative flow. One might argue, for instance, that the inflation era, almost by construction, drives any primordial anisotropy to zero. During many field inflation itself, instabilities of this sort could be spontaneously initiated, even for a limited amount of time, and lead to new constraints.

In the companion paper [9], we suggested several scenarios that lead to a nonvanishing relative flow, some being also related to the question of the cosmologically coherent magnetic fields which are thought to exist [5]. These may actually reverse the question: it is conceivable that any model aimed at producing primordial magnetic fields on sufficiently large scales will also induce coherent anisotropies on these scales (the metric we used here is thus meant to describe only a cosmologically small region of space). The mechanism producing these magnetic fields should thus be tested against the instability suggested here. This question is quite natural given that two-stream instability is well-established for plasmas, and there is no reason why it should matter that these are placed in a cosmological setting.

Based on the results presented here, we suggest that cosmological two-stream instability should be taken into account in further studies of all the transitions that could lead to its occurrence. In particular, the supposedly latest such transition, that ended the matter-domination era to the ongoing accelerated phase, could lead to drastically different observational predictions if the latter was driven by a mere cosmological constant or by a cosmic fluid [6]: this new fluid would have no particular reason to be aligned along the matter flow, and hence an instability could develop, producing a characteristic anisotropy whose features still have to be investigated, at the typical scale corresponding to the transition. Some have argued that such an anisotropy has already been measured or that it could be using forthcoming Planck data [10].

The instability demonstrated in this letter offers a new avenue for understanding cosmological data, in the sense of new constraints, as well as a potential mechanism for generating anisotropies at specific scales and increase the tensor mode contribution and non-gaussianities. In this regard, much work obviously remains to be done before twostream instability might be viewed as a viable, cosmological mechanism: we need to consider flows at arbitrary angles, include dissipation, how relative flows may develop, back-reaction of instabilities on the whole system, and so on.

Finally, we note that two-stream instability is just one example of how multi-fluid dynamics differs from that of a single fluid. We have only considered a simple two-fluid model, with many features left out, but it still illustrates well the possibilities. Perhaps the key point is that the two-stream mechanism cannot operate in the various one-fluid systems that are sometimes called “multi-fluids”. Although these models have several different constituents, they do not account for relative flows. The example considered here clearly demonstrates why relative flows may have interesting consequences, and motivates further studies of the implications. The Cosmological Principle demands a frame in which all constituents are at rest, but we believe strict adherence is too severe, may limit progress, and prevent new insights into the structure and evolution of the Universe.

GLC acknowledges support from NSF via grant number PHYS-0855558. PP would like to thank support from the Perimeter Institute in which this work has been done. NA acknowledges support from STFC in the UK.

References

[1] Andersson, N., Apr. 2003. Topical Review: Gravitational waves from instabilities in relativistic stars. Class. Quant. Grav. 20, 105.

[2] Andersson, N., Comer, G. L., Jan. 2007. Relativistic Fluid Dynamics: Physics for Many Different Scales. Living Reviews in Relativity 10, 1–+.

[3] Andersson, N., Comer, G. L., Prix, R., 2003. Are pulsar glitches triggered by a superfluid two-stream instability? Phys. Rev. Lett. 90 (9), 091101.

[4] Andersson, N., Comer, G. L., Prix, R., Oct. 2004. The superfluid two-stream instability. Mon. Not. R. Astro. Soc. 354, 101–110.

[5] Ando, S., Kusenko, A., Oct. 2010. Evidence for gamma-ray halos around active galactic nuclei and the first measurement of intergalactic magnetic fields. Ap. J. Lett. 722, L39–L44.

[6] Aslanbeigi, S., Robbers, G., Foster, B. Z., Kohri, K., Afshordi, N., Nov. 2011.

Phenomenology of gravitational aether as a solution to the old cosmological constant problem. Phys. Rev. D 84 (10), 103522.

[7] Buneman, O., Apr. 1963. Excitation of Field Aligned Sound Waves by Electron Streams. Phys. Rev. Lett. 10, 285–287.

[8] Carter, B., 1989. Covariant theory of conductivity in ideal fluid or solid media. In:

Anile, A., Choquet-Bruhat, M. (Eds.), Relativistic Fluid Dynamics (Noto, 1987). Vol. 1385 of Lect. Notes Math. Springer-Verlag, Heidelberg, Germany, pp. 1–64.

[9] Comer, G., Peter, P., Andersson, N., 2012. Multi-fluid cosmology: An illustration of fundamental principles. Phys.Rev. D85, 103006.

[10] Copi, C. J., Huterer, D., Schwarz, D. J., Starkman, G. D., 2010. Large-angle anomalies in the cmb. Advances in Astronomy 2010, 847541.

[11] Farley, D. T., Apr. 1963. Two-Stream Plasma Instability as a Source of Irregularities in the Ionosphere. Phys. Rev. Lett. 10, 279–282.

[12] Peter, P., Uzan, J.-P., 2009. Primordial cosmology. Oxford University Press, UK.

[13] Samuelsson, L., Lopez-Monsalvo, C. S., Andersson, N., Comer, G. L., Feb. 2010.

Relativistic two-stream instability. General Relativity and Gravitation 42, 413– 433.

[14] Zlosnik, T. G., Jul. 2011. Cosmological Perturbation Theory With Background Anisotropic Curvature. ArXiv e-prints.

Figure 1: Time evolution of the cosmological background quantities u_n and C_{ns} (upper), and u_s and C_{sn} (lower), as functions of the e-fold number N for α = 1 and β = 4/3 (matter to radiation transition). With these values of α and β, the parameter κ_s is dimensionless while τ_{ns} has the dimensions of m^{4−3(σn−σs)} (all functions and variables can be made dimensionless by means of a proper rescaling with some power of m). For all the graphs, we use κ_s = 1, τ_{ns} = 0.1m^{4−3(σn−σs)}, σ_n = 1.1, and σ_s = 1.1. The initial values for the evolutions are n(0) = 3.9 × 10^{−7}, s(0) = 1, u_n(0) = 0.99, u_s(0) = −4.25 × 10^{−7}, A_i(0) = 2, and H_i(0) = 2.89 (for each i ∈ {x, y, z}).

Figure 2: Real parts of the perturbation mode speed σ_z solutions of Eq. (6), as a function of N throughout the transition (upper) for the same parameter values as in Fig. 1. The lower figure is a magnification of the region where two of the modes merge (to be distinguished from the points where lines simply cross, since they have zero imaginary parts, cf. figure 3). In the limit of large N, one recovers asymptotically the four modes of constant speeds ±1/ √ 3 and 0, as expected for radiation and matter with zero relative velocity. The two solutions that merge (the lower panel) pick up imaginary components (cf. figure 3) and thus correspond to the epoch in which the instability initiates, develops, and ends.

Figure 3: Imaginary parts of the perturbation mode speed σ_z solutions of Eq. (6), for the same parameter values as in Fig. 2, as a function of N throughout the epoch where the modes are unstable (ignoring the rest of the time evolution since all the modes are real). This corresponds to the region in Fig. 2 (lower panel) where the real parts become degenerate: the number of parameters needed to describe the perturbations is therefore constant during the transition.