arXiv:1204.4918v2 [gr-qc] 19 Oct 2012

Cosmological quantum entanglement

Eduardo Martín-Martínez

Institute for Quantum Computing, Department of Physics and Astronomy, and Department of Applied Mathematics, University of Waterloo, 200 University Avenue W, Waterloo, Ontario, N2L 3G1, Canada

Nicolas C. Menicucci

School of Physics, The University of Sydney, Sydney, NSW, 2006, Australia

Abstract. We review recent literature on the connection between quantum entanglement and cosmology, with an emphasis on the context of expanding universes. We discuss recent theoretical results reporting on the production of entanglement in quantum fields due to the expansion of the underlying spacetime. We explore how these results are affected by the statistics of the field (bosonic or fermionic), the type of expansion (de Sitter or asymptotically stationary), and the coupling to spacetime curvature (conformal or minimal). We then consider the extraction of entanglement from a quantum field by coupling to local detectors and how this procedure can be used to distinguish curvature from heating by their entanglement signature. We review the role played by quantum fluctuations in the early universe in nucleating the formation of galaxies and other cosmic structures through their conversion into classical density anisotropies during and after inflation. We report on current literature attempting to account for this transition in a rigorous way and discuss the importance of entanglement and decoherence in this process. We conclude with some prospects for further theoretical and experimental research in this area. These include extensions of current theoretical efforts, possible future observational pursuits, and experimental analogues that emulate these cosmic effects in a laboratory setting.

1 Introduction

The study of the early universe and the large-scale structure of the spacetime has flourished since the introduction of the theory of inflation [1], tested by the observation of anisotropies in the cosmic microwave background [2, 3]. Many questions still remain, however. In the late 90s it was found that our universe undergoes an accelerated expansion [4, 5], implying that most of the content of the universe is some form of dark energy whose nature remains unknown. Also, measurements of the deuterium-hydrogen ratio in interstellar absorption, together with some theoretical models of cosmological nucleosynthesis, have provided evidence that ordinary baryonic matter is responsible for only about 20% of the matter content of the universe and that there should be some sort of non-baryonic cold dark matter [6] accounting for the rest. The abundance of this dark matter cannot be explained exclusively with standard-model neutrinos [7]. This mysterious dark matter remains elusive even to the latest progress in experimental particle physics in the Large Hadron Collider [8, 9, 10, 11].

Another important ingredient of a consistent cosmological model is still missing: we do not fully understand the nature of the quantum field responsible for the hypothetical inflation period in the very early universe [3]. In the absence of a full quantum theory for gravity, which would include backreaction of the quantum fields on the curvature of spacetime, quantum field theory in curved spacetime (without backreaction) is the most complete theory so far [12]. The gravitational curvature of spacetime has nontrivial effects on quantum fields living on the spacetime when compared with their flat-spacetime counterparts. This is especially interesting in the case of dynamical spacetime backgrounds and/or when the spacetime includes horizons preventing an observer from having experimental access to the full quantum state of a field [13]. It is known that the gravitational interaction may induce or reveal inaccessible quantum correlations in the field state in scenarios such as expanding universes or stelar collapse [14, 15, 16] and that particle detectors interacting with a quantum field can become entangled [17] in a way that is sensitive to the structure of the spacetime that those fields inhabit [18, 19].

As we will discuss in this paper, the early universe’s energy content was dominated by a highly entangled quantum field background. If the quantum correlations managed to survive to our days in weakly interacting fields in some form, they can provide precise information about the nature and history of the spacetime [20, 21, 22]. Their study may prove useful in constructing models of the early universe and in gaining information about the phenomenon of inflation. In particular, we would like to understand the decoherence mechanisms that governed the transition from a highly nonclassical quantum-correlated field state to the current classical background. By means of this understanding we may be able to provide answers to the still unsolved questions about the inflationary theory.

In this article, we review the different scenarios studied in the literature in which quantum entanglement emerges in the study of quantum fields in an expanding spacetime. Using the tools of quantum information science, we analyse the appearance of quantum correlations in quantum fields due to gravitational expansion of the underlying spacetime, paying attention to the role played by such correlations in the current cosmological models. We discuss whether these quantum correlations may be present today as a remanent of the primitive universe. We also discuss the possibility of extracting this entanglement through local interaction with particle detectors and consider how such experiments could provide information about the cosmological parameters of the universe. We conclude with a discussion of possible applications and future research avenues in this direction. Natural units are used throughout: ℏ = G = c = k_B = 1.

2 Introduction to particle creation in expanding universes

Let us consider a universe undergoing a homogeneous and isotropic expansion. This kind of spacetime is very well described in terms of the well-known Friedmann-Lemaître-Robertson-Walker (FLRW) metric,

ds^2 = dt^2 − [a(t)]^2dΣ^2 , (1)

where dΣ is an element of a 3-dimensional space of uniform curvature, either elliptical, hyperbolic, or Euclidean. Expanding dΣ gives

ds^2 = dt^2 − [a(t)]^2 ( dr^2 1 − kr^2 + r^2dΩ^2 ) , (2)

where dΩ is the line element in the unit sphere and k characterises the curvature of the space (negative, zero, or positive for hyperbolic, Euclidean, or elliptical, respectively). In the case where the spatial geometry is Euclidean (k = 0) we can write this metric as

ds^2 = dt^2 − [a(t)]^2(dx^2 + dy^2 + dz^2) . (3)

Even if the spatial geometry of the universe is not exactly Euclidean, the spatial curvature is close enough to zero to place the radius at approximately the horizon of the observable universe or beyond, so this consideration seems reasonable, and we will admit it from now on.

2.1 Scalar field quantisation in general spacetimes Before considering quantum fields living in arbitrary curved spacetimes, let us quickly review for the reader the wellknown process of field quantisation in flat spacetime. This will serve a double purpose: to introduce the notation that we will use in following sections and to highlight some aspects of the process of field quantisation that become relevant when we apply it to arbitrary backgrounds. Let us consider an inertial observer in flat spacetime whose proper coordinates are the global Minkowski coordinates (t, x, y, z). He wants to build a quantum field theory for a free masless scalar field Φ whose equation of motion is (□ + m^2)Φ = 0 . (4) Since Minkowski spacetime admits a global timelike Killing vector ∂_t, the solutions to this equation can be classified into positive and negative frequency. A positive frequency solution of Eq. (4), u_k(x, t), therefore satisfies ∂_tu_k(x, t) = −iω_ku_k(x, t) . (5) Importantly, this criterion would be the same if, instead of t, we consider the proper time of any inertial observer. Treating Φ as a classical field for the moment, we can expand an arbitrary solution Φ(x, t) of Eq. (4) as a sum of these positive-frequency and negative-frequency solutions with c-number coefficients. Hence, we can express Φ(x, t) as a combination of positive-frequency u_i(x, t) and negative-frequency u^∗_i (x, t) solutions of Eq. (4): Φ(x, t) = ∑ i [α_iu_i(x, t) + α^∗_i u^∗_i (x, t)] . (6)

This definition will agree with the definition for any arbitrary inertial observer.‡

The solutions u_i(x, t) (and their complex conjugates) form an orthonormal basis of solutions with respect to the Klein-Gordon scalar product, defined through the continuity equation to be

(u_j , u_k) = −i ∫ d^3x (u_j ∂_tu^∗_k − u^∗_k∂_tu_j ) , (7)

which is positive definite over the space of positive energy solutions and satisfies (u_1, u_2) = (u_2, u_1)^∗ , (u^∗_1, u^∗_2) = −(u_2, u_1) . (8) The modes u_j fulfil the orthonormality relations (u_j , u_k) = δ_{jk} = −(u^∗_j , u^∗_k) , (u_j , u^∗_k) = 0 . (9) We can now construct a Fock space for the corresponding quantum field by following the standard canonical field quantisation scheme. We promote the classical Klein-Gordon field to a quantum field operator satisfying the standard equal-time commutation relations [Φ(x, t), Π(x^′, t)] = iδ(x − x^′) , [Φ(x, t), Φ(x^′, t)] = [Π(x, t), Π(x^′, t)] = 0 , (10) where Π(x, t) = ∂_tΦ(x, t) is the canonical momentum associated with the field operator Φ. This means that we replace the complex amplitudes α_i and α^∗_i by annihilation and creation operators a_i and a^†_i , which inherit the standard commutation relations [a_i, a^†_j ] = (u_i, u_j ) = δ_{ij} , [a_i, a_j ] = [a^†_i , a^†_j ] = 0. We now construct the Fock space: first we characterise the vacuum state of the field as the state which is annihilated by all the a_i: a_i |0⟩ = 0 ∀i . (11)

Then we define the one-particle Hilbert space by applying the creation operators a^†_i to the vacuum state,

|1_i⟩ = a^†_i |0⟩ , (12) and by repeatedly applying the particle creator we build the complete Fock space: | |n^1_{i1} , n^2_{i2} , . . . , n^k_{ik} ⟩ = 1√ n^1!n^2! . . . n^k!

(a^†_{i1} )^{n1} (a^†_{i2} )^{n2} . . . (a^†_{ik} )^{nk} |0⟩ . (13)

Due to the symmetries of Minkowski spacetime, this quantisation procedure is independent of the particular choice of the inertial observer. Any other choice of time t is related to this one via Poincaré transformations which do not modify what we would define as positive and negative frequency modes. As a consequence, the field expansion Eq. (6) can be performed equivalently for any inertial reference frame, and the splitting between positive and negative frequency modes

‡ For notational convenience, we are using the sum symbol ∑ i even when integration over frequencies is meant. In this case, ∑ i → ∫ d^{D−1}k, where d^{D−1}k is the relevant integration measure.

is invariant. Hence, the vacuum state is also Poincaré invariant, and the construction of the Fock space is equivalent for any inertial observer. For general spacetimes, however, we cannot assume that we have global Poincaré symmetry, and thus we lose the objective way to build quantum fields. Instead, the vacuum will not be unique, and the notion of “particle” necessarily becomes observer dependent.

If we continue analysing the scalar field but in a general background, we have to substitute the D’Alambertian in Eq. (4) with the covariant D’Alambert operator, which we will denote as □_g and which has the form

□_g = 1 √ |g| ∂_μ √ |g|g^{μν} ∂_ν , (14) so that Eq. (4) now reads, quite simply, (□_g + m^2)Φ = 0 . (15) Here, we have assumed that there is no coupling of the field with the spacetime scalar curvature. This is called minimal coupling. But Eq. (15) is not the most general equation for a scalar field in a curved spacetime background. In fact, there are some interesting aspects of the scalar field equation in curved backgrounds with more general couplings (especially, conformal coupling) that will be dealt with in Sec. 2.4, but we will keep the equation in its simplest form for now. To extend the Klein-Gordon product, Eq. (7), to curved spacetime, we need a complete set of initial data—in other words, a Cauchy hypersurface Σ over which we can extend the integral:§

(u_j , u_k) = −i ∫ dΣ n^μ (u_j ∂_μu^∗_k − u^∗_k∂_μu_j ) , (16)

where dΣ is the volume element, and n^μ is a future-directed timelike unit vector orthogonal to Σ.

The operative question is whether the spacetime is stationary or not. If it is, then it has a timelike Killing vector field ξ^μ, and we have a natural way to define positive frequency modes (u_j ) in an analogous way as we did for flat spacetime in Eq. (5):

ξ^μ∇_μu_j = −iω_j u_j , (17) where ω_j > 0 and ∇_μ is the covariant derivative. Of course, we can construct a local set of coordinates whose timelike coordinate is the Killing time τ associated to the isometry ξ^μ such that it satisfies ξ^μ∇_μτ = 1. For flat spacetime, which is a particular case of stationary spacetime, the role of τ is played by the coordinate t. In contrast, non-stationary spacetimes do not admit a global timelike Killing vector field, and therefore there is no natural way to uniquely distinguish positive- and negative-frequency solutions of the field equation. In the absence of this metric symmetry there is an ambiguity when it comes to defining particle states. Without a natural way to split modes into positive and negative frequencies, there is no objective way to construct a unique Fock space, starting from the fact that there is no unique notion of a vacuum state. This means that there is no unique, observer-independent notion of the particle content of a quantum field on a non-stationary background. Nevertheless, we can still find an approximate particle interpretation when the spacetime posses asymptotically stationary regions, as we will see in the following section. 2.2 Bogoliubov transformations in asymptotically stationary spacetimes There are some scenarios in which the spacetime is not stationary but possesses stationary asymptotic regions. This is the case, for example, of some models of expansion of the universe [23] or the stellar collapse and formation of black holes [24].

Consider a spacetime that has asymptotically stationary regions in the past and in the future. We will denote them ‘in’ and ‘out’ respectively. In these regions we can give a particle interpretation to the solutions of the field equations. Namely, we can build two different sets of solutions of the field, the first one {u^{in}_{k̂j} } made of modes with positive frequency ω̂_j with respect to the comoving time in the asymptotic past. The second set {u^{out}_{kj} } consisting of modes with positive frequency ω_j with respect to the comoving time in the future. In this fashion we can now expand the quantum field in terms of both sets of solutions to the field equation Φ = ∑ i ( a_{k̂i,in}u^{in}_{k̂i} + a^†_{k̂i,in}u^{in∗}_{k̂i} ) = ∑ i ( a_{ki,out}u^{out}_{ki} + a^†_{ki,out}u^{out∗}_{ki} ) . (18)

What is more, since both set of modes are complete, one can also expand one set of modes in terms of the other by means of the Klein-Gordon scalar product:

u^{in}_{k̂i} = ∑ j [ (u^{in}_{k̂i} , u^{out}_{kj} )u^{out}_{kj} − (u^{in}_{k̂i} , u^{out∗}_{kj} )u^{out∗}_{kj} ] , (19)

u^{out}_{ki} = ∑ j [ (u^{out}_{ki} , u^{in}_{k̂j} )u^{in}_{k̂j} − (u^{out}_{ki} , u^{in∗}_{k̂j} )u^{in∗}_{k̂j} ] . (20)

§ Note that Gauss’s theorem guarantees that the product is independent of the choice of the Cauchy hypersurface Σ.

We define the Bogoliubov coefficients as α_{ij} = (u^{out}_{ki} , u^{in}_{k̂j} ) , β_{ij} = −(u^{out}_{ki} , u^{in∗}_{k̂j} ) . (21)

Then, using the properties of the Klein-Gordon product, Eq. (8), we can rewrite Eq. (19) as

u^{in}_{k̂i} = ∑ j [ α^∗_{ji}u^{out}_{kj} − β_{ji}u^{out∗}_{kj} ] , (22)

u^{out}_{ki} = ∑ j [ α_{ij} u^{in}_{k̂j} + β_{ij} u^{in∗}_{k̂j} ] . (23)

Now, we can expand the particle operators associated with one basis in terms of operators of the other basis

a_{k̂i,in} = ∑ j ( α_{ji}a_{kj ,out} + β^∗_{ji}a^†_{kj ,out} ) , (24)

a_{ki,out} = ∑ j ( α^∗_{ij} a_{k̂j ,in} − β^∗_{ij} a^†_{k̂j ,in} ) . (25)

Now let us consider the vacuum state in the asymptotic past region |0⟩_{in}, which is annihilated by a_{k̂i,in} ∀ω̂_i. We would like to know the form of the state |0⟩_{in} in the basis of solutions of the Klein-Gordon equation in the asymptotic future. To compute this we use the fact that a_{k̂i,in} |0⟩_{in} = 0. If we substitute a_{k̂i,in} in terms of ‘out’ operators using Eq. (24), we obtain ∑ j ( α_{ji}a_{kj ,out} + β^∗_{ji}a^†_{kj ,out} ) |0⟩_{in} = 0 . (26)

Without loss of generality, we now make an ansatz for the general form of the state |0⟩_{in} in terms of the ‘out’ Fock basis as a sum of its n-particle amplitudes |0⟩_{in} = C |0⟩_{out} + C^{j1} |Ψ⟩_{j1} + C^{j1 ,j2} |Ψ⟩_{j1 ,j2} + . . . + C^{j1 ,...,jn} |Ψ⟩_{j1,...,jn} + . . . , (27) where each summand has the form C^{j1 ,...,jn} |Ψ_n⟩_{j1 ,...,jn} = ∑ j_1 ,...,j_n C^{j1 ,...,jn} a^†_{kj1 ,out} . . . a^†_{kjn ,out} |0⟩_{out} . (28) Substituting Eq. (27) in Eq. (26), we obtain an infinite number of constraints for the coefficients C^{j1 ,...,jn} . We can readily see that the zero-particle component of Eq. (26) can only be obtained from the annihilator acting on the 1- particle component of the state defined in Eq. (27), thus giving the condition ∑ j α_{ji}C^j = 0 =⇒ C^j = 0 . (29)

Now, the n-particle component (n ≠ 0) of Eq. (26) is obtained by acting with the annihilator on the (n + 1)-particle component of Eq. (27) and with the creator on the (n − 1)-particle component of Eq. (27). Thus, we know that the coefficients C^{j1 ,...,jn+1} can be written as functions of the coefficients C^{j1 ,...,jn−1} , providing a recurrence relation that can be used to write all the coefficients as functions of C (the vacuum coefficient).

This, together with Eq. (29), means that the ‘in’ vacuum evolves to a state in the asymptotic future with no odd number of particles components, and that the coefficients of even components in Eq. (27) are related pairwise. To find the form of this coefficients we use the inverse of the Bogoliubov coefficient matrix α_{ij} , which is a matrix whose ij component is denoted (α^{−1})_{ij} . Therefore, given arbitrary C_j and D_j , the following identity holds: ∑ j ( α_{ji}C_j + β^∗_{ji}D_j ) = 0 =⇒ C_k = − ∑ ij β^∗_{ji}(α^{−1})_{ik} D_j . (30)

After some basic but lengthy algebra, we obtain the following expression for the ‘in’ vacuum in terms of ‘out’ modes:

|0⟩_{in} = C exp − 1 2 ∑ ijk β^∗_{ik}(α^{−1})_{kj} a^†_{ki,out}a^†_{kj ,out} |0⟩_{out} . (31)

This is a Gaussian state, with C obtained by imposing normalisation. Notice that this state is, in general, not separable. This means that, depending on α_{ij} and β_{ij} , the final state of the field can possess nontrivial quantum correlations.

If we now compute the expectation value of the number operator in the asymptotic future N^{out}_{kj} = a^†_{kj ,out}a_{kj ,out} when the state of the field is the vacuum in the asymptotic past, we find that ⟨N^{out}_{kj} ⟩_{in} =_{in}⟨0| N^{out}_{kj} |0⟩_{in} = ∑ i |β_{ij} |^2 . (32)

This implies that if β_{ij} is different from zero, one would observe particle production as a consequence of the expansion.

2.3 FLRW Universe I: Particle production in a fast expansion period We have discussed in Sec. 2.2 that when a non-stationary spacetime possesses asymptotically stationary regions, it is possible to relate field modes in the asymptotic past to modes in the asymptotic future, being able to compute the field quanta creation due to the gravitational interaction. This is the case for the FLRW spacetime, Eq. (3), if we impose the additional conditions a(+∞) → const. , a(−∞) → const. , (33) with the former constant larger than the latter. Although measurements of distant supernovae have demonstrated that our universe is undergoing an accelerating expansion, to good degree of approximation, certain models fulfilling Eq. (33) (as the one that we will study below) can very well describe some inflationary scenarios. Roughly speaking, these include a period of slow expansion, then a period of very fast expansion, and then again a period of slow expansion.

As can be seen from Eq. (25), computing the analytic form of the particle operators in the asymptotic future in terms of the operators in the asymptotic past is not straightforward. There are, however, some particular solvable toy models that allow for the study of fundamental phenomena. These include scalar models [25] and spin-^1_2 fermionic models [23]. To illustrate this, let us study the scalar field case within an exactly solvable model in 1+1 dimensions.

Let us consider the FLRW metric Eq. (3) and rewrite it in terms of the conformal time coordinate η = ∫_t 0 dτ a(τ) . (34)

In doing this, we obtain ds^2 = [a(η)]^2(dη^2 − dx^2) . (35) Following the standard notation, we define C(η) = [a(η)]^2. Let us assume the following specific form for the conformal factor:

C(η) = 1 + ϵ tanh(ρη) , (36) where ϵ and ρ are positive real parameters controlling the total volume and rapidity of the expansion, respectively. Imposing this specific form for the conformal factor makes it simple to study analytically while at the same time allowing us to study the fundamental behaviour as a function of the rapidity of the expansion and its total volume.

It is interesting to note that for large ϵ the FLRW metric with this conformal factor behaves, for 0 < t ≪ ρ^{−1}, like the radiation-dominated Friedman universe, with an exponentially fast approach to asymptotic flatness for t ≪ ρ^{−1}. As mentioned above, we can consider this as a convenient way to approximate a spacetime that is asymptotically flat in the past and future but undergoes rapid inflation in between (with smooth transitions). The asymptotic flatness at each end allows us to meaningfully define different but physically meaningful particle states for the asymptotic past and future. Note that this example is analytically solvable only for the scalar field. The same C(η) does not provide an analytically solvable model in the fermionic case, which is discussed in Sec. 3.2.

The Klein-Gordon equation in the asymptotic past and the asymptotic future in this particular case admits solutions of the form

u^{in}_k (x, η) = χ^{in}(η) exp [ i(kx − ω_+ η) − iω_− ρ ln[2 cosh(ρη)] ] , (37)

u^{out}_k (x, η) = χ^{out}(η) exp [ i(kx − ω_+ η) − iω_− ρ ln[2 cosh(ρη)] ] , (38)

where

χ^{in}(η) = 1 2 √ πω_{in} F_1 [ 1 + iω_− ρ , iω_− ρ ; 1 − iω_{in} ρ ; 1 2 [1 − tanh(ρη)] ] , (39)

χ^{out}(η) = 1 2 √ πω_{out}

F_1 [ 1 + iω_− ρ , iω_− ρ ; 1 − iω_{out} ρ ; 1 2 [1 − tanh(ρη)] ] , (40)

where the F_1 are hypergeometric functions, and

ω_{out/in} = √ k^2 + m^2(1 ± ϵ) , ω_± = 1 2 (ω_{out} ± ω_{in}) . (41)

It can be checked that indeed u^{in}_k (x, η) −→_{η→−∞} 1 2 √ πω_{in} e^{i(kx−ωinη)}, (42) u^{out}_k (x, η) −→_{η→∞} 1 2 √ πω_{out} e^{i(kx−ωoutη)}. (43)

Using the properties of the hypergeometric functions, the computation of the Bogoliubov coefficients matrices take a diagonal form in this case α_{kj} = α^∗_kδ_{kj} , β_{kj} = −β_kδ_{kj} , so that in Eq. (22) the Bogoliubov transformations only mix modes of the same k:

u^{in}_k (x, η) = α_ku^{out}_k (x, η) + β_ku^{in∗}_{−k} (x, η) , (44)

where

α_k = √ ω_{out} ω_{in}

Γ([1 − (iω_{in}/ρ)])Γ(−iω_{out}/ρ) Γ([1 − (iω_+/ρ)])Γ(−iω_+/ρ)

, (45)

β_k = √ ω_{out} ω_{in}

Γ([1 − (iω_{in}/ρ)])Γ(iω_{out}/ρ) Γ([1 + (iω_−/ρ)])Γ(iω_−/ρ)

. (46)

It is important to be clear why the Bogoliubov transformation only mixes modes of the same momentum. This fact is not related to the particular expansion model choice in Eq. (36), nor to the dimension of the spacetime considered. Rather, it is a consequence only of the conformal symmetry (up to mass terms in the minimal coupling scenario) of the theory and the conformal flatness of the metric. This conformal equivalence relates the equation of motion in the FLRW scenario to its flat-spacetime form. This means that the general form of the Bogoliubov transformation Eq. (44) is valid for any FLRW universe with sufficiently well-behaved scaling factor and minimally coupled field, where Eq. (33) is fulfilled [23].

From Eq. (32) we see that the mean number of particles in the asymptotic future when the field was prepared in the vacuum state in the past is

⟨N^{out}_k ⟩_{in} = |β_k|^2, (47)

That can be interpreted as the creation of quanta in the mode k of the field as a consequence of the spacetime expansion. Notice that when m = 0, ω_{in} = ω_{out}, which means that |β_k| = 0, and no particles are present in the asymptotic future. This is because, in the particular case of two spacetime dimensions, for m = 0, the theory is also conformally invariant. Let us study this case in more detail.

2.4 FLRW Universe II: Particle detection in the conformal vacuum So far we have only considered the case where the field is not coupled to the scalar curvature (Ricci scalar) of the spacetime. This is known as minimal coupling to curvature. Indeed, Eq. (15) comes from a particular case of the more general action associated with a scalar field in a curved spacetime background of dimension D, which is S = ∫ d^Dx √ |g| 2 [ g^{μν} ∂_μΦ∂_ν Φ − (m^2 + ξR)Φ^2 ] , (48)

whose associated equation of motion is ( □_g + m^2 + ξR ) Φ = 0 , (49)

where ξ is the coupling of the field to the Ricci curvature scalar R. In the section above, we have considered the case where ξ = 0 (a.k.a. minimal coupling). However, there is another case of great interest in cosmological scenarios given that the FLRW metrics are conformally flat. This case is that of conformal coupling.

Consider what happens if we make a conformal transformation of the metric:

g^′_{μν} = [Ω(x)]^2g_{μν} . (50)

The geometrical quantities in Eq. (48) are then changed as follows:

g^{′μν} = [Ω(x)]^{−2}g_{μν} , (51) √ |g^′| = [Ω(x)]^D √ |g| , (52) R^′ = Ω^{−2} [R − 2(D − 1)□_g ln Ω + (1 − D)(D − 2)g^{ηγ} (ln Ω)_{,η} (ln Ω)_{,γ} ] . (53)

Through simple dimensional analysis we find that the field has dimensions of [length]^{2−D2} and hence it is also rescaled under a conformal transformation:

Φ^′ = Ω^{(2−D)/2}Φ. (54)

Now, if we want the action in Eq. (48) to be invariant under this conformal transformation (except for a boundary term), we find that there are three contributions spoiling such invariance: the mass term, the derivatives in the kinetic term (if Ω is not constant), and the coupling to the curvature term. If we look at the massless case, however, we can always choose the coupling to the curvature such that the action becomes conformally invariant—namely, ξ = (D − 2) 4(D − 1)

. (55)

This case (with m = 0) is called conformal coupling. In two spacetime dimensions, we see that if m = 0 the minimal coupling ξ = 0 gives conformal invariance of the action, so it coincides exactly with the conformal coupling. In contrast, in four spacetime dimensions, we require m = 0 and ξ = 1/6 to have a conformaly invariant action. This is relevant to our interests since, if we apply the conformal transformation to the field equation Eq. (49) with D = 4, m = 0, and ξ = 1/6 (conformal coupling), then we obtain ( □_g + 1 6 R ) Φ = Ω^3 ( □_g′ + 1 6 R^′ ) Φ^′ . (56)

Hence, if Φ^′ is a solution of the conformally transformed equation, then Φ = ΩΦ^′ will be a solution of the original equation.

Now, if we consider the FLRW metric from Eq. (3) and rewrite it in terms of the conformal time coordinate η = ∫_t 0 dτ a(τ) , (57)

we obtain

ds^2 = [a(η)]^2(dη^2 − dx^2 − dy^2 − dz^2) . (58) A conformal transformation Ω = [a(η)]^{−1} transforms this metric into the Minkowski metric so that g^′_{μν} = η_{μν} . For η_{μν} , R^′ = 0 and the field equation is just the usual wave equation, which admits solutions of the well-known form

v_k ∝ exp[i(k · x − |k|η)] = exp [ i ( k · x − ∫_t 0 ω(τ) dτ )] , (59)

where we have defined ω(t) = |k|/a(t). Using Eq. (56), we have that the original equation admits solutions of the form u_k = [a(η)]^{−1}v_k. Now, u_k are positive frequency solutions at early times, so the field admits the expansion Φ = ∑ i ( a_{k̂i,in}u_{k̂i} + a^†_{k̂i,in}u^∗_{k̂i} ) . (60)

But u_k are also positive-frequency solutions at late times, so the field also admits the expansion Φ = ∑ i ( a_{ki,out}u_{ki} + a^†_{ki,out}u^∗_{ki} ) . (61)

In this case, the Bogoliubov transformation is trivial, and a_{ki,out} = a_{ki,in}, so that the early- and late-time vacua are the same. Indeed, for this field, the particle concept is well-defined at all times, and there is therefore a natural choice for the vacuum state [26, 27, 28]. This state is called the conformal vacuum [25, 26]. As an obvious consequence, the Bogoliubov coefficients β_k = 0 for all k, so no particles are created in the massless conformally coupled field case. Therefore, modes that have a positive frequency with respect to the conformal vacuum at one given time remain so for all time. Hence, if the field has no particles to begin with, expansion will not create any in the future either.

Does this mean that, if we consider a field in the conformal vacuum, no particles at all will be detected by an observer? To answer this, we must consider the fact that, while the choice of the conformal vacuum for a conformally invariant is a natural one, it is still not unique. Even in Minkowski spacetime, the Minkowski vacuum—while unique for all inertial observers—is not the vacuum for an accelerating observer [29, 30]. Such an observer would detect particles even if the field were in the “natural” choice for the vacuum state, i.e., the Minkowski vacuum [31]. This same observerdependence of the vacuum persists even when the usual ambiguities associated with curvature are tamed by conformal invariance. As with inertial observers in flat spacetime, however, there exists a family of privileged observers in a FLRW universe: those observers that see the isotropic expansion from their proper reference frame. These are called comoving observers. The proper time of comoving observers does not coincide with the conformal time. This means that such detectors actually detect particles even in the conformal vacuum.

A particular well-known example of this is a single particle detector in a de Sitter universe coupled to a quantum scalar field in the conformal vacuum [12]. We will use this example to introduce a particle detector model. Consider the well-known Unruh-Dewitt detector model [32, 33] that describes the interaction of a two-level quantum system with a scalar field. In its simplest form, this is a pointlike particle detector whose interaction Hamiltonian with a scalar field Φ(x) is

H_I = Θ(τ) m(τ) Φ[x(τ)] , (62) where τ is the proper time of the detector, Θ(τ) is some appropriate switching function, m(τ) is the monopole momentum of the detector, and Φ[x(τ)] is the field operator evaluated along the trajectory of the detector. The monopole momentum operator can be written in terms of the ladder operators σ^+ and σ^−. We can choose to expand the field operators in terms of positive- and negative-frequency solutions of the Klein-Gordon equation in conformal coordinates u_k(x, η) and u^∗_k(x, η), yielding

H_I =g Θ(τ) ∫ dk ( σ^+e^{iΩτ}+σ^−e^{−iωτ} )( a^†_ku^∗_k[x(τ),η(τ)]+a_k u_k[x(τ),η(τ)] ) . (63)

Now, considering a massless field conformally coupled to the curvature and prepared in the conformal vacuum, one can readily obtain that, at the first order in perturbation theory and for long interaction times Θ(τ) ≈ 1, the response function of a comoving Unruh-Dewitt detector is [25]

F (E) = 1 4π^2 ∫ dη ∫ dη^′ e^{−iE} ∫_η η′ √_{a(η′′ )dη′′} (η − η^′ − iϵ)^2

, (64)

which is nonzero in general. Hence, a comoving detector will click even if the state of the field is the conformal vacuum. A paradigmatic example of this is the de Sitter universe, in which a comoving detector gives a thermal response [13]. The characteristic temperature of the detected particle statistics is known as the Gibbons-Hawking temperature and is proportional to the expansion rate. We will have more to say about the Gibbons-Hawking effect in Sec. 4.

3 Entanglement generation in bosonic and fermionic free fields during inflation

As analysed in section 2.3, when the conformal symmetry is broken there is a net particle production due to the expansion of the universe. As studied in Ref. [14] for bosonic fields and further analysed in Ref. [15] for both bosonic and fermionic fields, the generation of particles due to the expansion of the spacetime also generates entanglement in the final states of the field. These quantum correlations were shown to contain information about the expansion, enabling the possibility of deducing cosmological parameters of the underlying spacetime from this entanglement. Although arguably difficult to detect in a practical cosmology experiment, this novel way of obtaining information about cosmological parameters could provide new insight into the early universe, both theoretically and experimentally. Theoretical cosmology must embrace the possibility of entanglement emerging as a purely quantum effect produced by gravitational interactions in an expanding universe and playing a fundamental role in the thermodynamic properties of FLRW spacetimes [34]. Observational cosmology can now look for witnesses of purely quantum effects in the early universe. In addition to this, a parallel research effort has arisen that uses laboratory analogues of expanding spacetime to study entanglement. This is discussed further in Sec. 6.2.

Remarkably, Ref. [15] reveals strong qualitative differences between the bosonic and fermionic entanglement generated by such expansion. The particular way in which fermionic fields get entangled encodes more information about the underlying spacetime than that of the corresponding bosonic case, thereby allowing us to reconstruct the parameters of the history of the expansion more easily. This highlights the importance of bosonic/fermionic statistics to account for relativistic effects on the entanglement of quantum fields. This difference between fermions and bosons was already proven to be important in other relevant phenomena in relativistic quantum information, such as entanglement in non-inertial frames [35, 36, 37, 38, 39], stationary black-holes [40], and stellar collapse scenarios [16]. 3.1 Entanglement in a scalar field in a 1+1 FLRW universe

Considering the 1+1 conformal metric in Eq. (35) with conformal factor given by Eq. (36), we can use the solution for the Bogoliubov coefficients given by Eq. (44) directly in the formula for the ‘in’ vacuum state, Eq. (31). Doing so, we find that the vacuum state of the field in the asymptotic past has the form, in the asymptotic future, of a collection of independent two-mode squeezed states [41] of right-moving and left-moving modes with momentum k:

|0⟩_{in} = ⨂ k √ 1 − | | | β_k α_k | | | 2 ∞∑ n=0 ( β^∗_k α^∗_k )_n |n_k⟩_{out} |n_{−k}⟩_{out} . (65)

This means that the vacuum state in the asymptotic past evolves into a mode-wise entangled state in the asymptotic future. To quantify this entanglement, we can study the entanglement entropy of the state in Eq. (65). Entanglement entropy is only defined for bipartite pure states and is simply the von Neumann entropy of the reduced state obtained after tracing out one of the two halves of the bipartition [42]. In this case, the bipartition is into left- and right-moving modes in the asymptotic future (‘out’ modes).

Notice that it is simply the choice of mode functions that determines whether the state appears entangled or not: ‘in’ modes are separable; ‘out’ modes are entangled. But the state is the same in both cases; it is merely being expressed in different bases. Thus, the question of whether entanglement exists in the field does not have a unique answer. This ambiguity is ubiquitous in quantum information theory: the presence or absence of entanglement in any quantum system can only be defined with respect to a particular choice of tensor-product structure [43]. In a laboratory experiment, this tensor-product structure is usually determined by asking what measurements can be performed locally. In the case considered here, it is determined by what modes are “physically natural” in each of the asymptotic regions. Such an ambiguity in entanglement content should not be too surprising, since we have already seen that the notion of particle counts is also non-unique, being determined by what detectors are“natural” for a given observer.‖ With respect to the ‘out’ modes, the reduced density matrix corresponding to a right-moving mode of momentum k obtained after tracing out the left-moving modes from Eq. (65) is

ρ̂_k = ( 1 − |θ_B|^2 )^∞∑ n=0 |θ_B|^{2n} |n_k⟩_{out}⟨n_k| , (66)

where θ_B = α_k/β_k. Hence, the entanglement entropy S_B = − tr(ρ̂_k log ρ̂_k) becomes

S_B = log ( |θ_B|^{2|θB|2/(|θB|2−1)} 1 − |θ_B|^2 ) , (67)

where, using Eq. (45) and Eq. (46),

|θ_B|^2 = sinh^2(πω_−/ρ) sinh^2(πω_+/ρ)

. (68)

It is important to note that when the field is massless, there is no production of entanglement at all. This responds to the conformal symmetry of the theory in this particular case and is an artifact of taking 1+1 dimensions, for which minimal coupling is also conformal coupling (see Sec. 2.4).

If the coupling to the curvature were non-zero or if we consider the massless case in higher dimensions where the conformal coupling is not equivalent to the minimal coupling, then β_k would be non-zero, and some entanglement would be produced even in the massless case. Although no relevant differences would arguably be obtained in the behaviour of entanglement with the cosmological parameters, it may be useful to see how this entanglement depends on the coupling to the curvature, thus giving insight about fundamental properties of the underlying field theory. Although the cosmological information is codified in the generated entanglement, extracting that information—provided we could somehow experimentally access it—is not easy in the scalar case. This will be better understood after we analyse the fermionic case and we compare the amount of cosmological information codified in entanglement generated in each type of field.

In Ref. [14], the ability to recover information about the cosmological parameters, given access the generated entanglement, was analysed in the limit of small mass m ≪ 2ρ √ ϵ. They found that, in this limit, the total volume of expansion can be written as a monotonically increasing function of the entropy of entanglement ϵ ≈ 2E^2_k m^2

|θ_B(S_B)| , (69)

where θ_B = θ_B(S_B) is considered as a function of the entanglement entropy, inverting Eq. (67), and E_k = √ k^2 + m^2 is the energy of the k-momentum mode. In this very same limit, the rapidity of the expansion can be related to the variation of the entanglement entropy with the energy of the studied mode: ρ ≈ πE 2 √ 1 + |θ_B(S_B)|^2 −^E_4 ∂_E ln[|θ_B(S_B)|^2] − 1

. (70)

Unfortunately, this limit of small mass is precisely when the generated entanglement is almost zero due to the conformal symmetry of the theory. While it is true that the entanglement codifies information about the parameters of the expansion, it is not clear how to extract, in the general case, the information contained in that entanglement of scalar fields. We will revisit these results later on in section 3.3 where we will compare these results with the fermionic case, showing that fermionic field entanglement is much better at codifying complete information about the expansion of the universe.

‖ See Eq. (32) and the discussion above it, as well as Chapter 3 of Ref. [12], for more discussion and history about the concept of particles in curved spacetime.

3.2 Entanglement in Dirac fields in a in a 1+1 FLRW universe

The quantisation of a spin-^1_2 field in a curved background is somewhat similar to the process described for the scalar field in previous sections but is complicated due to the presence of spin. Let us first notate the flat-spacetime Dirac matrices as {γ̃^0, γ̃^1, γ̃^2, γ̃^3}. They obey the anti-commutation relation {γ̃^a, γ̃^b} = 2η^{ab}, where η^{ab} is the usual Minkowski metric. To study the Dirac field in curved spacetimes, we need to introduce the vierbein field [44]. This field consists of an orthonormal set of four vector fields that serve as a local reference frame of the tangent Lorentzian manifold at each point of spacetime such that

g^{μν} = e^μ_a e^ν_b η^{ab} . (71)

The vierbein enables us to convert local Lorentz indices to general indices. With the help of the vierbein, we can write the Dirac matrices γ^μ in a general spacetime as a function of the local gamma matrices

γ^μ = e^μ_aγ̃^a . (72)

These curved-spacetime gamma matrices fulfil

{γ^μ, γ^ν } = 2g^{μν} . (73)

We need to compute the covariant derivative taking into account the fact that we are working with a spin-^1_2 field. Since we have a spinor bundle defined over the spacetime manifold, the spin connection can be expressed in terms of the Levi-Civita connection Γ̂^ν_{σμ} as

ω^{ab}_μ = e^a_ν ∂_μe^{νb} + e^a_ν e^{σb}Γ̂^ν_{σμ} . (74)

We can express the covariant derivative of the fermion field as

D_μ = (∂_μ + Γ_μ) , (75)

where

Γ_μ = 1 4 ω^{ab}_μ [γ̃_a, γ̃_b] . (76)

In the minimal coupling scenario, we can write the Einstein-Hilbert action for the Dirac field as S = ∫ d^Dx det(e) [ i 2 e^{aμ} ( ψ̄γ̃_aD_μ − (D_μψ̄)γ̃_aψ ) ψ + mψ̄ψ ] . (77)

This action leads to the covariant form of the Dirac equation:

(ie^μ_aγ̃^aD_μ + m)ψ = (iγ^μD_μ + m)ψ = 0 . (78)

Let us denote its particle and antiparticle solutions of momentum k in the asymptotic past, respectively, as u^+_{in}(k) and u^−_{in}(k). In the same fashion, the particle and antiparticle solutions in the asymptotic future will be denoted as u^+_{out}(k) and u^−_{out}(k).

In the particular case of a FLRW universe, the vierbein takes the very simple form e^{aμ} = √ C(η)η^{aμ}, where C(η) = [a(η)]^2 is the conformal scale factor. Again, given the conformal symmetry (up to mass terms), we can relate the Dirac equation in the FLRW scenario to its flat-spacetime form. Using this we find, as in the scalar case, that the Bogoliubov transformation between modes in the asymptotic past and future does not mix different momentum solutions:

u^±_{in}(k) = α^±_k u^±_{out}(k) + β^±_k u^{∓∗}_{out}(k) . (79)

We see that a particle mode in the asymptotic past becomes a superposition of one particle mode and one antiparticle mode in the asymptotic future.

We will now assume a specific form for the conformal factor as we did in Sec. 2.3 so that the form of the Bogoliubov coefficients can be analytically determined. The same form that allowed us to obtain analytical solutions in the bosonic case will not work in the fermionic case. Instead we would need the vierbein field (and not the metric as in the bosonic case) to be proportional to 1 + ϵ tanh(ρη). This means that if we choose a form for the conformal factor given by

C(η) = [1 + ϵ tanh(ρη)]^2 , (80)

which should be compared with Eq. (36), the FLRW metric acquires exactly the same interesting properties as in the scalar scenario. It describes a process of asymptotic flatness followed by a smooth transition to fast expansion and later followed by a smooth transition to asymptotic flatness again at a larger scale factor. The asymptotic flatness at both ends allows us to define physically meaningful ‘in’ and ‘out’ particle states. The similarity between this spin-^1_2 case and the scalar case allows us to directly compare the qualitative results obtained in each.

Following a process completely analogous to what lead us to Eq. (45) and Eq. (46), we obtain the form of the Bogoliubov coefficients in the Dirac case:

α^±_k = √ ω_{out} ω_{in}

Γ(1 − iω_{in}/ρ)Γ(−iω_{out}/ρ) Γ(1 − iω_+/ρ ± imϵ/ρ)Γ(−iω_+/ρ ∓ imϵ/ρ) , (81)

β^±_k = √ ω_{out} ω_{in}

Γ([1 − (iω_{in}/ρ)])Γ(iω_{out}/ρ) Γ(1 + iω_−/ρ ± imϵ/ρ)Γ(iω_−/ρ ∓ imϵ/ρ) . (82)

In this case, the expression of the annihilation operators of particle and antiparticle in the asymptotic future is slightly more complicated than in the scalar case. To help, we can use the fact that the coefficients α^+_k and β^+_k are not independent from α^−_k and β^−_k : α^+_k α^−_k = ω_{in} − μ_{in} ω_{out} − μ_{out} , β^+_k β^−_k = ω_{in} − μ_{in} ω_{out} + μ_{out}

, (83)

where μ_{in/out} = m √ C(∓∞). As such, we obtain a_{out,k,σ} = K_{in} K_{out} ( α^−_k a_{in,k,σ} + β^{−∗}_k ∑ σ^′ X_σ′_σ (−k)b^†_{in,−k,σ}′ ) , (84)

b_{out,k,σ} = K_{in} K_{out} ( α^−_k b_{in,k,σ} − β^{−∗}_k ∑ σ^′ X_{σσ}′ (k)a^†_{in,−k,σ}′ ) , (85)

where σ = ±. The polarisation tensor then takes the form X_{σσ}′ (k) = −2μ^2_{out}K^2_{out}Ū_{out}(−k, σ^′)V (0, σ) , (86) where

K_{in/out} = 1 |k| √ ω_{in/out}(k) − μ_{in/out} μ_{in/out}

, (87)

Ū_{out}(k, σ) is a spinor solution of the Dirac equation in the curved background, and V (k, σ) is a flat-spacetime antiparticle spinor [23].

If we operate as we did with the scalar case and consider 1+1 dimensions, the Dirac field has no freedom in its spin and behaves as a Grasmann field [45]. In this case, Eq. (84) and Eq. (85) take much simpler expressions, and the same applies to the ‘in’ operators in terms of the ‘out’ ones [15]. Then, with the same technique we used to obtain Eq. (31), we obtain the form of the vacuum state in the asymptotic past in terms of particle and antiparticle modes in the asymptotic future demanding that the operators a_{in,k,σ} and b_{in,k,σ} annihilate the ‘in’ vacuum in the ‘out’ basis. This gives the following expression for the ‘in’ vacuum state in terms of ‘out’ modes:

|0⟩_{in} = ⨂ k 1 √ 1 + |θ_F|^2 ( |0⟩_{out} − θ_F b^†_{out,k}a^†_{out,−k}|0⟩_{out} ) , (88)

where

θ_F = β^{−∗}_k α^{−∗}_k Ξ(k) with Ξ(k) = μ_{out} |k| ( 1 − ω_{out} μ_{out} ) . (89)

Notice that due to the Pauli exclusion principle, each mode can only be populated by a single excitation (mathematically implemented in the anticommutation relations between fermionic operators). Following identical procedures as those used in Sec. 3.1, the entropy of entanglement was obtained in Ref. [15] as

S_F = log

1 + |θ^F|^2 |θ_F| 2|θF |2 |θF|2 +1 , (90) where |θ_F|^2 can be simplified, using Eq. (81) and Eq. (82), to

|θ_F|^2 =

(ω_− + mϵ)(ω_+ + mϵ) (ω_− − mϵ)(ω_+ − mϵ) sinh [_π ρ (ω_− − mϵ) ] sinh [_π ρ (ω_− + mϵ) ] sinh [_π ρ (ω_+ + mϵ) ] sinh [_π ρ (ω_+ − mϵ) ] . (91)

As in the scalar case, we again see that the entropy is zero when the mass of the field vanishes, this being the result of an equivalence between minimal and conformal coupling in 1+1 dimensions for Dirac fields, as well as bosonic scalar fields.

3.3 Statistics and Information encoded in entanglement

We have seen that both scalar and Dirac field modes become entangled due to the expansion of the universe when the conformal symmetry is broken. In both cases, the amount of entanglement generated in the field due to the expansion codifies information about the underlying spacetime. However, as analysed in Ref. [15], there are fundamental differences in the spectral behaviour of that entanglement. In Fig. 1, it is shown how the entanglement depends on the momentum of the field mode for different values of the parameter ρ. For the Dirac case, entanglement peaks at a certain momentum, while for the scalar field, entanglement monotonically decreases with momentum and has its maximum at |k| = 0. In other words, in contrast to the scalar field, for the Dirac field, there is a privileged value of |k| for which the expansion of the spacetime generates a large amount of entanglement. Modes of that characteristic frequency are far more prone to entanglement than any others.

In Ref. [15], an attempt to interpret this phenomenon is given on the basis that the optimal value of |k| can be associated with a characteristic wavelength (proportional to |k|^{−1}) that is increasingly correlated with a characteristic length of the universe. Intuitively, fermion modes with higher characteristic lengths are less sensitive to the underlying spacetime because the exclusion principle impedes the excitation of very long-wavelength modes—i.e., those whose |k| → 0. For bosons, where this constraint does not exist, the entanglement generation is higher when |k| → 0. This can be intuitively explained by the fact that modes of smaller |k| are more easily excited as the spacetime expands since it is energetically much cheaper to excite smaller |k| modes.

Regardless of its explanation, this natural emergence of a privileged mode in the fermion cae is a phenomenon that is very sensitive to the expansion parameters and thus more efficiently encodes information about the underlying spacetime than in the scalar case. In Ref. [15], it is observed that, for a given mass, the frequency for which entanglement peaks is extremely sensitive to the rapidity of the expansion of the universe, while at the same time it is almost insensitive to variations on the total volume of the universe. In contrast, the amount of entanglement in the maximally entangled mode of the field only depends on the total volume of expansion, being insensitive to the expansion rapidity. These two features, which are a direct consequence of the peaked behaviour of S_F(|k|, m), are telling us that the information about all the parameters of the expansion is codified in this peak, and if we were able to probe the field and find the most entangled mode, this will tell us much about the characteristics of the spacetime background for a fixed expansion model.

While the expansion of the universe without conformal symmetry has been proven to generate entanglement regardless of the nature of the quantum field, we have seen that Dirac fields seem to codify more information about the underlying expansion, revealing that field statistics can play a key role in the way in which the expansion of the universe generates entanglement in quantum fields.

4 The conformal vacuum, particle detection, and entanglement

We saw several examples above of the fact that the entanglement present within a quantum field is only loosely related to what is detected experimentally. In particular, we saw in Sec. 3.1 that in a conformally invariant setting, expansion produces no entanglement between the field modes and thus, supposedly, no particles. In a particular sense, as discussed in that section, this is correct. But in another sense—that of local particle detectors—this is incorrect since local detectors with a fixed resonance frequency will see a nonzero signal under expansion even under the condition of conformal invariance, as we saw in Sec. 2.4.

One might argue that, because there is no entanglement generated by the expansion, such detectors do not see “real” entanglement. But entanglement is a physical resource that can be used for quantum communication and computational tasks [42], so this question should have a definite empirical answer. In fact, such an answer is available: the entanglement is real and useful (at least in principle). In the conformal case, it is not, however, generated by the expansion; it was present in the field to begin with. The effect of expansion on the swapping of this preexisting field entanglement to local quantum systems is an interesting topic in its own right and is discussed below. 4.1 Curvature and thermal radiation

The fact that black holes radiate [46] due to the quantum nature of the fields that surround them came as a shock to the physics community, overthrowing the prevailing intuition of black holes as universal vacuum cleaners (puns intended). On the other hand, the result was not entirely unexpected in light of general thermodynamic arguments about black holes being put forth at the time [47]. Similar results followed for acceleration [30, 31] and—most relevant to this work—exponential expansion (i.e., a de Sitter universe) [13], as mentioned at the end of Section 2.4.

The groundbreaking result by Gibbons and Hawking [13] showed that an inertial particle detector in an exponentially expanding universe responds as if it were bathed in a thermal bath (in the rest frame of the detector) with a temperature

Figure 1. [Based on figures in Ref. [15]] Bosonic field (top) and fermionic field (bottom): Entropy of entanglement for a fixed mass m = 1 as a function of |k| for different rapidities ρ = 1, . . . , 40, with a fixed value of ϵ = 1.

proportional to the expansion rate κ:

T_{GH} = κ 2π . (92)

Notice that this is the same formula as that for the temperature of Hawking radiation from a black hole [46], in which κ would represent the surface gravity of the black hole. It is also the same formula as for Fulling-Davies-Unruh radiation [29, 30, 31], in which κ would then represent the acceleration of the detector. The common element in all three cases is the presence of a horizon, which hides the region behind from observation. As such, even if the overall state of the field is pure, it becomes mixed because of the lack of access to part of it.¶ Black holes have an event horizon, accelerating observers have a Rindler horizon at a uniform proper distance behind them, and observers in an expanding universe perceive cosmic horizon surrounding them.

¶ This is the standard explanation, but recent results have challenged this view [48].

Returning our focus to Gibbons-Hawking radiation, it is interesting to note that the thermal form of the detected radiation is robust to the details of the field undergoing inflation [13]. Also of note is the fact that there is no redshift to the perceived thermal radiation spectrum. That is, the thermal radiation is always perceived as being in the rest frame of the inertial detector. This should give the reader pause when considering that two inertial detectors in relative motion will each perceive a thermal bath at rest in their respective frames, both being at the Gibbons-Hawking temperature.

4.2 Entangling power of an expanding universe Consider the situation in which two detectors are both on comoving trajectories (which are themselves inertial) in a de Sitter universe. Each detector perceives a thermal state of the field in its rest frame. But such a response would also be obtained if the spacetime were Minkowski and the field had just been heated up to an actual thermal state in some rest frame, with both detectors at rest in that same frame. As such, a single inertial particle detector cannot distinguish an empty but exponentially expanding universe from a heated one that is not expanding at all. An interesting question then is whether entanglement between two such detectors can reveal a difference.

Reznik, Retzker, and Silman [17] showed that entanglement in the Minkowski vacuum can be swapped to local quantum systems by coupling such systems to the quantum field for a finite time. We call such systems “detectors” even though the interaction with the field is coherent. Ref. [18] builds on this idea by modifying it in two ways and comparing the resulting entanglement in each case. In one modification, the Minkowski vacuum of a massless scalar field is replaced with the same field in a thermal state at rest with respect to both detectors, while the metric remains Minkowski. In the other case, the Minkowski vacuum is replaced by a conformally invariant scalar field in the de Sitter conformal vacuum, with the detectors on (inertial) comoving trajectories.

Choosing the conformal vacuum, which greatly simplifies the calculations, can be justified on physical grounds because it coincides with the massless limit of the adiabatic vacuum for de Sitter spacetime [12]. Thus, we can think of this analysis as applying to the following two ways of adiabatically modifying the Minkowski vacuum: (1) very slowly heating the universe to a temperature T , and (2) very slowly ramping up the de Sitter expansion rate (from zero) to a final value of κ, with T = κ/2π, with the detectors activated only long after this smooth transition is complete. In both cases, each detector responds as if it were bathed in thermal radiation in its own rest frame. The temperature in the thermal case and the expansion rate in the de Sitter case are chosen to satisfy Eq. (92), thus ensuring identical responses. As such, access to one detector alone cannot distinguish the two cases.

The coupling of the detector to the field is taken to be an Unruh-De Witt coupling, like the one described in Section 2.4, with a fixed resonance frequency Ω, separation in comoving coordinates L, and time-dependent coupling strength taken to be a small fixed parameter times a Gaussian in (proper) time with standard deviation σ ≪ L. While the detector technically remains coupled to the field for all times due to the infinite tails of the Gaussian, a smooth cutoff applied in the wings of the Gaussian was found not to change the results, so the full Gaussian form is used for calculational simplicity to approximate a coupling that is on for a time σ. The goal is to find a set of parameters (Ω, σ, L) such that the detectors (two-level systems) would become entangled through the interaction in one case (heating or expansion) but not the other.

One might expect that the entanglement persists—or even grows—in the case of de Sitter expansion (since the full state remains pure), while it gets drowned out by actual particles in the corresponding heated case. Counterintuitively, the opposite occurs. The results are shown in Figure 2. There is a region of parameter space in which a heated universe entangles the detectors while an expanding universe at the same perceived temperature does not. As such, the two types of universes can be distinguished by their “entangling power” with respect to local inertial detectors, although perhaps not in the way one would guess.

For it to have operational meaning, the claim that entanglement can be used to distinguish expansion from heating must be capable of being verified by observers within the universe. One thing to notice right away is that if the universe is expanding, there is a cosmic horizon distance beyond which two parties cannot communicate [13]. Distinguishing heating from expansion requires that the detectors be separated by more than this distance. Thus, they cannot communicate with each other to verify their entanglement, nor can they use the entanglement for quantum teleportation or longdistance quantum communication with each other, since teleportation still requires classical communication of local measurement results [49]. However, if we assume that the detectors are themselves mounted on satellites and that each satellite can communicate with a “home planet” located half-way in between them, results of local measurements confirming violation of a Bell inequality can always, in principle, be transmitted to a third party on the home planet for verification [50, 51]. In addition, given an initial source of entanglement between the home planet and each satellite separately, the entanglement extracted from the quantum field could be swapped via teleportation back to the home planet [49, 52]. This method of remote “entanglement harvesting” from a quantum field is nowhere near practical since the effect is unfathomably small [18], but the thought experiment shows that in principle the existence of this entanglement is verifiable since it can be used as a quantum information processing resource back on the home planet.

Figure 2. (Based on figure in Ref. [18]) Entanglement profile for detector pairs in several universes—σ is detection time, Ω is detector resonance frequency, L is detector separation. The slanted black line is the entanglement cutoff in the Minkowski vacuum case (entangled above, separable below). The solid red curve is the thermal Minkowski cutoff, and the dashed blue curve is the de Sitter vacuum cutoff, both with perceived local temperatures satisfying 2πT = 10^{−3}σ^{−1}. The de Sitter horizon distance (10^3σ) is given by the dotted green line. The red star indicates one particular detector setup that could be used to distinguish expansion from heating.

Several results are notable here. First, in both the thermal Minkowski and de Sitter vacuum cases, the region of entanglement is a proper subset of that of the Minkowski vacuum case. In the thermal case, this is expected because the state is now more mixed, but this is somewhat surprising for the expanding case. The results in Section 3.1, however, gives a possible explanation: no entanglement is generated by the expansion in a conformally invariant system. While this is not a rigorous explanation, it accords with the intuition that the radiation detected should not be any more useful (in terms of generating the physical resource of entanglement) than the vacuum itself.

The reason that entanglement is lost in the expanding case can be understood by considering the entire system in conformal time instead of in the detectors’ proper time. Since the field is conformally invariant, the modes behave like ordinary Minkowski modes with respect to conformal time. Therefore, detectors with a fixed resonant frequency in conformal time in an expanding universe will see the same entanglement profile as that for the Minkowski vacuum because such detectors are tuned to a single field mode. Having a fixed frequency in conformal time necessarily means having a time-dependent frequency in detector proper time (for an inertial detector), and thus, a fixed frequency in proper time means coupling time-dependently to many different independent field modes in an expanding universe. This increases local noise and reduces entanglement. This method of exchanging one type of detector behavior in conformal time with another type in proper time was recently proposed as a way to implement the ion-trap analogue of a detector in an expanding universe [53]. This proposal and several other possible analogue models are compared in Section 6.2.

5 Entanglement and quantum correlations in the cosmic background

5.1 Inflation and the seeds of cosmic structure

The inflationary hypothesis solves numerous problems with standard cosmology, including its two original targets: the horizon problem and the flatness problem [1]. The horizon problem is the observation that the universe would not have had time to organize its own large-scale homogeneity through causal means in the time available since the Big Bang.

The flatness problem is the observation that the spatial curvature of the universe appears to be fine tuned such that it exists for ∼ 10^{10} years in a metastable state instead of collapsing in on itself or expanding to complete emptiness on the scale of the Planck time (5.4 × 10^{−44} s).

Both problems are solved by postulating that the highly disordered, volatile, “curvy and bumpy” universe immediately after the Big Bang undergoes a period of rapid expansion, flattening out any curvature and flinging all matter and energy beyond a cosmic horizon [1]. The scale factor during this period is exponential in the cosmic time and thus approximates a de Sitter universe. But as we know from quantum field theory, what is left after all matter and energy are gone—empty space—is not entirely empty. As discussed in Section 4, de Sitter expansion will cause the observable portion of the universe to appear nonempty (thermal) despite the entirety of it—or at least a much larger portion of it—being in a vacuum state. As such, the expansion causes the universe to possess tiny fluctuations (about a part in 10^5) in an otherwise perfectly smooth background.

These fluctuations are taken to be the seeds of cosmic structure [54]. The colloquial explanation for this is that quantum fluctuations in the modes of the inflaton field (the scalar field responsible for inflation) become “frozen” when the size of the cosmic horizon (the inverse of the Hubble parameter) becomes comparable to the wavelength of each mode, creating tiny fluctuations in the background gravitational field, thus providing the necessary nucleation points for galaxies and other cosmic structures. Therefore, inflation now also provides a means to understand structure formation.

The main evidence for inflation comes from the cosmic microwave background (CMB), a nearly uniform thermal glow of the universe at a temperature of 2.725 K, first discovered by accident [55] and later studied in detail by the sky mapping experiment known as the Cosmic Background Explorer (COBE). In addition to revealing a nearly perfect blackbody spectrum [56], COBE also revealed tiny fluctuations in temperature—signatures of the tiny fluctuations that led to structure formation in the early universe [2]. Its resolution was too low, however, to compare with specific inflationary models. Mapping the details of the anisotropy of the CMB was a task undertaken by the Wilkinson Microwave Anisotropy Probe (WMAP), which produced images with 30 times the resolution of those from COBE [57] and enabled constraints to be placed on inflationary models based on comparison of their predictions of structure formation with the reality of fluctuations in the CMB [3]. 5.2 Cosmic fluctuations: the quantum-to-classical transition

While the inflationary hypothesis, broadly speaking, solves the horizon and flatness problems, its proposal for solving the problem of structure formation leaves us wanting for details: what specifically is the physical mechanism by which quantum fluctuations in a scalar field are “frozen” by inflation into eventual classical density fluctuations in the matter distribution of the post-inflationary universe (and, eventually, temperature variations in the CMB)? We would like to have a better understanding of this process using the rigorous tools of quantum information theory.

Several avenues for pursuing this question are available [54], and the answers given depend on the model in question and possibly even on one’s interpretation of quantum mechanics. Some authors [58] go so far as to postulate a need for new physics to explain the transition, with an appeal to dynamic collapse models—in which gravity or some other principle induces a real, unambiguous, dynamical collapse of a superposition into one of its constituent states. We don’t need to go this far, however, to say something meaningful about the quantum-to-classical transition needed to account for cosmic structure formation. By studying the entanglement between expanding modes or regions of space and by considering the effects of decoherence caused by interactions within the inflaton field and with other fields, we can begin to discuss this physical process meaningfully.

The approach by Nambu [20] is firmly rooted in the methods of Gaussian quantum information science and employs a one-dimensional lattice model of a scalar field during inflation. The lattice is separated into two finite, continguous, nonadjacent, nonoverlapping regions, and the entanglement between them is monitored as inflation progresses. Because the initial state is Gaussian and the field has no nonlinear terms, it remains Gaussian throughout the inflation, and the criterion of positive partial transpose for Gaussian states can be used to signal decisively the presence or absence of entanglement [21]. The results indicate that the two regions becomes disentangled when the size of the regions exceeds Hubble horizon distance. This is claimed as a necessary condition for the appearance of classicality of the fluctuations by virtue of entangled states failing to admit local hidden variable models for their statistics [59]. The model is interesting because it is straightforward and simple, using only Gaussian states, and is therefore amenable to direct analysis of its entanglement structure. But this is also a weakness in that non-Gaussian features of inflation are not captured in this picture [54]. Furthermore, it focuses on the emergence of classicality within the field itself, and as we have seen above, properties that hold for field modes may not translate directly to what a detector (of any sort) would see.

The effect of expansion on local detectors has been discussed in Section 4.2, but the results used a conformally coupled scalar field, instead of a minimally coupled field, which which is usually assumed in inflationary models. The results of Section 3.1 indicate that conformal coupling is quite special, and they suggest that minimal coupling will produce a very different result. Nambu and Ohsumi [19] address this and generalise the analysis presented in Ref. [18] to a minimally coupled scalar field. This analysis involves particle detectors, thus providing a stronger grounding in operationalism than Ref. [20], but the basic goal of understanding is the same: to analyze the entanglement properties of a quantum field during inflation, either directly in the field itself or by considering the response of local detectors. The results of this study for minimally coupled fields show that entanglement vanishes at the Hubble horizon distance, in contrast to the result for conformal coupling [18], in which it vanishes at about twice the horizon distance. Nevertheless, the quantum discord [60, 61, 62] in the detectors—a measure of nonclassicality that may be present even without entanglement—remains even when separated beyond the horizon but eventually goes to zero for sufficiently separated detectors. These results show that conformally coupled and minimally coupled scalar fields show different behavior in terms of their entangling power.

The search for signatures of inseparability in quantum fields during inflation includes a study by Campo and Parentani [22]. The analysis proceeds by modeling the effects of inflation on individual field modes as a two-mode squeezing operation [41]. Decoherence is then added to simulate the average effect of small nonlinearities in the coupling that would otherwise cause the evolution to deviate from a Gaussian unitarity. The results are, unsurprisingly, that the two-mode squeezing operation produces entanglement between modes of opposite wave vector and that under sufficiently low decoherence, these states will always violate some Bell inequality [59]. Furthermore, there is a level of decoherence above which no Bell inequality is violated. Practical detection of this violation is a near impossibility, but the study nevertheless shows that if decoherence induced by nonlinearities in the evolution is small enough, the quantum nature of the fluctuations should survive.

The question of nonlinearities in the evolution was taken up directly by a simulation reported by Mazur and Heyl [63]. Instead of just two modes, ±k, four modes are used: ±k and ±2k. Terms are added to the field Lagrangian that induce couplings of the form ga_{±2k}a^†_{±k}a^†_{±k} and g^∗a^†_{±2k}a_{±k}a_{±k}, which are nonlinear and allow particles to be exchanged: two particles from mode ±k for one particle in mode ±2k and vice versa. It is then assumed that coarsegraining of measurements only allows the larger modes (±k) to be detected, requiring the smaller modes at twice this wave vector to be traced out, thus generating entropy. Once again, entropy generation—and thus randomness in a measurement outcome—is taken as a sign of classicality. The results show that nonlinear interactions cause decoherence in individual modes by allowing the swapping of quanta to modes of higher or lower energy. These results show that reheating (post-inflationary particle production) is not the only mechanism for decoherence, as is commonly assumed. Nevertheless, the decoherence predicted is quite small and is not enough on its own to explain classicality for fields that do not undergo reheating.

These results point to an interesting question, which is addressed by Franco and Calzetta [64]. The question comes from applying scalar and tensor perturbations to a spacetime metric. Scalar perturbations in the metric at the end of inflation show up as temperature variations in the CMB, while tensor perturbations are only detectable in the CMB polarisation [65]. Therefore, if our instruments are only measuring temperature variation (not polarisation), then the tensor perturbations act as an environment for the scalar ones, causing decoherence. The authors use the Gell-Mann–Hartle histories formulation of quantum mechanics [66] to show that this is indeed the case.

There remains no consensus on the mechanism by which quantum fluctuations become classical density fluctuations during (or after) inflation. While studying entanglement and decoherence in the field allows us to at least approach the problem, the interpretation of such results must be done carefully because it involves, at its heart, one of the most controversial aspects of quantum theory: the measurement problem. 5.3 Relation to the measurement problem in quantum theory

Any discussion of the quantum-to-classical transition, whether in a table-top laboratory experiment or on cosmic scales, necessarily begins to wade into interpretations of quantum mechanics and metaphysics, and thus we must tread carefully to ensure we are actually discussing that which we believe we are discussing. For instance, no one worries that a linear polarisation measurement made on a circularly polarised photon reveals a definite, classical answer even though the outcome that can only be predicted stochastically. Even if the photon is entangled with a distant one, we still get a definite, classical answer. “Collapse” is a part of everyday life in experimental physics.

As such, one should not expect that the temperature map of the CMB obtained by COBE or WMAP would ever appear to be in a superposition of possible maps. If inflation predicts a certain power spectrum for temperature fluctuations of various sizes in the CMB, then we would expect that the fixed, definite, classical temperature map revealed by WMAP would be statistically typical if drawn from that distribution of theoretical possibilities. This is the nature of all stochastic prediction. We stress this because the usual story is that it is entanglement in the inflaton field—not in the electromagnetic field, which is the field being directly observed by the satellite experiments—that is responsible for the density fluctuations in the early universe, which then, in turn, become imprinted on the CMB in the form of measurable temperature fluctuations. It is not fruitful, therefore, to ponder why our instruments detect a definite temperature map instead of a superposition of such maps: once a measurement is made, superpositions between the possible outcome states are destroyed, and a definite answer is obtained. Such is the case with our mapping of the CMB temperature.

On the other hand, if the primordial entanglement from the inflaton field were somehow transferred to other fields that we have access to today, such as the electromagnetic field, then it is not impossible (at least in principle) that we might observe entanglement in the individual photons of the CMB coming from different spatial directions by looking at correlation statistics over many observations, such as is done to verify entanglement in parametric down-conversion experiments [67, 68].

This is exceedingly unlikely, however, at least for the electromagnetic field, because entanglement and quantum coherence are extremely fragile. We do not need to look far for things that destroy them. Decoherence is a constant nuisance in experimental quantum physics, and as such, the burden of proof rests squarely on the shoulders of those who wish to claim that long-range coherence could be maintained for millennia after inflation ended. Even if individual field modes are entangled as a result of the gravitational interaction, once they interact with anything else in the universe, their coherence will quickly be lost unless the fields are exceptionally weakly interacting. We fully expect there are a number of such decoherence mechanisms through self-coupling and coupling to other fields, including gravity. It is important to determine which of these processes are dominant, and it is here that the community may fruitfully focus its efforts.

6 Prospects: Quantum entanglement as a tool for Cosmology

In the hopes of stimulating further research into the connection between quantum entanglement and cosmology, we conclude with some discussion of further research avenues in this area. We discuss the possibility of the cosmic neutrino background possessing entanglement from the early universe and surviving all the way to the present due to its weak coupling to matter. We also discuss the importance of analogue experimental models that provide a laboratory-accessible testbed for cosmological models. Finally, we conclude with a brief summary of possible future prospects for using quantum entanglement as a tool for theoretical and experimental cosmology. 6.1 Quantum correlations in the cosmic neutrino background

We have seen in previous sections that the quantum correlations present in quantum fields in the early universe would be hard-pressed to survive to the present due to decoherence induced by field interactions. This means that if remnants of these quantum correlations are to survive and be detectable today, they must do so in those quantum fields that interact very weakly. In this regard, the CMB is highly non-optimal since the electromagnetic field interacts with everything that has electric charge, thus leaving a background that is almost certainty decohered by now. Alternatively, the cosmic neutrino background [69] does not have this problem since neutrinos rarely interact with anything at all. As such, the neutrino background might prove to be a better candidate for residual quantum correlations than the CMB.

Due to the fact that these low energy neutrinos only interact weakly with the rest of the quantum fields they are extremely difficult to detect so that, unlike the CMB, the neutrino background is not easily directly observable. There is, however, indirect experimental evidence of its existence [70], and it is estimated that today the neutrino background has a temperature of roughly 2 K. On the other hand, the neutrinos’ introverted nature, which thwarts our efforts to detect them, nevertheless becomes a feature when it comes to the study of quantum correlations in the primitive universe, since the strong quantum correlations present in the early universe would have been protected from decoherence by a lack of interaction with other fields.

Despite the difficulty of its detection, if our sole criteria is to improve on the CMB as a possible source of primordial cosmic entanglement, then the neutrino background remains a candidate. Searching for entanglement in the CMB is severely hindered by the fact that the light we observe today dates back only to recombination—the formation of the first stable atoms and the resulting decoupling of matter and radiation that followed—which occurred approximately ∼ 10^5 years after inflation was to have ended. That’s an impossibly long time for entanglement to survive under strong coupling to matter. Neutrinos decoupled from matter much earlier than the electromagnetic field—approximately one second after inflation [71]. As such, the required coherence time for any quantum entanglement to survive in the neutrino background (assuming no decoherence during its travel to our detectors) is 12 orders of magnitude lass than what would be required for entanglement to survive in the CMB (one second versus 10^5 years). Despite the fact that the idea of probing the neutrino background for primordial cosmic entanglement is nowhere near a practical proposal, these arguments suggest we should not dismiss the possibility out of hand.

6.2 Analogue models Most predictions of curved-spacetime QFT, including nearly all of the effects discussed in this paper, are extremely difficult to test directly, confined as we are to a low-curvature region of spacetime, with dimensional analysis conspiring to make the most straightforward effects extremely tiny. This situation has given rise to a number of proposals for testing analogue quantum field theory in curved spacetime, the seminal example being Unruh’s proposal for detection of the sonic analogue of Hawking radiation in supersonic fluid flow [72].

In such experiments, spacetime is replaced by a system of coupled atoms, either as discrete entities or in a fluid, and field modes are replaced by the collective normal modes of oscillation of the atoms—effectively a “phonon field” [73]. The advantage of this over probing fundamental quantum fields in outer space is that, while the observable effects in the laboratory setup are conceptually the same as (analogous to) those predicted for quantum fields on a curved background, the parameters of the experiment may be adjusted to give much stronger and more easily observed effects. The most common analogue curved-spacetime field theory proposals involve Bose-Einstein condensates (BECs) [74, 75, 76, 77] or ion traps [78, 53] as the analogue spacetime. We say a few words about these here and refer the reader to the aforementioned references, plus the review articles of Refs. [79, 73], for more details. We also note that liquid helium has also been proposed as an analogue testbed [80], as well as schemes based on photons in a microwave guide and superconducting circuits [81].

BECs provide a natural system for studying the analogue of FLRW expansion [74, 75, 76, 77]. The condensate field is linearized into a classical background plus a quantum field of small fluctuations that lives on top of it. When a fully condensed system is allowed to expand in the laboratory, the emulated effect is the expansion of the spacetime on which the quantum fluctuations live. Furthermore, as expansion proceeds in the laboratory, the initial correlations in the ground state of the field naturally evolve into classical fluctuations in the density of the background condensate, which can be observed simply by taking a picture of the condensate during expansion. In a freely expanding BEC, a sonic horizon is formed, allowing an experimental study of the “freezing” of quantum fluctuations into a classical density distribution as the size of a given mode stretches beyond the sonic horizon.

The main advantage of trapped-ion analogue gravity experiments [78, 53] over other proposals, such as BECs, lies in the exquisite quantum control over state preparation, interaction, and readout [82]. Each ion is equipped with its own motional detector in the form of laser-induced coupling of its vibrational motion to its electronic state. Effectively, then, we have a discrete phonon field with a detector mounted at every point that we can turn on and off at will in a continuous and highly controlled manner. In addition, cooling to the ground state is achievable with high fidelity. The tradeoff for this precision and “digital” nature of the field and its detectors is in the small maximum number of ions confinable to a single linear trap (currently, about ten [82]). Two methods of using ion traps to study cosmic expansion have been proposed. The first [78] allows the ions to physically expand for a time, simulating expansion starting and then stopping, as in Sec. 2.3. Another proposal [53] uses the properties of conformally invariant expansion to encode all details of the scale factor in the parameters used to couple the electronic and vibrational degrees of freedom. This allows detector responses during expansion of a conformally coupled field to be emulated in the ion trap without physically moving this ions at all. (Similar techniques are used in BECs, as well [74, 75].) In addition to these applications, a linear ion trap can be used to emulate entanglement swapping from a flat-spacetime quantum field to local detectors [83]. Ref. [53] proposed modifying this setup to perform the analogue of the thought experiment proposed in Ref. [18] and discussed in Sec. 4.2, possibly bringing entanglement-based discrimination of (analogue) gravitational parameters into the realm of laboratory testability. 6.3 Other research avenues

We end with some thoughts on further research avenues in this area.

Coupling to curvature—An important observation is that conformal invariance, while greatly simplifying calculations for expanding spacetimes, is often not present in inflationary models. Minimal coupling is used instead. While the two settings coincide in two dimensions, they differ in every other dimension, including that of our own 4-dimensional universe. There are substantial differences between the physics of the two types of coupling, even in the massless case, as we have stressed many times throughout this article, with the most important being that expansion of a conformally coupled field generates no entanglement in the field modes and no particle production if the expansion ceases (Sec. 3.1). Therefore, analyses that include the ability to select the conformal coupling constant (or at least to allow it to be set to zero) are a natural generalisation of many of the results presented here and would allow us to examine how the entanglement produced scales with this coupling strength.

Entanglement extraction—In addition to the entanglement produced in the field modes themselves, we can also ask how the field coupling to curvature affects entanglement extraction from the field using local detector couplings. Ref. [19] pursued this as a first step, generalizing the results of Ref. [18] from conformal to minimal coupling. But we know from analogue proposals [74, 75, 53], as well as from more recent results showing that entanglement exists between [84] and can be extracted from [85] the past and future wedges of a spacetime (instead of from the left and right wedges), that modulating a detector’s resonance frequency and interaction strength can be used to optimize the extracted entanglement. Even the early proposal for this procedure, Ref. [17], introduced a rather complicated timevarying coupling to amplify the amount of entanglement extracted from the vacuum state. In addition to optimising

Cosmological quantum entanglement 21

the extracted entanglement, we might also ask what time dependence of the interaction would optimise the extraction of information about cosmological parameters and spacetime structure using this method.

Anisotropy of inflation—Previous literature analysing the emergence of entanglement in quantum fields during inflationary periods presented results based on the assumption of isotropy in the expansion. The question remains open as to whether the entanglement generated during inflationary periods may be sensitive to possible anisotropies in this expansion. It is known that particle creation feels the difference [86], but it still remains to be explored to what extent this happens and how much information about the anisotropies would be encoded into the entanglement generated in the inflationary period.

Analogue models—Perhaps one of the most promising avenues of research is in quantum emulation of expansion through analogue experiments. In the ion trap architecture, the approach of Ref. [53] is complementary to that of Ref. [78] in that the former modifies detector parameters to emulate expansion of a conformally coupled field, while the latter literally expands the trap, allowing the ions to manifest actual phonon production with expansion over a finite time. Perhaps the two could be combined to study more complicated phenomena. Alternatively, Ref. [87] proposes a BEC model in which atoms in two different hyperfine states are trapped together and allowed to emulate more complex inflationary scenarios. The development of a reliable, robust, and highly tunable laboratory testbed for analogue inflation would be of great experimental value in testing predictions in theoretical cosmology.

Observational astronomy—Our best data sets today regarding the early universe come from observations of the CMB [57]. The possibility of using the cosmic neutrino background to search for primordial entanglement was already discussed in Sec. 6.1. Since this proposal remains far beyond current technology, the CMB is our best hope for testing theories of cosmology—through the temperature maps produced by WMAP [3] and through ongoing efforts to map the polarisation of the CMB, which encodes cosmic information not found in the anisotropies alone [65].

The research effort into the connection between cosmology and entanglement is vast, ranging from studies of entanglement in field modes, to the ability to swap this entanglement to local detectors, to the extraction of cosmological parameters from such measurements, to direct comparison of observational data and theoretical models, to the experimental probing of theoretical proposals in analogue experiments. With multiple fronts opening into unexplored territory, we hope the reader will find the results illuminating and inspiring of further research into the connection between cosmology and entanglement at the theoretical, observational, and laboratory-experimental levels.

Acknowledgments

We thank Carl Caves, Achim Kempf and Miguel Montero for inspiring discussions.

[1] A. H. Guth, “Inflationary universe: A possible solution to the horizon and flatness problems,” Phys. Rev. D 23, 347 (1981). [2] G. F. Smoot et al., “Structure in the COBE differential microwave radiometer first-year maps,” Astorphys. J. 396, L1 (1992). [3] H. V. Peiris et al., “First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Implications For Inflation,” Astrophys.

J. Supp. 148, 213 (2003).

[4] A. G. R. et al., “Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant,” The Astronomical Journal 116, 1009 (1998).

[5] S. P. et al., “Measurements of and from 42 High-Redshift Supernovae,” The Astrophysical Journal 517, 565 (1999). [6] B. A. R. et al, “Cosmological Constraints from the Clustering of the Sloan Digital Sky Survey DR7 Luminous Red Galaxies,” Mon. Not.

Roy. Astron. Soc. 404, 60 (2010).

[7] H. Yüksel, J. F. Beacom, and C. R. Watson, “Strong Upper Limits on Sterile Neutrino Warm Dark Matter,” Phys. Rev. Lett. 101, 121301 (2008).

[8] G. Aad and B. A. et al., “Search for squarks and gluinos using final states with jets and missing transverse momentum with the ATLAS detector in proton–proton collisions,” Physics Letters B 701, 186 (2011).

[9] G. e. a. Aad, “Search for Supersymmetry Using Final States with One Lepton, Jets, and Missing Transverse Momentum with the ATLAS Detector in √ s = 7 TeV pp Collisions,” Phys. Rev. Lett. 106, 131802 (2011).

[10] V. K. et al., “Search for supersymmetry in pp collisions at 7 TeV in events with jets and missing transverse energy,” Physics Letters B 698, 196 (2011).

[11] V. K. et al., “Search for microscopic black hole signatures at the Large Hadron Collider,” Physics Letters B 697, 434 (2011). [12] N. D. Birrell and P. C. W. Davies, Quantum Field Thoery in Curved Space (Cambridge, 1982).

[13] G. W. Gibbons and S. W. Hawking, “Cosmological event horizons, thermodynamics, and particle creation,” Phys. Rev. D 15, 2738 (1977).

[14] J. L. Ball, I. Fuentes-Schuller, and F. P. Schuller, “Entanglement in an expanding spacetime,” Phys. Lett. A 359, 550 (2006). [15] I. Fuentes et al., “Entanglement of Dirac fields in an expanding spacetime,” Phys. Rev. D 82, 045030 (2010). [16] E. Martín-Martínez, L. J. Garay, and J. León, “Quantum entanglement produced in the formation of a black hole,” Phys. Rev. D 82, 064028 (2010).

[17] B. Reznik, A. Retzker, and J. Silman, “Violating Bell’s inequalities in vacuum,” Phys. Rev. A 71, 042104 (2005). [18] G. Ver Steeg and N. C. Menicucci, “Entangling Power of an Expanding Universe,” Phys. Rev. D 79, 044027 (2009). [19] Y. Nambu and Y. Ohsumi, “Classical and quantum correlations of scalar field in the inflationary universe,” Phys. Rev. D 84, 044028 (2011).

[20] Y. Nambu, “Entanglement of quantum fluctuations in the inflationary universe,” Phys. Rev. D 78, 044023 (2008). [21] R. Simon, “Peres-Horodecki Separability Criterion for Continuous Variable Systems,” Phys. Rev. Lett. 84, 2726 (2000).

Cosmological quantum entanglement 22

[22] D. Campo and R. Parentani, “Quantum Correlations in Inflationary Spectra and Violation of Bell Inequalities,” Braz. J. Phys. 35, 1074 (2005).

[23] A. Duncan, “Explicit dimensional renormalization of quantum field theory in curved space-time,” Phys. Rev. D 17, 964 (1978). [24] A. Fabbri and J. Navarro-Salas, Modeling black hole evaporation (World Scientific, London (United Kingdom), 2005). [25] N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved Space (Cambridge University Press, 1984). [26] L. Parker, “Particle Creation in Expanding Universes,” Phys. Rev. Lett. 21, 562 (1968). [27] L. Parker, “Quantized Fields and Particle Creation in Expanding Universes. I,” Phys. Rev. 183, 1057 (1969). [28] L. Parker, “Quantized Fields and Particle Creation in Expanding Universes. II,” Phys. Rev. D 3, 346 (1971). [29] S. A. Fulling, “Nonuniqueness of Canonical Field Quantization in Riemannian Space-Time,” Phys. Rev. D 7, 2850 (1973). [30] P. C. W. Davies, “Scalar particle production in Schwarzschild and Rindler metrics,” J. Phys. A 8, 609 (1975). [31] W. G. Unruh, “Notes on black-hole evaporation,” Phys. Rev. D 14, 870 (1976).

[32] B. DeWitt, General Relativity; an Einstein Centenary Survey (Cambridge University Press, Cambridge, UK, 1980). [33] L. C. B. Crispino, A. Higuchi, and G. E. A. Matsas, “The Unruh effect and its applications,” Rev. Mod. Phys. 80, 787 (2008). [34] R. Müller and C. O. Lousto, “Entanglement entropy in curved spacetimes with event horizons,” Phys. Rev. D 52, 4512 (1995). [35] P. M. Alsing et al., “Entanglement of Dirac fields in noninertial frames,” Phys. Rev. A 74, 032326 (2006). [36] J. León and E. Martín-Martínez, “Spin and occupation number entanglement of Dirac fields for noninertial observers,” Phys. Rev. A 80, 012314 (2009).

[37] E. Martín-Martínez and J. León, “Population bound effects on bosonic correlations in noninertial frames,” Phys. Rev. A 81, 052305 (2010).

[38] D. E. Bruschi et al., “Unruh effect in quantum information beyond the single-mode approximation,” Phys. Rev. A 82, 042332 (2010). [39] M. Montero and E. Martín-Martínez, “Entanglement of arbitrary spin fields in noninertial frames,” Phys. Rev. A 84, 012337 (2011). [40] E. Martín-Martínez, L. J. Garay, and J. León, “Unveiling quantum entanglement degradation near a Schwarzschild black hole,” Phys.

Rev. D 82, 064006 (2010).

[41] B. L. Schumaker, “Quantum Mechanical Pure States with Gaussian Wave Functions,” Physics Reports 135, 317 (1986). [42] M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum Information (Cambridge, 2000). [43] P. Zanardi, D. A. Lidar, and S. Lloyd, “Quantum Tensor Product Structures are Observable Induced,” Phys. Rev. Lett. 92, 060402 (2004).

[44] H. Flanders, in Differential Forms with Applications to the Physical Sciences (New York: Dover., 1989), Chap. Chapter IV. [45] M. Montero and E. Martín-Martínez, “Entanglement of arbitrary spin fields in noninertial frames,” Phys. Rev. A 84, 012337 (2011). [46] S. W. Hawking, “Particle creation by black holes,” Comm. Math. Phys. 43, 199 (1975). [47] J. D. Bekenstein, “Black Holes and Entropy,” Phys. Rev. D 7, 2333 (1973). [48] C. Rovelli and M. Smerlak, “Unruh effect without entanglement,” arXiv:1108.0320v2 [gr-qc] (2011).

[49] C. H. Bennett et al., “Teleporting an unknown quantum state via dual classical and Einstein-Podolsky-Rosen channels,” Phys. Rev.

Lett. 70, 1895 (1993).

[50] L. Masanes, “Asymptotic Violation of Bell Inequalities and Distillability,” Phys. Rev. Lett. 97, 050503 (2006). [51] M. Horodecki, P. Horodecki, and R. Horodecki, “Inseparable Two Spin-^1_2 Density Matrices Can Be Distilled to a Singlet Form,” Phys.

Rev. Lett. 78, 574 (1997).

[52] M. Żukowski et al., ““Event-ready-detectors” Bell experiment via entanglement swapping,” Phys. Rev. Lett. 71, 4287 (1993). [53] N. C. Menicucci, S. J. Olson, and G. J. Milburn, “Simulating quantum effects of cosmological expansion using a static ion trap,” New J. Phys. 12, 095019 (2010).

[54] M. Genovese, “Cosmology and Entanglement,” Advanced Science Letters 2, 303 (2009).

[55] A. A. Penzias and R. W. Wilson, “A Measurement of Excess Antenna Temperature at 4080 Mc/s,” Astrophys. J. 142, 419 (1965). [56] J. C. Mather et al., “A preliminary measurement of the cosmic microwave background spectrum by the Cosmic Background Explorer (COBE) satellite,” Astrophys. J. 354, L37 (1990).

[57] C. L. Bennett et al., “First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Preliminary Maps and Basic Results,” Astrophys. J. Supp. 148, 1 (2003).

[58] A. Perez, H. Sahlmann, and D. Sudarsky, “On the quantum origin of the seeds of cosmic structure,” Class. Quant. Grav. 23, 2317 (2006).

[59] J. S. Bell, “On the Einstein-Podolsky-Rosen paradox,” Physics 1, 195 (1964).

[60] H. Ollivier and W. H. Zurek, “Quantum Discord: A Measure of the Quantumness of Correlations,” Phys. Rev. Lett. 88, 017901 (2001). [61] V. Vedral, “Classical Correlations and Entanglement in Quantum Measurements,” Phys. Rev. Lett. 90, 050401 (2003). [62] S. Luo and Q. Zhang, “Observable Correlations in Two-Qubit States,” Journal of Statistical Physics 136, 165 (2009). [63] D. Mazur and J. S. Heyl, “Characterizing entanglement entropy produced by nonlinear scalar interactions during inflation,” Phys. Rev.

D 80, 023523 (2009).

[64] M. Franco and E. Calzetta, “Decoherence in the cosmic background radiation,” Classical and Quantum Gravity 28, 145024 (2011). [65] J. Kaplan et al., “CMB polarization as complementary information to anisotropies,” Comptes Rendus Physique 4, 917 (2003). [66] M. Gell-Mann and J. B. Hartle, “Classical equations for quantum systems,” Phys. Rev. D 47, 3345 (1993). [67] P. G. Kwiat et al., “New High-Intensity Source of Polarization-Entangled Photon Pairs,” Phys. Rev. Lett. 75, 4337 (1995). [68] A. Aspect, P. Grangier, and G. Roger, “Experimental Realization of Einstein-Podolsky-Rosen-Bohm Gedankenexperiment : A New Violation of Bell’s Inequalities,” Phys. Rev. Lett. 49, 91 (1982).

[69] G. Mangano et al., “Relic neutrino decoupling including flavour oscillations,” Nuclear Physics B 729, 221 (2005). [70] R. Trotta and A. Melchiorri, “Indication for Primordial Anisotropies in the Neutrino Background from the Wilkinson Microwave Anisotropy Probe and the Sloan Digital Sky Survey,” Phys. Rev. Lett. 95, 011305 (2005).

[71] M. Longair, The Cosmic Century: A History of Astrophysics and Cosmology (Cambridge University Press., 2006). [72] W. G. Unruh, “Experimental Black-Hole Evaporation?,” Phys. Rev. Lett. 46, 1351 (1981). [73] C. Barceló, S. Liberati, and M. Visser, “Analogue Gravity,” Living Reviews in Relativity 14 (2011).

[74] P. O. Fedichev and U. R. Fischer, “Gibbons-Hawking Effect in the Sonic de Sitter Space-Time of an Expanding Bose-Einstein-Condensed Gas,” Phys. Rev. Lett. 91, 240407 (2003).

[75] P. O. Fedichev and U. R. Fischer, “Observer dependence for the phonon content of the sound field living on the effective curved space-time background of a Bose-Einstein condensate,” Phys. Rev. D 69, 064021 (2004).

Cosmological quantum entanglement 23

[76] M. Uhlmann, Y. Xu, and R. Schützhold, “Aspects of cosmic inflation in expanding Bose-Einstein condensates,” New J. Phys. 7, 248 (2005).

[77] P. Jain et al., “Analog model of a Friedmann-Robertson-Walker universe in Bose-Einstein condensates: Application of the classical field method,” Phys. Rev. A 76, 033616 (2007).

[78] R. Schützhold et al., “Analogue of Cosmological Particle Creation in an Ion Trap,” Phys. Rev. Lett. 99, 201301 (2007). [79] R. Schutzhold, “Recreating Fundamental Effects in the Laboratory?,” Advanced Science Letters 2, 121 (2009). [80] G. E. Volovik, The Universe in a helium droplet (Oxford University Press, Oxford, 2003).

[81] M. del Rey, D. Porras, and E. Martín-Martínez, “Simulating accelerated atoms coupled to a quantum field,” Phys. Rev. A 85, 022511 (2012).

[82] D. F. V. James, “Quantum dynamics of cold trapped ions with application to quantum computation,” Appl. Phys. B 66, 181 (1998). [83] A. Retzker, J. I. Cirac, and B. Reznik, “Detecting Vacuum Entanglement in a Linear Ion Trap,” Phys. Rev. Lett. 94, 050504 (2005). [84] S. J. Olson and T. C. Ralph, “Entanglement between the Future and the Past in the Quantum Vacuum,” Phys. Rev. Lett. 106, 110404 (2011).

[85] S. J. Olson and T. C. Ralph, “Extraction of timelike entanglement from the quantum vacuum,” Phys. Rev. A 85, 012306 (2012). [86] A. Nesteruk, “The thermodynamics of massless particle creation in an anisotropic universe,” Classical and Quantum Gravity 8, L241 (1991).

[87] U. R. Fischer and R. Schützhold, “Quantum simulation of cosmic inflation in two-component Bose-Einstein condensates,” Phys. Rev.

A 70, 063615 (2004).