arXiv:1211.1268v1 [astro-ph.CO] 5 Nov 2012 epl draft

The Hawking temperature in the context of dark energy

Debashis Gangopadhyay^{1 (a)} and Goutam Manna^{2 (b)}

1 Department of Physics, Ramakrishna Mission Vivekananda University, P.O.-Belur Math, Howrah-711202, West Bengal, India.

2 Department of Physics, Prabhat Kumar College, Contai, Purba Medinipur-721401, West Bengal, India.

PACS 98.80.-k – 95.36.+x

Abstract – An emergent gravity metric incorporating k−essence scalar fields ϕ having a Born- Infeld type lagrangian is mapped into a metric whose structure is similar to that of a blackhole of large mass M that has swallowed a global monopole. However, here the field is not that of a monopole but rather that of a k−essence scalar field. If ϕemergent be solutions of the emergent gravity equations of motion under cosmological boundary conditions at ∞, then for r → ∞ the rescaled field^{ϕemergent} 2GM−1 has exact correspondence with ϕ with ϕ(r, t) = ϕ1(r)+ϕ2(t). The Hawking

temperature of this metric is Temergent =^{h̄c3}_{8πGMkB} (1 − K)^2 ≡^{h̄}_{8πGMkB} (1 − K)^2, taking the speed of light c = 1. Here K = ϕ̇^2 is the kinetic energy of the k−essence field ϕ and K is always less than unity, kB is the Boltzmann constant. This is phenomenologically interesting in the context of Belgiorno et al’s gravitational analogue experiment.

Introduction. – Actions with non-canonical kinetic terms are candidates for dark matter and dark energy. An approach to understand their origins involves setting up lagrangians for k−essence scalar fields ϕ in a Friedman- Lemaitre-Robertson-Walker metric with zero curvature constant [1]. The lagrangian for k−essence scalar fields contain non-canonical kinetic terms.The general form for such a lagrangian is assumed to be a function F (X) with X =^1_2 g^{μν} ∇_μϕ∇_ν ϕ. Relevant literature involving theories with a non-canonical kinetic term and their subsequent use in cosmology, inflation, dark matter, dark energy and strings can be found in [2–6].

The motivation of this work is to show that the Hawking temperature [7] is modified in the presence of dark energy. This is realised in the following scenario: Dynamical solutions of the k-essence equation of motion changes the metric for the perturbations around these solutions [8, 9]. The perturbations propagate in an emergent spacetime with metric G̃^{μν} different from (and also not conformally equivalent to) the gravitational metric g^{μν} . G̃^{μν} now depends on ϕ. Now, if a global monopole falls into a Schwarzschild blackhole the resulting metric is different from the Schwarzschild case and the blackhole carries the global monopole charge. Barriola and Vilenkin obtained solutions for Einstein equations outside the monopole core

(a)E-mail: debashis@rkmvu.ac.in
(b)E-mail: goutammanna.pkc@gmail.com

[10]. We determine the k−essence scalar field configurations ϕ for which the metric G̃^{μν} becomes conformally equivalent to the Barriola-Vilenkin metric. However, in our case the global monopole charge is now replaced by the kinetic energy of the k− essence scalar field ϕ. Thus we show that BV-type metrics can also result from k−essence theories and not necessarily from global monopoles only. It should be mentioned that monopoles are akin to topological defects and there exist substantial and well-known literature on the subject. Recent interesting developments in this area can be found in [11].

So one can calculate the Hawking temperature T_{emergent} for such a metric and this is obviously different from that of the Schwarzschild case. Moreover, if ϕ_{emergent} be the solutions of the emergent gravity equations of motion for r → ∞ then the rescaled field^{ϕemergent}_{2GM−1} has exact correspondence with the k-essence scalar field ϕ configurations for which the BV metric is realised. M is the mass of the BV blackhole and M is very large i.e.,M >>^δ_G where δ ∼ λ^{− 12} η^{−1} is the monopole core size. Here the global monopole lagrangian is L =^1_2 ∂_μϕ^a∂^μϕ^a −^1_4 λ(ϕ^aϕ^a − η^2)^2 where ϕ^a is a triplet of scalar fields (a = 1, 2, 3) and the global O(3) symmetry is spontaneously broken to U(1). η ∼ 10^{16}GeV is the typical grand unification scale. This result is phenomenologically interesting in the context of Belgiorno et al’s [12] demonstration of spontaneous emission of photons in a gravitational analogue experiment for p-1

Hawking radiation. Accordingly, the plan of the paper is as folows. In the next section we give a brief review of emergent gravity. In the following section we show how an emergent gravity metric incorporating k−essence scalar fields ϕ and having a Born-Infeld type lagrangian can be mapped into a Barriola-Vilenkin metric and how these field configurations are related to solutions of the emergent gravity equations of motion for r → ∞. The Hawking temperature is calculated in the subsequent section. The phenomenological consequences are then discussed in the context of analogue gravity experiments of Belgiorno and the last section is the conclusion.

Emergent Gravity. – The k−essence scalar field ϕ minimallly coupled to the gravitational field g_{μν} has action S_k[ϕ, g_{μν} ] = ∫ d^4x √ −gL(X, ϕ) (1) where X =^1_2 g^{μν} ∇_μϕ∇_ν ϕ. The energy momentum tensor is T_{μν} ≡ 2 √ −g δS_k δg^{μν} = L_X ∇_μϕ∇_ν ϕ − g_{μν} L (2)

L_X =^{dL}_{dX} , L_{XX} =^{d2L}_{dX 2} , L_ϕ =^{dL}_{dϕ} and ∇_μ is the covariant derivative defined with respect to the metric g_{μν} . The equation of motion is − 1 √ −g δS_k δϕ = G̃^{μν} ∇_μ∇_ν ϕ + 2XL_{Xϕ} − L_ϕ = 0 (3)

where the effective metric G̃^{μν} is

G̃^{μν} ≡ L_X g^{μν} + L_{XX} ∇^μϕ∇^ν ϕ (4)

and is physically meaningful only when 1 +^{2XLXX}_{LX} > 0.

We first carry out the conformal transformation G^{μν} ≡ c_s L^2_x G̃μν , with c2_s(X, ϕ) ≡ (1 + 2X^LXX_{LX} )−1 ≡ sound speed. Then the inverse metric of G^{μν} is G_{μν} = L_X c_s [g_{μν} − c^2_s L_{XX} L_X ∇_μϕ∇_ν ϕ] (5)

A further conformal transformation Ḡ_{μν} ≡^{cs}_{LX} G_{μν} gives Ḡ_{μν} = g_{μν} − L^{XX} L_X + 2XL_{XX} ∇_μϕ∇_ν ϕ (6)

Note that one must always have L_X ≠ 0 for the sound speed c^2_s to be positive definite and only then equations (1) − (4) will be physically meaningful. This can be seen as follows. L_X = 0 implies that L does not depend on X so that in equation (1), L(X, ϕ) ≡ L(ϕ). So the k−essence lagrangian L becomes pure potential and the very definition of k−essence fields becomes meaningless because such fields correspond to lagrangians where the kinetic energy dominates over the potential energy. If there are no derivatives of the field in the lagrangian then there is no question of identifying a kinetic energy part.Also, the very concept of minimally coupling the k−essence field ϕ to the gravitational field g_{μν} becomes redundant and equation (1) meaningless and equations (4-6) ambiguous.

For the non-trivial configurations of the k− essence field ∂_μϕ ≠ 0 and Ḡ_{μν} is not conformally equivalent to g_{μν} . So this k−essence field has properties different from canonical scalar fields defined with g_{μν} and the local causal structure is also different from those defined with g_{μν} . Further, if L is not an explicit function of ϕ then the equation of motion (3) is replaced by ; − 1 √ −g δS_k δϕ = Ḡ^{μν} ∇_μ∇_ν ϕ = 0 (7)

We shall take the Lagrangian as L = L(X) = 1 − V √ 1 − 2X. This is a particular case of the BI lagrangian L(X, ϕ) = 1−V (ϕ) √ 1 − 2X for V (ϕ) = V = constant and V << kinetic energy of ϕ i.e.V << (ϕ̇)^2. This is typical for the k−essence field where the kinetic energy dominates over the potential energy. Then c^2_s (X, ϕ) = 1 − 2X. For scalar fields ∇_μϕ = ∂_μϕ. Thus (6) becomes

Ḡ_{μν} = g_{μν} − ∂_μϕ∂_ν ϕ (8)

The rationale of using two conformal transformations now becomes clear. The first transformation is used to identify the inverse metric G_{μν} . The second conformal transformation realises the mapping onto the metric given in (8) for the lagrangian L(X) = 1 − V √ 1 − 2X.

Consider the second conformal transformation Ḡ_{μν} ≡ c_s L_X Gμν . Following [8] the new Christoffel symbols are

related to the old ones by

Γ̄^α_{μν} = Γ^α_{μν} + (1 − 2X)^{−1/2}G^{αγ} [G_{μγ} ∂_ν (1 − 2X)^{1/2}

+G_{νγ} ∂_μ(1 − 2X)^{1/2} − G_{μν} ∂_γ (1 − 2X)^{1/2}]

= Γ^α_{μν} − 1 2(1 − 2X)

[δ^α_μ ∂_ν X + δ^α_ν ∂_μX]

Note that the second term on the right hand side is symmetric under exchange of μ and ν so that the symmetry of Γ̄ is maintained.The second term has its origin solely to the k−essence lagrangian and this additional term signifies additional interactions (forces). The geodesic equation in terms of the new Christoffel connections Γ̄ now becomes

d^2x^α dτ^2 + Γ̄^α_{μν} dx^μ dτ dx^ν dτ = 0 Mapping on to the Barriola-Vilenkin type metric . – Taking the gravitational metric g_{μν} to be Schwarzschild, ∂_0ϕ ≡ ϕ̇, ∂_rϕ ≡ ϕ^′ and assuming that the k− essence field ϕ(r, t) is spherically symmetric one has

Ḡ_{00} = g_{00} − (∂_0ϕ)^2 = 1 − 2GM/r − ϕ̇^2 Ḡ_{11} = g_{11} − (∂_rϕ)^2 = −(1 − 2GM/r)^{−1} − (ϕ^′)^2 Ḡ_{22} = g_{22} = −r^2 Ḡ_{33} = g_{33} = −r^2sin^2θ Ḡ_{01} = Ḡ_{10} = −ϕ̇ϕ^′ (9)

p-2

The Hawking temperature in the context of dark energy

For the Schwarzschild metric, g_{00} = (1 − 2GM/r); g_{11} = −(1 − 2GM/r)^{−1}; g_{22} = −r^2; g_{33} = −r^2sin^2θ; g_{ij} (i ≠ j) = 0. So the emergent gravity line element becomes

ds^2 = (1 − 2GM/r − ϕ̇^2)dt^2 −((1 − 2GM/r)^{−1} + (ϕ^′)^2)dr^2

−2ϕ̇ϕ^′dtdr − r^2dΩ^2 (10)

where dΩ^2 = dθ^2 + sin^2θdΦ^2.

Making a co-ordinate transformation from (t, r, θ, ϕ) to (ω, r, θ, ϕ) such that ( [13]): dω = dt − ( ϕ̇ϕ′ 1 − 2GM/r − ϕ̇^2 )dr (11)

Then (10) becomes

ds^2 = (1 − 2GM/r − ϕ̇^2)dω^2 −[ (ϕ̇ϕ^′)^2 (1 − 2GM/r − ϕ̇^2) + 1 (1 − 2GM/r) + (ϕ^′)^2]dr^2

−r^2dΩ^2 (12)

(12) will be a blackhole metric if Ḡ_{00} = Ḡ^{−1}_{11} , i.e.

ϕ̇^2 = (ϕ^′)^2(1 − 2GM/r)^2 (13)

Let us assume a solution to (13) of the form ϕ(r, t) = ϕ_1(r) + ϕ_2(t). Then (13) reduces to

ϕ̇^2 = (ϕ^′_1)^2(1 − 2GM/r)^2 = K (14)

K(≠ 0) is a constant (K ≠ 0 means k−essence field will have non-zero kinetic energy). The solution to (14)

ϕ(r, t) = ϕ_1(r) + ϕ_2(t) = √ K[r + 2GM ln(r − 2GM)] + √ Kt (15)

with ϕ_1(r) = √ K[r + 2GMln(r − 2GM)]; ϕ_2(t) = √ Kt, and we have taken an arbitrary integration constant to be zero. So the line element (12) reduces to

ds^2 = (1 − 2GM r − K)dω^2 − 1 (1 −^{2GM}_r − K) dr^2 − r^2dΩ^2

(16)

and this is the Barriola-Vilenkin blackhole which represents the situation where a global monopole carrying charge K = ϕ̇^2 = constant has fallen into a Schwarzschild blackhole. It should be noted that K has to be always less than unity because if K is greater than unity the signature of the metric (16) becomes ill defined. This is easily seen : for K > 1, Ḡ_{00} is negative while Ḡ_{11} is positive. However, it should also be noted that K >> V . This is a requirement for k−essence fields where the kinetic energy dominates over the potential energy. Therefore, we have K < 1 and V << K. So the metric components are

Ḡ_{00} = g_{00} − (∂_0ϕ)^2 = (1 − 2GM/r − K) Ḡ_{11} = g_{11} − (∂_rϕ)^2 = −(1 − 2GM/r − K)^{−1} Ḡ_{22} = g_{22} = −r^2 ; Ḡ_{33} = g_{33} = −r^2sin^2θ (17)

In the context of global monopoles [10], the above metric has been shown to satisfy the Einstein field equations. Thus we have shown that this metric can also arise from an emergent gravity scenario with k−essence scalar fields and the global monopole charge is now replaced by the constant kinetic energy of the k−essence field.

Now it is also known that the solutions to the emergent gravity equations of motion (7) for the scalar field under cosmological boundary conditions are given by [9] ϕ_{emergent}(t, r) = const.[t + r + 2GM ln |^r_{2GM} − 1| + 2GM ∫_r F (r^′)dr^′] where the function F (r) = r r−2GM [ √_{Ar−2GM} A^4 r^4(r−2GM)+(A−1)r − 1] where A is a constant.

Substituting this solution in (13) and taking the limit r → ∞ and ignoring terms of O(^1_{r2} ) and higher gives lim_{r→∞}(ϕ^′_{emergent})^2(1 − 2GM/r)^2 = K(2GM − 1)^2 (18) Therefore for r → ∞ ,the rescaled field^{ϕemergent (t,r)}_{(2GM−1)} has exact correspondence with the k−essence scalar field ϕ which satisfies the blackhole metric condition (13).

Hawking Temperature. – Let us calculate the Hawking temperature for this metric (16) using the tunnelling formalism as outlined in [14] which corrects for the factor of two in the Hawking temperature as often mentioned, (e.g. in [15]). Going over to the Eddington- Finkelstein coordinates (v, r, θ, ϕ)

v = ω + r^∗ ; u = ω − r^∗

r^∗ = r 1 − K + 2GM (1 − K)^2 ln [(1 − K)r − 2GM] (19) we get

ds^2 = (1 − K − 2GM/r)dv^2 − 2dvdr − r^2dΩ^2 (20)

By analogy with the Schwarzschild case a massless particle in the background of Ḡ_{μν} is described by the Klein-Gordon equation

h̄^2(−Ḡ)^{−1/2}∂_μ(Ḡ^{μν} (−Ḡ)^{1/2}∂_ν Ψ) = 0. (21)

One expands

Ψ = exp(− i h̄ S + ...) (22)

Ḡ^{μν} ∂_μS∂_ν S = 0. (23)

p-3

Using separation of variables in the form

S = Et + S_0(r), (24)

and proceeding exactly as outlined in [14], the Hawking temperature for this metric is obtained as (ϕ̇^2 = constant = K) T_{emergent} = h̄c^3(1 − K)^2 8πGMk_B = T_H(1 − K)^2 (25)

where T_H =^{h̄c3}_{8πGMkB} is the usual Hawking temperature. So T_{emergent} is less than the usual Hawking temperature for Schwarzschild black hole as K < 1.

Let us recollect what we have done so far. We have considered a k−essence scalar field ϕ (with a non-canonical Born-Infeld type lagrangian with potential V (ϕ) = const. = V i.e. L = 1 − V (ϕ) √ 1 − 2X ≡ 1 − V √ 1 − 2X) minimally coupled to the gravitational metric g_{μν} in Schwarzschild spacetime. We then obtain the equation of motion for ϕ, equation (7), in the ”effective” metric Ḡ_{μν} = g_{μν} − ∂_μϕ∂_ν ϕ.

We then impose the conditions for a blackhole metric to obtain the configurations of the k−essence field ϕ that will give a blackhole. It turns out that one possible scenario is a Barriola-Vilenkin type blackhole where the global monopole charge is now replaced by a constant kinetic energy of the scalar field ϕ. This kinetic energy K < 1 in order to preserve the consistency of the signature of the metric. By construction the potential energy V is a constant and V << K because this is a basic requirement for k−essence fields. Therefore, the total energy is always a constant and although the obtained field configurations are linear in time there should not be any instability.Moreover, the lagrangian does not depend on the fields ϕ explicitly. The dependence is only through derivatives of the field.

Phenomenological consequences in analogue gravity experiments. – We now discuss how our results can be made to correspond to scenarios in analogue gravity experiments similar to Belgiorno et al [12]. Such an experiment may help in distinguishing between a Schwarzschild blackhole analogue and the blackhole analogue described by the metric (16) and (17).

First let us briefly discuss Belgiorno et al’s experiment. They used ultrashort laser pulse filaments to create a travelling refractive index perturbation (RIP) in fused silica glass and reported experimental evidence of photon emission that bears the characteristics of Hawking radiation and is distinguishable and thus separate from other known photon emission mechanisms. They interpreted this emission as an indication of Hawking radiation induced by the analogue event horizon.

They also have a complete description of the event horizon associated to the RIP and can calculate a blackbody temperature of the emitted photons in the laboratory reference frame [16,17]. However, Belgiorno et al also pointed out that the dielectric medium in which the RIP is created will always be dominated by optical dispersion and therefore the spectrum will not be that of a perfect blackbody and that in any case only a limited spectral portion of the full spectrum will be observable. To show this last point they described the RIP as a perturbation induced by the laser pulse on top of a uniform, dispersive background refractive index n_0, i.e. n(z, t, ω) = n_0(ω) + δnf(z − vt), where ω is the optical frequency, f(z − vt) is a function bounded by 0 and 1, that describes the shape of the laser pulse. In the reference frame co-moving at velocity v with the RIP, the event horizon in a 2D geometry is defined by c/v = n which admits solutions only for RIP velocities satisfying the inequality [17]:^1_{n0(ω)+δn} <^v_c <^1_{n0(ω)} . This predicts an emission spectrum with well-defined boundaries and it is precisely this feature of the spectral emission that is peculiar to analogue Hawking radiation. In the experiment a clear photon emission was registered in the wavelength window predicted by the last inequality, the emitted radiation was unpolarized, and the emission bandwidth increased with the input energy. The Bessel pulse intensity evolution along the propagation direction z was estimated analytically from the input energy. By fitting the measured spectra with Gaussian functions the bandwidth was estimated as a function of input energy and Bessel intensity. Using the fused silica dispersion relation the authors obtained the bandwidth and the δn as a function of input energy and Bessel pulse peak intensity (at z = 1 cm where measurements were performed). There was a clear linear dependence which was in qualitative agreement with the fact that the emission bandwidth was predicted to depend on δn which in turn is a linear function δn = n_2I of the pulse intensity I. The slope of the linear fit was in good agreement with the tabulated value [18, 19]. Therefore there is also an agreement at the quantitative level between the measurements and the model based on Hawking-like radiation emission.

In this context, we propose that a different Hawking temperature should give a different set of values for the above mentioned phenomenological parameters i.e. the slope n_2 and also the inequality^1_{n0 (ω)+δn} <^v_c <^1_{n0 (ω)} etc. because the intensity of photon emission should depend on the relevant blackbody temperature. Therefore, Belgiorno et al’s gravitational analogue experiment has scope of being further enhanced into testing the existence of other cosmological entities like dark energy. In order to include the effects of dark energy, the RIP method must be accordingly modified. At a basic level this means that the effect of the presence of the constant K in the metric must be included. For example, if we consider the Schwarzschild metric, the Belgiorno et al experiment currently has K = 0. So the experimental situation has to move over to a scenario which can mimic K ≠ 0 i.e. 0 < K < 1.

Here some aspects need to be clarified.First, note that in p-4

The Hawking temperature in the context of dark energy

(16) if we take M ∼ M_{monopolecore} i.e. M is very small and negligible we have ds^2 = (1 − K)dω^2 −^1_{(1−K)} dr^2 − r^2dΩ^2 and rescaling r and ω one has ds^2 = dω^2 − dr^2 − (1 − K)r^2dΩ^2 and this is the metric of the global BV monopole and describes a space with a deficit solid angle i.e. the area of a sphere of radius r is not 4πr^2 but (1 − K)4πr^2 , K < 1. Such spaces are not asymptotically flat, but asymptotically bound.

Secondly, we are dealing with the BV blackhole i.e. M >> M_{monopolecore} i.e. 2GM/r =^{2M}r_G is not negligible i.e. for r ∼ δ where δ is the monopole core size. Here also for r → ∞ the metric (16) is not strictly asymptotically flat owing to the presence of K.

If the Schwarzschild metric is the reference then one has to move over from an asymptotically flat metric to one which is not exactly asymptotically flat but rather asymptotically bound. This aspect can be incorporated into the Belgiorno et al analogue gravity experiment in the following way in order for the results to be compatible to the existence of an analogue event horizon corresponding to a Hawking temperatute T_{emergent}. Here we draw heavily from Reference [17]. Consider the wave equation for a perturbation of a full nonlinear electric field propagating in a nonlinear Kerr medium where for simplicity the electric field has been replaced by a scalar field ϕ, (equation (1) of Reference [17]) :

n^2(x_l − vt_l) c^2

∂^2_{tl} Φ − ∂^2_{xl} Φ − ∂^2_y Φ − ∂^2_z Φ = 0

where all coordinates are in the lab frame. The suffix l is omitted from y, z because they are not involved in the boost relating the lab frame with the pulse frame. n(x_l − vt_l) is the refractive index that accounts for the propagating RIP in the dielectric. The RIP is propagating with a constant velocity v. The analogue Hawking temperature (equation (13) of Reference [17]) for the blackhole horizon (x_+) is

T_+ = γ^2v^2h̄ 2πk_B c | dn dx |_{x+} where γ is the boost, v is the constant velocity of the RIP, k_B is the Boltzmann constant and x_+ denotes the blackhole horizon. Note that in order to have T_{emergent} = (1 − K)^2T_H one can have either of the following scenarios:

Case 1:

Realise an experimental situation where

γ^2 → γ^2_1 = (1 − K)^2γ^2

This would imply

v^2_1 = v^2 − c^2K(2 − K) (1 − K)^2

As v^2_1 must be positive, one should ensure that K(2 − K) < v^2 c^2

All this should also be made consistent with c v_1

= n_1|_{x+} = n_{10} + k_1η_1

where the parameter η_1 << 1 and k_1 is the normalised intensity of the pulse at the blackhole horizon taking values in the interval (0, 1).

Case 2:

Realise an experimental situation with

n → n_2 = (1 − K)^2n

Obviously the RIP propagation velocity v must be changed to some new value v_2 together with a new consistency condition c v_2

= n_2|_{x+} = n_{20} + k_2η_2

Therefore , a realisation of photon emission (similar to Belgiorno et al’s original experiments) corresponding to a blackbody temperature T_{emergent} in any of the above described two scenarios will be compatible with a theory of k−essence fields in an emergent gravity metric in the same way as the original Belgiorno experiment, though not proving the existence of blackhole horizons , however , proves the relation between blackhole horizons and the Hawking radiation.

Conclusion. – We have described here a situation where a BV-type metric can also result from scenarios with k−essence scalar fields. The Hawking temperature for such a metric has a dark energy component and we have indicated a phenomenological scenario (in the context of Belgiorno el’s gravitational analogue experiment [12, 17]) where there is scope for this to be tested.

Our work is in the domain of an emergent gravity metric Ḡ^{μν} incorporating k−essence scalar fields ϕ having a Born-Infeld type lagrangian. We first determine the scalar field configurations for which Ḡ^{μν} is mapped into a BV type metric. We then show that if ϕ_{emergent} be solutions of the emergent gravity equations of motion under cosmological boundary conditions at ∞, then for r → ∞ the rescaled field^{ϕemergent}_{2GM−1} has exact correspondence with ϕ with ϕ(r, t) = ϕ_1(r) + ϕ_2(t). The Hawking temperature of the resulting BV-type metric is found to be T_{emergent} = (1 − K)^2T_H . Here K = ϕ̇^2 is the kinetic energy of the k−essence field ϕ and K is always less than unity. We have then indicated why certain phenemenological parameters in Belgiorno’s analogue gravity experiment will be modified because of the difference of the Schwarzschild metric from that of a BV-type metric. Finally, we described certain analogue gravity experimental situations with which the compatibility of our theoretical considerations may be tested.

The authors would like to thank the referees for illuminating suggestions to improve the manuscript. p-5

Debashis Gangopadhyay and Goutam Manna

REFERENCES

[1] R.J. Scherrer, Phys.Rev.Lett.93 011301 (2004); L.P.Chimento, Phys.Rev.D69 123517 (2004); D.Gangopadhyay and S. Mukherjee, Phys. Lett.B665 121 (2008); D.Gangopadhyay, Gravitation and Cosmology 16 231 (2010).

[2] M.Born and L.Infeld,Proc.Roy.Soc.Lond A144(1934) 425.

[3] W.Heisenberg, Zeitschrift fur Physik A Hadrons and Nuclei 113 no.1-2.

[4] P.A.M.Dirac, Royal Society of London Proceedings Series A 268 (1962) 57.

[5] C.Armendariz-Picon, T.Damour and V.Mukhanov, Phys.Lett.B458 209 (1999); C.Armendariz-Picon, V.Mukhanov and P.J.Steinhardt, Phys.Rev.D63 103510 (2001); T.Chiba, T.Okabe and M.Yamaguchi, Phys.Rev.D62 023511 (2000); C.Armendariz-Picon and E.A.Lim, JCAP 0508 007 (2005); N.Arkani- Hamed, H.C.Cheng,M.A.Luty and S.Mukohyama, JHEP 05 074 (2004); N.Arkani-Hamed, P.Creminelli,S.Mukohyama and M.Zaldarriaga, JCAP 0404 001 (2004); R.R.Caldwell, Phys.Lett.B545 23 (2002); J.Callan, G.Curtis and J.M.Maldacena, Nucl.Phys.B513 198 (1998); A.D.Rendall, Class.Quant.Grav.23 1557 (2006).

[6] G.W.Gibbons, Nucl.Phys.B514 603 (1998); G.W.Gibbons, Rev.Mex.Fis.49S1 19 (2003);

[7] S. Hawking, Phys. Rev. Letters 26, 1344 (1971); L.

Smarr, Phys. Rev. Lett. 30, 71 (1973); J. Bardeen, B. Carter and S. Hawking, Comm. Math. Phys. 31, 161 (1973); S. Hawking, Nature (London) 248, 30 (1974). S. Hawking, Commun. Math. Phys. 43, 199 (1975). J. Bekenstein, Phys. Rev. D7, 2333 (1973); Phys. Rev. D9, 3292 (1974); G. Gibbons and S. Hawking, Phys. Rev. D15, 2752 (1977); S.W. Hawking, G.T. Horowitz and S.F. Ross, Phys. Rev. D51, 4302 (1995); Maulik K. Parikh and Frank Wilczek, Phys.Rev.Lett.85, 5042 (2000).

[8] R.M.Wald, in General Relativity,The Univ.Chicago Press, (1984).

[9] M.Visser,C.Barcelo and S.Liberati, Gen.Rel.Grav. 34 1719 (2002); E.Babichev, V.Mukhanov and A.Vikman, JHEP 09, 061 (2006); E.Babichev,M.Mukhanov and A.Vikman, JHEP 0802 101 (2008); E.Babichev,M.Mukhanov and A.Vikman, WSPC-Proceedings, February 1, 2008.

[10] M.Barriola and A.Vilenkin, Phys.Rev.Lett. 63 341 (1989); H.Yu, Nucl.Phys.B430 427 (1994); D.Gangopadhyay, R.Bhattacharyya and L.P. Singh, Grav.and Cosmo.13 1 (2007).

[11] D.Bazeia,M.A. Gonzalez Leon, L.Losano and J.Mateos Guilarte, Euro.Phys.Lett., 93 41001 (2011); P.Avelino,D.Bazeia,R.Menezes and J.G.G.S.Ramos, Euro.Phys.Jour.C 71 1683 (2011).

[12] F. Belgiorno, S.L. Cacciatori, M. Clerici, V. Gorini, G.

Ortenzi, L. Rizzi, E. Rubino, V.G. Sala and D. Faccio, Phys.Rev.Lett. 105, 203901 (2010).

[13] S. Weinberg, Gravitation and Cosmology, Wiley Student Edition, John Wiley and Sons (Asia) Pte. Ltd., 2004 [14] P.Mitra, Phys.Lett. B648, 240 (2007); Bhramar Chatterjee, A.Ghosh and P.Mitra, Phys.Lett. B661, 307

(2008); Bhramar Chatterjee and P.Mitra, Phys.Lett. B675, 640 (2008); P.Mitra, Black Hole Entropy, [arXiv: 0902.2055].

[15] E.T. Akhmedov, T.Pilling, A.de Gill and D. Singleton, Phys.Lett 666 269 (2008); E.T. Akhmedov, T.Pilling and D. Singleton, Int.Jour.Mod.Phys. D17, 2453 (2008).

[16] T. Philbin, et al., Science 319, 1367 (2008). [17] F. Belgiorno, et al., Phys.Rev. D83, 024015 (2011). [18] R. DeSalvo, et al., IEEE J. Quant. Electron. 32, 1324 (1996).

[19] A. Couairon, et al., Phys. Rep. 441, 47 (2007).

p-6