arXiv:astro-ph/0407421 v1 20 Jul 2004

IMAFF-RCA-04-04

Phantom Thermodynamics

Pedro F. González-Díaz^1 and Carmen L. Sigüenza 1Colina de los Chopos, Centro de Física “Miguel A. Catalán”, Instituto de Matemáticas y Física Fundamental, Consejo Superior de Investigaciones Científicas, Serrano 121, 28006 Madrid (SPAIN) (Dated: July 20, 2004)

This paper deals with the thermodynamic properties of a phantom field in a flat Friedmann- Robertson-Walker universe. General expressions for the temperature and entropy of a general darkenergy field with equation of state p = ωρ are derived from which we have deduced that, whereas the temperature of a cosmic phantom fluid (ω < −1) is definite negative, its entropy is always positive. We interpret that result in terms of the intrinsic quantum nature of the phantom field and apply it to (i) attain a consistent explanation for some recent results concerning the evolution of black holes which,induced by accreting phantom energy, gradually loss their mass to finally vanish exactly at the big rip, and (ii) introduce the concept of cosmological information and its relation with life and the anthropic principle. Some quantum statistical-thermodynamic properties of the quantum quantum field are also considered that include a generalized Wien law and the prediction of some novel phenomena such as the stimulated absorption of phantom energy and the anti-laser effect.

PACS numbers: 98.80.-k, 98.80.Hw

I. INTRODUCTION

Phantom energy remains for the moment a theoretical possibility [1] with potential application to describe superaccelerated evolution in both the primordial and late universe. But it is not just that. Concerning late evolution of the universe, the possibility that the equation of state governing current cosmic evolution would correspond to phantom energy is still not at all excluded [2]. Actually, if the accelerating expansion of the universe turned out to be not due to the existence of a positive cosmological constant, then presently supplied cosmic data appear to favor phantom energy over quintessence models for positive internal energy fields [3]. From a theoretical point of view, the study of phantom energy is by itself a very interesting subject. It actually bears some resemblance with the study of black holes in the early seventies by its intrinsic interest and in what then black holes were considered to be on the borderline of being or not actual objects. It is therefore not surprising that phantom energy had recently received a great deal of attention [4].

Phantom energy can be defined in all present models for dark energy by simply introducing in such models a spontaneous violation of the dominant energy condition; that is, if e.g. we consider an equation of state p = ωρ, then the phantom appears when we enforce p + ρ < 0, which in turn implies that the parameter ω < −1. Thus, in order to check the occurrence of phantom energy in the universe, it suffices to determine what the equation of state of the universe is. Actually cosmic phantom energy keeps a fairly large set of rather weird properties, including [4] the above-mentioned violation of the dominant energy condition, p + ρ < 0, naive superluminal sound speed, increasing energy density with cosmic time, and ultimately the emergence in a finite time in the future of what has been dubbed big rip [5], which is a true curvature singularity where all existing particles are coherently ripped apart. The latter prediction actually was already advanced in 1986 by Barrow, Galloway and Tipler [5]. In this paper we shall add some extra weirdness concerning the thermodynamic properties of phantom energy; more precisely, we show that phantom energy is characterized by a negative temperature and that this implies the phantom to be quantized, even though it is the largest possible system. This overall quantum nature of the cosmic phantom fluid comes about as a consequence from preserving the weak energy condition, and can be shown by either taking the phantom stuff to be made up of super-light axions [7], or defining the phantom spacetime to be Euclidean.

Thus, the aim of the present paper is at studying the thermodynamic properties of cosmic phantom energy. The influence that the presence of black holes may have on the phantom field is also explored. The main results are: (i) we confirm and interpret the result obtained by Babichev, Dokuchaev and Eroshenko [8] that all black holes in the universe loss their mass to vanish at the big rip; (ii) since the internal phantom energy is negative, whereas the phantom temperature is definite negative, and hence hotter than any other sources in the universe [9], its entropy is always positive, even though holding of the second law is not guaranteed by quantum-mechanical reasons; (iii) relative to the observable matter in the universe, the cosmic phantom field can be regarded as a cosmological source of information and negative entropy; and (iv) in the presence of phantom radiation, quantum level systems undergo novel radiative processes that include a stimulated absorption phenomenon by which phantom radiation is attenuated.

The paper can be outlined as follows. In Sec. II we consider and extend the process of phantom energy accretion by black holes first studied by Babichev, Dokuchaev and Eroshenko [8], interpreting it in terms of a new thermodynamic description of a phantom fluid which is developed and includes a negative temperature and a positive entropy. A discussion of the properties and meaning of the cosmological information induced by the presence of dominating phantom energy in the universe, as well as the implications that it may have on the emergence of life and the anthropic principle, is included in Sec. III. By interpreting the phantom field as a radiation field, we consider some of the quantum statistical-thermodynamic properties of the resulting description, including a generalized Wien spectrum (Sec. IV) and a derivation of the generalized Planck law based on introducing novel radiative processes (Sec. V). We finally conclude and add some more comments in Sec. VI.

II. PHANTOM-ENERGY THERMODYNAMICS AND BLACK HOLES

Phantom energy has been criticized by several authors [10-12]. The main difficulty stemming from such criticisms concerns the issue of phantom stability and this could still be circumvented if an axion model is considered for the phantom field [7]. Indeed, the large amount of papers on the phantom subject that have appeared [4-6] before and after references [10-12] reflects the fact that most of the criticisms can actually be regarded as manifesting weird phantom properties that could nevertheless be accommodated into the current and future evolution of the universe without contradicting observations.

A. Accretion of dark energy onto black holes

Among such properties, an intriguing recent result is the discovery by Babichev, Dokuchaev and Eroshenko [8] that all black holes in a universe filled with a fluid violating the dominant energy condition (i.e. a phantom-energy fluid inducing a big rip singularity in the future)) will steadily loss all of their mass to fully disappear, all at once, at the big rip, no matter their initial mass or the moment at which they were formed. In fact, by extending the classical theory of Michel [13], these authors found that, as a result of dark energy accretion, the mass M of a black hole in a universe filled with a general quintessence scalar field describable by means of a fluid with equation of state p = ωρ, varies at a rate given by [8]

Ṁ = 4πAM^2 (ρ + p) , (2.1)

where A is a dimensionless positive constant and ˙ = d/dt. Using then the constant equation of state p = ωρ for the fluid described by the quintessence field, Eq. (2.1) can finally be re-written as

Ṁ = 4πAM^2(1 + ω)ρ. (2.2)

Thus, since in all conceivable situations ρ > 0 should be satisfied, accretion of dark energy onto a black hole leads the mass of this black hole to increase if ω > −1 and, as a consequence from the negative value of the internal energy of the phantom field, to a mass loss in the case that ω < −1. The stability of the Schwarzschild-de Sitter universe [14] to the dark-energy accretion process is ensured by the fact that a positive cosmological constant corresponds to ω = −1 for which the rate Ṁ = 0. Of course, in this case there will still be a continuous loss of black hole mass due to Hawking radiation, a process which is not included in the present formalism.

For the flat geometry which our universe appears to satisfy, it has been obtained [15] that the most general expression of the scale factor of a universe filled with such a general quintessence field is given by a(t) = ( a^{3(1+ω)/2} 0 + 3 2 (1 + ω)t

)_{2/[3(1+ω)]} , (2.3)

in which a(0) = a_0 is taken as the initial value of the scale factor at the onset of the accelerating regime. This solution satisfies the Friedmann equation for flat geometry and the conservation law for cosmic energy. If we, moreover, reinterpret the constant a_0 as the value of the scale factor at the onset of the radiation domination era for ω = 1/3, then re-scaling time t so that t → t̄ = a^2_0 + 2t, we in fact obtain from Eq. (2.3) the expression of the scale factor for a decelerating radiation-dominated universe, i.e. a(t̄) = t̄^{1/2}. Eq. (2.3) furthermore tells us that for the interval −1/3 > ω > −1 the scale factor steadily increases in an accelerating fashion, with t tending to infinity as t → ∞. From the very onset of the phantom energy regime ω < −1 [3] assumed to occur at a = a_0, the scale factor (2.3) predicts a super-accelerated expansion along that regime which finally reaches the so-called big rip curvature singularity as t approaches the finite time value

t = t_∗ = 2 3(|ω| − 1)a^{3(|ω|−1)/2} 0 . (2.4)

After the big rip, as t > t_∗, the universe would start a period of continuous contraction where its size tended to vanish as t → ∞. The super-accelerated expanding phase and the contracting phase would however be disconnected to each other because the big rip is a true curvature singularity.

If, as it is assumed throughout this paper, we set ω constant, the integration of the cosmic conservation law for energy, ρ̇ + 3ρ(1 + ω)ȧ/a = 0 [16], in this case leads to an expression for the dark energy density

ρ = ρ_0a^{−3(1+ω)}, (2.5)

with ρ_0 a constant. Thus, the energy density consistently becomes constant for the cosmological constant case ω = −1, it steadily decreases with the scale factor for ω > −1, and rather surprisingly increases with a for ω < −1. Once the scale factor a(t) and the energy density ρ(t) have been obtained, the field theory associated with the dark energy fluid through the definitions of the pressure and energy density, ρ = ϕ̇^2/2 + V (ϕ), p = ωρ = ϕ̇^2/2 − V (ϕ), can be solved (i.e. expressions for ϕ(t) and V (ϕ) can be obtained). We in this way get

ϕ(t) = ϕ_0 + 2 3 √ ρ_0 1 + ω ln ( a^{3(1+ω)/2} 0 + 3 2 (1 + ω)t )

V (ϕ) = 1 2 (1 − ω)ρ_0e^{−3}

√_{1+ω} ρ0 (ϕ−ϕ_0). The phantom regime is derived when we let ϕ → iΦ and ω < −1 [7]. It can be seen that both Φ and V (Φ) diverge at the big rip.

Inserting now Eqs. (2.3) and (2.5) into Eq. (2.2) and integrating we finally obtain the black hole mass time-evolution equation [17]

M (t) = M_i 1 −^{(1+ω)Mi}_{Ṁ0t̃} (_t t̃+^3_2 (1+ω)t

) , (2.6)

where M_i is the initial mass of the black hole, t̃ = a^{3(1+ω)/2}_0 and Ṁ_0 = (4πAρ_0)^{−1}. Eq. (2.6) actually shows the same predictions as those which were first deduced in Ref. [1]. That is: (i) for ω > −1, M monotonically increases with time t, tending to a maximum value

M_{max} = M_i 1 −^{2Mi}_{3Ṁ0t̃}

, (2.7)

as t → ∞. This result comes about because quintessence fields with ω > −1 have positive energy which, when accreted onto the black hole, makes the positive mass of this black hole to increase. (ii) If ω = −1, the black hole mass remains constant, i.e. the black hole does not accrete any energy from vacuum simply because there then is anything like a quintessence vacuum field, but a cosmological constant instead. (iii) Finally, and more importantly, such as it was pointed out by Babichev, Dokuchaev and Eroshenko [8], if ω < −1, then M steadily decreases with time t and tends to vanish as t approaches the big rip singularity at time t = t_∗. In order for accounting for such a highly unconventional behaviour one must resort to the feature that the internal phantom energy is negative definite and therefore, when it is accreted onto black holes, it subtracts rather than adds on their total energy. Moreover, near the big rip singularity, we have that the mass of any black hole tends to be M → Ṁ_0t̃ (t̃ −^3_2 (|ω| − 1)t) |ω| − 1 , (2.8)

which remarkably does not depend on the initial mass of the black hole. According to Babichev, Dokuchaev and Eroshenko [8], that result means that all black holes in a universe filled with phantom energy will tend to be equal as the big rip is approached, and that phantom-energy accretion prevails over Hawking radiation, at least if quantumgravity effects are not taken into account. In their original derivation, Babichev et al. [8] obtained exactly the same conclusions by using a simpler expression for the scale factor. One could still wonder, what happens with black holes after the big rip. According to Eq. (2.6), just after the big rip the mass of the black holes would start increasing and tend to the finite maximum value given by Eq. (2.7) as t → ∞, such as it happens in the case of dark energy with ω > −1. The memory of the initial mass would thus be recovered, even though the regions before and after the big rip are mutually disconnected.

Further generalization of these results can be achieved by considering the case where a positive cosmological constant Λ = 3λ is added to the dark energy fluid. This situation would describe a Schwarzschild-de Sitter spacetime embedded in dark energy. If we set a vanishing initial time, t_0 = 0, the scale factor a(t) then reads [15] a(t) = ( 2πG 3Cλ )_{1/[3(1+ω)]} ( e^{3(1+ω)} √ λt/2 − Ce−3(1+ω) √ λt/2 )_{2/[3(1+ω)]}

, (2.9)

where

C = √ λ + 8πGa^{−3(1+ω)} 0 /3 − √ λ √ λ + 8πGa^{−3(1+ω)} 0 /3 + √ λ , (2.10)

with a_0 the assumed initial value of the scale factor at the onset of the phantom energy dominance. Since we always have 0 < C < 1, a big rip singularity for the phantom regime where ω < −1 is also predicted in the presence of a cosmological constant. Actually, that singularity takes in this case place at a finite time given by

t = t_∗ = − ln C 3(|ω| − 1) √ λ , (2.11)

which becomes shorter as the value of the cosmological constant is made larger. The field theory can also be solved in this case. Following the same procedure as for the scale factor (2.3) we now attain

ϕ(t) = ϕ_0 + √ ρ_0 6πG(1 + ω) ln ( √ C − e^{3(1+ω)√λt/2} √ C + e^{3(1+ω)√λt/2} )

V (ϕ) = 1 2 (1 − ω)ρ_0 √ 3λ 32πGC sinh^2 (√ 6πG(1 + ω)

ρ_0

(ϕ − ϕ_0) ) . Also in this case the phantom regime can be obtained by introducing the conditions ϕ → iΦ and ω < −1. Once again both the resulting field and its potential tend to blow up as the big rip is approached.

Using solution (2.9) we can now obtain from Eqs. (2.2) and (2.5) that in the presence of a cosmological constant the accretion of dark energy onto a black hole makes its initial mass M_i to vary according to the law

M (t) = M_i 1 −^{Mi} √ λ Ṁ_0 (_{e3(1+ω)}√_{λt−1} e^{3(1+ω)√λt}−C ) , (2.12)

where now Ṁ_0 = (1 − C)/(2Cρ_0). Clearly, again M remains all the time equal to M_i if only a cosmological constant ω = −1 is present. For ω > −1, M again monotonically increases with time t towards a maximum M_{max} = M_i/(1 − M_i √ λ/Ṁ_0), which also occurs at t = ∞. For ω < −1, Eq. (2.12) can be cast in the form

M (t) = M_i 1 +^{Mi} √ λ Ṁ_0 (_{1−e−3(|ω|−1)}√_{λt} e^{−3(|ω|−1)√λt}−e^{−3(|ω|−1)√λt∗} ) . (2.13)

In this case M once again decreases with time t, tending to vanish on the neighborhood of t = t_∗. Thus, all the qualitative behaviours obtained from solution (2.3) are matched when one uses solution (2.9). The effect induced by the presence of an extra cosmological constant is to make M evolve exponentially. Actually, it can be shown that in the phantom regime corresponding to all existing dark-energy models, the above result is always obtained, provided that regime will show a big rip singularity in the finite future. In fact, tachyon like models admit [18] a scale factor solution as given by Eq. (2.9), and therefore we obtain again for these models result (2.13). Since generalized Chaplygin phantom models do not show any big rip singularities [19], we are finally left only with k-essence models with non-canonical kinetic energy [20] for which there will be a big rip future singularity in the phantom region and this can be defined by [21]

p + ρ = −3(1 − μ)H^2/μ < 0, (2.14) with μ a constant satisfying 0 < μ < 1, and H = ȧ/a the Hubble parameter defined from the scale factor

a ∝ (t − t_b)^{−2μ/[3(1−μ)]}, (2.15)

where t_b denotes the arbitrary time at which big rip takes place. Inserting the latter two expressions into Eq. (2.1) we finally obtain after integration M = M_i 1 +^{tMi} t_bṀ_0(t_b−t)

, (2.16)

in which now Ṁ_0 = 3(1 − μ)/(16πAμ). Note that Eq. (2.16) is formally the same as the expression derived in Ref. [8] for a differently defined Ṁ_0, so confirming and generalizing to all phantom models characterized by the existence of a sudden big rip singularity in the finite future the result pointed out in that reference. We finally solve the field theory for this case. Once we have Wick rotated the field ϕ, we get

Φ = Φ_0 − √ 4μ 3(1 − μ) ln(t − t_b)

V (Φ) ∝ ρ_0(1 + μ) μ e^− √_{3(1−μ)} μ (Φ−Φ_0).

We note that in this case, whereas the phantom field diverges at the big rip, the phantom field potential tends to vanish at that singularity.

B. Thermodynamics of a dark-energy universe

The results on accretion of dark energy onto black holes first obtained by Babichev et al [8] and generalized above could however get into serious conflict with thermodynamics. First of all, one could always assume the current existence of primordial black holes which, at the onset of dark energy domination, could have reached a very small mass and hence a very large temperature due to a long process of Hawking thermal evaporation. This would, in principle, imply that Hawking radiation effects would by now prevail over the effects of the accretion of phantom fluid if this accretion was characterized by a lower positive temperature [22]. On the other hand, one should also expect that if the results derived in Subsec. II B hold, then the generalized entropy [23] defined for the whole universe, S + S_{bh} (where S and S_{bh} ∝ M^2 are the entropy of the phantom fluid and the entropy of the black hole), should be expected to decrease with time, so violating the generalized second law [23]. In what follows we are going to show nevertheless that none of these two apparent difficulties actually matters because, contrary to a recent claim [22], the temperature of the phantom fluid is definite negative, and this will allow us to re-interpret results from a different, ”quantum” standpoint.

Lima and Alcaniz have recently proposed a general thermodynamic theory for dark energy, according to which they argue [22] that, whereas the temperature for the phantom energy regime is always positive, its entropy is negative definite and that, therefore, a cosmic scenario in which the universe is filled with phantom energy should be ruled out. There exist however rather general thermodynamic arguments which are valid for all available cosmic phantomenergy models, which appear to prevent the holding of that conclusion. Thus, if the first law of thermodynamics is assumed to hold in every involved case, then it has been shown [24] that in a general Friedmann-Robertson-Walker flat universe filled with a dark energy that satisfies the equation of state p = ωρ (with ω=constant), the entropy density s per comoving volume stays always constant [24], while the temperature of the universe turns out to be given by the expression T = (1 + ω)ρ_0a^{−ω}/(s − s_0), with s_0 an integration constant. Thus, we can generally write for the temperature of a universe equipped with a dominating dark energy and equation of state p = ωρ,

T = κ(1 + ω)a^{−3ω}, (2.17)

where κ is a positive constant. The interpretation of this result can obviously resort to the most commonly used concept of kinetic temperature which is a measure of the average translational kinetic energy of the system. In the case of a general dark-energy scalar field ϕ, the kinetic term ϕ̇^2 can be obtained from the definition of the field itself in terms of the pressure p and energy density ρ, the equation of state p = ωρ, and the expression of the energy density derived by integrating the conservation law for cosmic energy, i.e. Eq. (2.5). This gives ϕ̇^2 ∝ (1 + ω)a^{−3(1+ω)}. Now, an estimate of the isotropic translational kinetic energy is a^3ϕ̇^2 = K(1+ω)a^{−3ω} (with K a numerical constant), which can in fact be made the same as Eq. (2.17).

Along the present paper we shall take the general expression (2.17) as the temperature that characterizes a universe dominated by dark energy. We next derive from Eq. (2.17) fithermodynamic functions of interest. Thus, Eqs. (2.5) and (2.17) will allow us to readily get the following generalized Stefan-Boltzmann law for a dark energy universe,

ρ = ρ_0 ( T κ(1 + ω) ) 1+ω_ω . (2.18)

We notice that, whereas for ω = −1 ρ becomes a simple constant (which actually corresponds to a cosmological constant), for ω = 1/3, Eq. (2.18) consistently reduces to the usual law for radiation, and for 0 > ω > −1 the dark energy density decreases with the temperature. However, for the phantom regime where ω < −1, in order to preserve ρ positive, we must necessarily take T < 0, which is a condition that really directly stems from Eq. (2.17) for ω < −1. It follows that ρ will always increase with |T| along the entire phantom regime. The energy of such a regime actually is bounded from above and allows therefore the occurrence of negative temperatures [25]. Since on the phantom regime ρ increases with the scale factor a(t) it also follows that |T| increases as the universe expands on that regime. These two characteristics are quite surprising actually and therefore they should be added to the increasing collection of phantom weird properties.

Finally, a general expression for the entropy of a dark energy universe can also be obtained by using the procedure of Ref. [22] which in the present case leads to

S = C_0 ( T 1 + ω )_{1/ω} V, (2.19)

where C_0 is a positive constant and V is the volume of the considered portion within the dark energy fluid. Thus, contrary to the claim in Ref. [22], the entropy of a dark-energy universe is always positive, even on the phantom regime. Actually, by inserting Eq. (2.17) into Eq. (2.19) one in fact attains that S becomes a constant when we take V to be the volume of the entire universe. For usual radiation corresponding to ω = 1/3, entropy and temperature can be linked by means of the general relationship, entropy ∝ energy/temperature. According to Eq. (2.19), however, that relationship should be generalized to read: entropy ∝ (1+ω)energy/temperature, according to which entropy is positive along the entire interval of conceivable values of parameter ω.

Even though it is not very common in physics and could thereby be listed as just another more weird property of the phantom scenario, a negative temperature is not at all unphysical or meaningless [26]. Nuclear spin and other quantum Systems with negative temperatures have already been observed in the laboratory and interpreted theoretically. As referred to the case of phantom energy, the existence of a negative temperature would imply that the entropy of a phantom universe monotonically decreased if one would be able to supply energy to that universe. Hence, the onset at the coincidence time of the dominance of a phantom energy, ω < −1, universe would imply the emergence of a necessarily ”hotter” cosmic evolution regime in such a way that, if two copies of the current universe were taken, one with positive and other with negative temperature, and put them in thermal contact, then heat would always flow from the negative-temperature universe into the positive-energy universe. It could yet be argued that negative temperature is a quantum-statistical mechanics phenomenon and therefore cannot be invoked in the classical realm. However, the negative temperature for the universe given by Eq. (2.17) when ω < −1 [16] can still be heuristically interpreted along a way analogous to how e.g. black hole or de Sitter temperature can be interpreted (and derived) without using any quantum-statistical mechanics arguments; that is by simply Wick rotating time, t → iτ , so that the metric becomes positive definite, and checking that in the resulting Euclidean framework τ is periodic with a period which precisely is the inverse of the Hawking temperature [27]. Thus, the Euclideanized black hole turns out to be somehow ”quantized”. Similarly in the present case, the phantom regime can be obtained by simply Wick rotating the classical real scalar field [28], ϕ → iΦ, which can be generally seen to be equivalent to rotating time so that t → iτ , too (see Sec. III). It is in this sense that the phantom energy universe can be also regarded as a somehow ”quantized” system and that the emergence of a negative temperature in the phantom regime can be interpreted in a consistent way.

Since a system with negative temperature is ”hotter” than any other systems having positive temperature (i.e. energy will always flow from the former to the latter system), even if that positive temperature is +∞ [9,26], we see that the first of the two thermodynamical difficulties pointed out before becomes fully solved, no matter how high the black hole temperature could be. Concerning the second of the above difficulties, let us notice on the other hand that, if the universe is assumed to contain a black hole of mass M, the entropy of the dark energy fluid will be smaller than that is given by (2.19) for V ∝ a^3. In this case, the entropy of the universe can be written to be

S = C_0κ^{1/ω} ( 1 − V_{bh} V ) , (2.20) where V_{bh} ∝ M^3 is the volume occupied by the black hole and V is the volume of the entire universe. Thus, for ω > −1, S decreases and, for ω < −1, S increases as dark energy is accreted onto the black hole. Moreover, after varying S with respect to V_{bh} and multiplying by T , one can obtain from Eq. (2.20) δS ∝ ±(1 + ω) δE T = − (ρ + p)δV_{bh} T , (2.21)

in which δE = ∓ρδV_{bh} and the upper sign corresponds to ω > −1 and the lower sign corresponds to ω < −1. On the other hand, if on the black-hole spacetime we assume the time taken by a light signal to travel along the entire hole to be t ∝ M , we can derive from Eq. (2.1)

δS_{bh} ∝ (1 + ω) δE T_{bh}

, (2.22)

where S_{bh} ∝ M^2 and T_{bh} ∝ M^{−1} are the entropy and temperature of the black hole.

Let us first analyze the total balance of entropy in the case of dark energy with ω > −1. Thus, from Eqs. (2.21) and (2.22) we see that the accretion of a given amount of dark energy onto the black hole leads to an increase of dark energy entropy which will exceed the corresponding decrease of black hole entropy, so preserving the second law, provided that T > T_{bh}, i.e. if 8πGM_{bh}T ≥ 1, a condition which appears to be of general applicability along the latest accelerating evolution of the universe. It would be in this case expected however that the competion between dark energy accretion and black hole thermal emission, both characterized by positive temperatures, will be governed by usual thermodynamic laws. Thus, if initially 8πGM_iM_i < 1 (with T_{initia} = κ(1 + ω)a^{−3ω}_0 ), then thermal emission will prevail over dark energy accretion and the black hole mass decreased initially. That situation could nevertheless be maintained only for a while because, during accelerating expansion, temperature (2.17) will increase at a much greater rate than black hole temperature did due to thermal evaporation. Thus, after a given time, both processes would first tend to balance one another, to inexorably allowing then for dominance of the dark energy accretion process, leading finally to a maximum black hole mass given by Eq. (2.7). If initially we already had 8πGM_iM_i > 1, then dark energy accretion prevailed over thermal radiation along the entire evolution, so that the mass of the black hole steadily increased up to M_{max}.

As to the case of phantom energy for ω < −1, we ought to recall that according to the Carnot equality the coupling between a negative-temperature system and a a positive-temperature system leads to a Carnot engine of greater than 100 percent efficiency [29]. Thus, in the present case

F = 1 +

T_{bh} |T | > 1, (2.23)

so that the generalized entropy S + S_{bh} ought to inexorably decrease along phantom energy accretion, so violating the second law. In fact, Eqs. (2.21) and (2.22) tell us that in the phantom case the entropy S increases by an amount which is smaller than the decrease of S_{bh} provided the reasonable condition |T | > T_{bh} is again applied. This violation of the second law was to be expected because, as it was mentioned earlier, negative temperatures are compatible with observationally checked ”quantum” Carnot equalities violating the second law [29]. In any event, the implication that negative temperatures lead through the quantum Carnot engine to violation of the second law can be argued under several presumptions. Although discussing these arguments is clearly outside the scope of the present paper, we want to leave open the possibility that they might preserve the second law even in the case being considered.

One very remarkable property of phantom energy is worth mentioning here. Even though most of its properties might be weird, phantom energy seems to be able to elegantly solve one of the most conspicuous and debated paradoxes of all the physics. In fact, if all existing black holes will simultaneously disappear at the big rip leaving no Hawking radiation, then the information initially lost during formation of the black holes should somehow be recovered. Actually, the so-called quantum coherence loss paradox, long championed by Hawking [30] and according to which an initial pure state is transformed into a final mixed state, during the whole process of black hole formation and subsequent complete evaporation, is here naturally solved in at least the phantom-energy regime in the sense that neither Hawking radiation nor black holes are left in the final singular state where only the big rip singularity plus a naked black hole singularity could take place. Thus, even in the classical case, the information paradox appears to be solved.

C. Dark energy as a radiation field

At first sight, one could be tempted to dismiss Eq. (2.17) because a spacetime dominated by a cosmological constant has a nonzero temperature of the order of the Hubble constant H = ȧ/a while, according to Eq. (2.17) the temperature of a fluid with ω = −1 vanishes. If by instance we take for the scale factor the expression (2.3), then as one approaches the value ω = −1 that expression can be reduced to a ≃ a_0 exp ( a^{−3(1+ω)/2} 0 t ) , and hence it becomes a ≃ a_0 exp(t) at the special case where ω = −1. In such a case we have then H = 1, while for ω ≠ −1 the Hubble parameter is time-dependent and given by the expression H ≡ H(t) = a^{−3(1+ω)/2}. Thus, whereas in the first case we have a cosmological horizon of radius H^{−1} = 1 which is characterized by a surface gravity K_c = 1, no constant horizon can be defined for any ω ≠ −1 in which cases every point is subject nevertheless to an isotropic acceleration which can be given by q ∝ −Ḣa^3/G ∝ −(1 + ω)a^{−3ω}. Each of these two cases has therefore a distinct expression for temperature: if ω = −1 the surface gravity implies a temperature T_{dS} ∝ H = K_c = 1 [27]; if however ω ≠ −1 then every accelerating point will be bathed by a thermal radiation at the quantum Unruh temperature [31] T_{ω≠−1} ∝ q, which is precisely the expression given by Eq. (2.17). It follows that, even though the Gibbons-Hawking temperature for event horizons and the Unruh temperature for accelerating systems are conceptually equivalent as the surface gravity is nothing but a measure of how hard you have to accelerate to stay a given short distance away from the horizon, de Sitter space must be endowed with a temperature T_{dS} ∝ H but not with temperature T ∝ −Ḣa^3, and those spacetimes with ω ≠ −1 have in turn a temperature −Ḣa^3 but not temperature H. Thus, Eqs. (2.17)-(2.19) are valid only for ω ≠ −1. The above discussion makes it clear that these equations are not mere definitions devoid of physical significance, but they all possess a precise physical meaning.

We can finally easily convince ourselves of the relevance of temperature (2.17) if we take for the parameter of the equation of state the value ω = 1/3 which obviously corresponds to usual radiation. In fact, if ω = 1/3 Eqs. (2.17)-(2.19) reduce to T ∝ a^{−1}, ρ ∝ T^4 and S ∝ T^3, which are just the values of the temperature, energy density and entropy for the Friedmann-Robertson-Walker universe dominated by usual radiation. Therefore, the equation of state ω = p/ρ, together with the conservation law for cosmic energy, suffice by themselves to determine the thermodynamic properties of a general relativistic fluid which is assumed to dominate in a Friedmann-Robertson-Walker universe, much as e.g. the gravitational characteristics of black holes or de Sitter space are now known to determine well-defined and precise laws of thermodynamics, provided quantum theory is taken into account.

As represented by a stuff governed by the conservation law for cosmic energy and satisfying a perfect fluid equation of state the way we have considered so far, dark energy can be looked at as being a generalized radiation field whose characteristics are fixed by the value of parameter ω. Thus, if ω > −1 dark energy would account for a quintessence radiation, if ω < −1 it would describe a phantom radiation, and finally if ω = 1/3 dark energy described a conventional radiation field for which we obtain from Eqs. (2.3) and (2.17) that a ∝ t̄^{1/2} (with the time t re-defined so that t → t̄ = a^2_0 + 2t and T ∝ a^{−1}. In field theory in curved space usual radiation can be represented by means of a homogeneous massless, scalar field Φ which is conformally coupled to gravity. The action integral of the system formed by gravity plus a scalar field Φ can be written as S = 1 16πG ∫ d^4x √ g [( 1 − 8πGξΦ^2 )]

+ 1 2 ∫ d^4x √ g [ (∇Φ)^2 − 2V (Φ) ] − 1 8πG ∫ d^3x √ h ( 1 − 8πGξΦ^2 ) TrK, (2.24)

where ξ accounts for the coupling between gravity and the scalar field, and all other symbols keep their conventional meaning. We shall use the metric

ds^2 = 2G 3π a(η)^2 ( N^2dη^2 + dΩ^2_3 ) , (2.25)

where η = ∫ dt/a is the conformal time, N is the lapse function and dΩ^2_3 is the metric on the unit three-sphere. For conformal coupling ξ = 1/6 and flat geometry, the action integral (2.24) becomes S = − 1 2 ∫ dηN [ − ( a^′ N )_2 + ( χ^′ N )_2 − 8πG 3 V (Φ)a^4 ]

= − 1 2 ∫ dηN [ − ( a^′ N )_2 + ( χ^′ N )_2 − 8πG 3 (1 − ω)ρ_0a^{1−3ω} ] , (2.26)

in which χ = √ 4πG/3aΦ is the conformal field, and we have used the definitions of the pressure and energy density p = ωρ = L = Φ̇^2/2 − V (Φ), ρ = Φ̇^2/2 + V (Φ) and Eq. (2.5). The equation of motion for χ and the constraint (δ/δN ) are given by (in the gauge N = 1)

χ^{′′} = 0 (2.27)

(a^′)^2 − (χ^′)^2 − 8πG(1 − ω)ρ_0 3 a^{1−3ω} = 0, (2.28)

with the equation of motion for a yielding also Eq. (2.28). From Eqs. (2.27) and (2.28) we obtain finally

(a^′)^2 − M^2 − 8πG(1 − ω)ρ_0 3 a^{1−3ω} = 0, (2.29)

where M is an arbitrary integration constant. Now, if ω = 1/3, then a = (K_1 + K_2t)^{1/2}, i.e. unless by a time re-scaling, essentially the same result as that we obtained from Eq. (2.3) for ω = 1/3 by assuming a minimal coupling ξ = 0.

In terms of the conformal time η the scale factor (2.3) for ξ = 0 is given by a(η) = [ 3(1 + 3ω)η 2 ]_{2/(1+3ω)} , (2.30)

which of course is not a solution of Eq. (2.29) for any value of ω other than ω = 1/3. Thus, for ω = −1 we obtain from Eq. (2.29) a(t) = ( 3M^2 16πGρ_0 )_{1/4} sinh^{1/2} (√ 64πGρ_0 3 t ) . (2.31)

Finally, at the onset of the accelerating regime ω = −1/3, a(t) = 9M^2 32πGρ_0 ( 32πGρ_0t^2 9 − 9M^2 32πGρ_0 )_{1/2} . (2.32)

If we then assume that each particular value of ω corresponds to a given radiation field, it follows that all of the resulting fields are associated with a minimal coupling between the scalar field and gravity, except when the state equation parameter takes on a value ω = 1/3, for which case the radiation field can be obtained by either conformally coupling or minimally coupling the field to gravity. It is in this sense that we shall consider in what follows that a universe dominated by dark energy is equivalent to a universe dominated by radiation.

III. COSMOLOGICAL INFORMATION AND THE ANTHROPIC PRINCIPLE

The concepts of negative temperature and negative entropy are both meaningless within the realm of classical thermodynamics. The mathematical definition of entropy cannot in fact accommodate negative values both in statistical thermodynamics and in the Shannon theory of information, where the entropy (respectively denoted by S and H) is given by the conventional equivalent formulas

S = −k_B log P, H = −k log_2 N, (3.1)

with k_B the Boltzmann constant, k a given constant usually assumed to be unity, P the probability of any given microstate, and N the probability of the signal given the reference class of possible signals that could have been sent. The fact that P and N cannot exceed unity makes it impossible to have finite negative values for S and H in the classical theory. However, more recent developments have shown that quantum theory can allow the emergence of both negative temperatures and negative entropies.

Cerf and Adami studied [32] what happens to the Shannon theory when qubits of quantum information are accounted for. In doing that these authors extended classical probabilities to function describing also the quantum characteristics of the system, including both bits and qubits, within a consistent density-matrix description that otherwise parallels classical Shannon theory. A rather tantalizing implication from that generalization is that negative entropies crop up in the case of quantum systems having no classical analog. In particular, it was shown [33] that entropy becomes negative when two particles are quantum-mechanically entangled, even though that does not violate special relativity. On the other hand, the occurrence of negative absolute temperatures has already become a little bit more conventional [26]. These take also place in quantum systems or phenomena without classical analog, e.g. in quantum nuclear spin systems [34], and their existence has already been experimentally checked [34].

We shall now contend that at least in systems which admit a statistical thermodynamic description, negative temperature implies negative entropy, in the following sense. Given the specific properties of the ”log” function (which actually relate characteristics of linear evolution with characteristics of nonlinear evolution), one can still introduce a tentative statistical definition of the entropy function which encompasses both positive and negative values of temperature and entropy simultaneously. Using the formula for Carnot efficiency E = T_2 − T_1 T_2

, (3.2)

one can actually introduce a new entropy formula

S^′ = k_B log(E^{−1}) = k_B log ( T_2 T_2 − T_1 ) . (3.3)

We notice that Eq. (3.3) connects the statistical content of entropy with its purely thermodynamic meaning, as it can now be checked by considering a small variation of T_1 which, if T_1 >> T_2, by Eq. (3.3) induces a small decrease of entropy, such that δS = −k_BδT_1/T_1. In any event, if we assume that T_2 < 0, then the efficiency E > 1 and the entropy as defined by Eq. (3.3) becomes negative. It follows that a negative temperature would imply a negative entropy, except in the case that the system exchanges negative amounts of internal energy, for which case Eq. (3.3) no longer holds and must be replaced for

S^′ = k_B log(E) = −k_B log ( T_2 T_2 − T_1 ) . (3.4)

Eq. (3.4) would in turn predict that a negative temperature T_2 < 0 must imply a positive entropy. That is precisely the case to which phantom energy belongs. Or more precisely, phantom energy must be regarded as a quantum entity with no classical analog, which is characterized by a negative temperature given by Eq. (2.17) and a positive entropy given by Eq. (2.19). If we would for a moment adhere to the alternate Alcaniz-Lima view [22], then the phantom energy would still be a quantum entity without classical analog, but characterized now by a positive temperature and a negative entropy. The difference with the interpretation provided in Ref. [22] is that in the present scenario having a phantom negative entropy is not necessarily physically meaningless due to the essential quantum nature of the phantom fluid.

We are going next to establish in exactly what sense the phantom fluid can be considered as a quantum entity. It is known [7] that in order to preserve weak energy condition, ρ > 0, the phantom scalar field should be Wick rotated (e.g. ϕ → iΦ). As pointed out in Sec. II, we can readily check that such a rotation is equivalent to Wick rotating the time t itself (e.g. [35] t → −iτ ), while preserving the field unchanged. Thus, in the present general dark-energy scenario, the scalar field ϕ is expressed in terms of time t as [7]

ϕ + ϕ_0 = 2 3 √ 1 + ωℓ_P × ln [ a^{3(1+ω)/2} 0 + 3(1 + ω) √ ℓ_P ρ_0 2 (t − t_0) ] , (3.5)

where a_0, ϕ_0 and ρ_0 are the initial values of the scale factor, the scalar field and the energy density, respectively, with ℓ_P the Planck length. In the case that ω < −1 it can be readily seen that Eq. (3.5) can be approximated to

ϕ + ϕ_0 ∝ i(t − t_0), (3.6)

along the entire cosmic evolution ending at the big rip. From Eq. (3.6) we can in fact deduce that Wick rotating ϕ while keeping t unchanged is equivalent to Wick rotating time t while keeping ϕ unchanged. Now, it is well known that a Euclideanized spacetime metric would describe a somehow quantized system [27]. It is in this sense that the cosmic phantom fluid is a quantized entity; that is, in a way which would parallel e.g the procedure through which the quantum temperature and entropy of black holes can be derived by simply Wick rotating time in the maximally extended Kruskal metric [27].

Once we have made a preliminary discussion of some quantum properties of the cosmic phantom field, let us consider the simplest case in which the universe is initially filled only with phantom stuff. If we then add an elementary piece of ordinary matter to this observationally empty universe, according to our discussion before, the entropy would drop down, meaning that at least a bit (or qubit) of information necessarily about the added particle has been created and is available to potential observers (Note that essentially no direct information can be made available on the phantom fluid as this is not directly observable by definition). This is exactly the opposite to what would occur if such an elementary piece of matter with positive energy is added to a universe filled with dark energy with ω > −1, in which case the entropy of the universe increased. The creation of negative entropy in the case of a phantom fluid cannot be interpreted as being due to the creation of entangled correlations between the added particle and all ”phantom quanta” as this implied knowledge about phantom being available to potential observers. Imagine now the onset of phantom energy domination in our real universe. The above reasoning would lead to the idea that a huge amount of bits and qubits of information about all observable pieces of matter encountered by the phantom field at the start of its domination would then be created and made available to potential observers. This is what can be dubbed as phantom-energy induced cosmological information. It actually calls for the presence of observers if one appeals to a general principle for natural economics. An important point should be mentioned at this point. It is that once phantom energy starts dominating in the universe, as its temperature is negative, and hence ”hotter” than anything observable, it will gravitationally be ceacelessly accreted onto all kinds of observable matter steadily annihilating it, all the way until the big rip at which point all of the matter in the universe, including black holes, will completely disappear. Neither the above available cosmological information nor this process of all matter annihilation would nevertheless be present if instead of phantom energy the universe were filled with a dark energy vacuum component having ω > −1.

Another standpoint from which one can look at the question of cosmic phantom energy is the very concept of life and its origin. In his rather controversial book ”What is Life?”, which collected a series of lectures delivered in Dublin, Schrödinger posed [36] a key conclusion that, a way or another, remains still inescapable today: what a living organism feeds upon is negative entropy, and this in its very statistical thermodynamic sense. That is currently interpreted by considering that living beings necessarily produce a positive supply of entropy to the universe during their vital activities which would compensate the needed stream of negative entropy upon themselves. However acceptable this may be for keeping the second law alive, it goes without solving the key question: for an essential element of life to make its first appearance in the universe, the site where it appeared ought to be prepared to provide the necessary and immediate supply of negative entropy for the incipient life element to continue, as in this case ”egg would precede hen”. Thus, since any living organisms are made up of positive energy, while original life elements could not be consolidated if the universe was then filled with any form of dark energy with ω ≥ −1, it can perfectly do so in a universe filled with phantom energy, as in this case the very act of the organism appearance does imply a supply of negative entropy. On the other hand, as discussed before, an universe filled with phantom energy is also prepared to be observed. It is in these senses that it could be thought that any form of anthropic principle [37] had to be formulated in terms of the emergence of an epoch when the universe started to be dominated by phantom energy.

IV. THE WIEN SPECTRUM

We shall apply in this and the next sections some aspects of the thermodynamic theory for γ-fluid developed by Lima and Maia [38] to the case of a general quintessential model of dark energy and, in particular, to the case of phantom energy. According to the discussion in Sec. II we can assume that the dark-energy field corresponds to a kind of radiation field with a Wien-type spectrum given by ρ_T (ν) = αν^βϕ ( νT^λ ) , (4.1)

where α is a positive constant, ν is the frequency, T is absolute temperature, and the parameters β and λ will be determined by imposing the two following constraints to be satisfied by Eq. (4.1)

ρ(T ) = ∫_∞ 0 ρ_T (ν)dν ∝ T^{(1+ω)/ω} (4.2)

N (T ) = ∫_∞ 0 ρ_T (ν)dν ν ∝ T^{1/ω}, (4.3)

which respectively define the energy density and the particle number density. Following Lima and Maia [38], let us then define a new variable u = νT^λ, so that the constraints (4.2) and (4.3) can be re-cast as

ρ(T ) = α T^{λ(1+β)} ∫_∞ 0 u^βϕ(u)du ∝ T^{(1+ω)/ω} (4.4)

N (T ) = α T^{λβ} ∫_∞ 0 u^{β−1}ϕ(u)du ∝ T^{1/ω}, (4.5) where we have used Eq. (4.1). From Eqs. (4.4) and (4.5) we can finally deduce that λ = −1 and β = 1/ω and, therefore, our generalized Wien law is given by ρ_T (ν) = αν^{1/ω}ϕ ( ν T ) , (4.6)

which, as expected, reduces to the known Wien law for blackbody radiation if we set ω = 1/3.

We note then that the temperature should not appear as simply T but always in the combination T /(1 + ω) (see Sec. II), both in the energy density ρ_T (0) and in the energy density ρ(T ). We can therefore write the Wien spectrum (4.1) for the phantom energy case as ρ_T (ν) = αν^βϕ ( ν|T |^λ ) , (4.7)

and hence using the same procedure as before, we recover the same Wien law, but referred to absolute value of temperature, also for a phantom radiation, i.e. for ω < −1 and T < 0, ρ_T (ν) = αν^{1/ω}ϕ ( ν |T | ) . (4.8)

This actually gives the most general expression for the Wien law and is valid for any positive and negative value of the parameter ω.

V. SPONTANEOUS AND STIMULATED ABSORPTION

Let us consider a set of two level systems characterized by the resonant frequency ν, immersed in phantom radiation at negative temperature T < 0. Assuming the simple dipole-moment approximation we label the energy levels of the system by n and m (see Fig. 1), with E_m − E_n = hν. Following a line of reasoning analogous to that which led Einstein to introduce his celebrated absorption and emission coefficients [39], we can now assume the occurrence of novel radiative processes if the radiation field is made up of a substance characterized by an equation of state with ω < −1. In that framework the probability that a system is in the energy level E_i (i = n, m) is given by W_i = p_ie^{Ei /(kB|T |)}, (5.1) where K_B is the Boltzmann constant and p_i is the temperature-independent statistical weight of the ith state. Now, due to the presence of phantom energy which would only exchange discrete amounts of negative internal energy (1 + ω)ρΔV with the level systems, there will be three new Einstein-like coefficients, here denoted by B^n_m, B^m_n and A^m_n (See Fig. 2). A^m_n will correspond to a spontaneous absorption coefficient which would be evaluable from first principles using quantum mechanics and happens in the absence of any phantom radiation, but creates quanta of phantom energy; B^n_m is a new induced emission coefficient and B^m_n is a new stimulated absorption coefficient. The latter two coefficients would only occur in the presence of phantom radiation. These three coefficients will be related with the following rates of probability transition.

Ẇ_{mn} = B^n_mρ_T (ν) (5.2)

Ẇ_{nm} = B^m_n ρ_T (ν) (5.3)

Ẇ_{nm} = A^m_n (5.4)

Thus, an equilibrium condition can be introduced in the considered system which reads p_me^{Em /(kB|T |)}B^n_mρ_T = p_ne^{En /(kB|T |)} (B^m_n ρ_T + A^m_n ) , (5.5) and if the approximation |T | >> 0 is applied, then p_mB^n_m ≃ p_nB^m_n , and hence

ρ_T (ν) = A^m_n B^m_n ( e^{hν/(kB |T |)} − 1 ) , (5.6)

FIG. 1: Population of given energy levels in the cases that: (left) ω > −1 and hence T > 0, and (right) ω < −1 and hence T < 0. The area of the circles over the energy levels would qualitatively be proportional to the population.

where we have used E_m − E_n = hν. Comparing with the generalized Wien law (4.8), we finally obtain a generalized Planck law, with [34]

A^m_n = αB^m_n ν^{1/ω}, (5.7)

ϕ(ν/|T |) = 1 e^{hν/(kB |T |)} − 1 (5.8)

being the average occupation number, and finally

ρ_T (ν) = αν^{1/ω} e^{hν/(kB |T |)} ± 1 , (5.9)

where the case of fermions has been also included. The law (5.9) is the most general Planck law and can be applied to radiation characterized by an equation of state p = ωρ, where ω can take on any positive or negative value.

As a test of consistency we finally calculate e.g. ρ(T ) from Eq. (5.9) for the fermion case. We in fact obtain ρ(T ) = α ∫_∞ 0 ν^{1/ω}dν e^{hν/(kB |T |)} + 1 = α ( k_B|T | h )_{(1+ω)/ω} × ( 1 − 2^{−1/ω} ) Γ ( 1 + ω ω ) ζ ( 1 + ω ω ) , (5.10)

where Γ and ζ are the Gamma and zeta functions [40], respectively. That is the result what was to be in fact expected.

Before closing up this section we would like to briefly comment on the effect that negative phantom temperatures may have on laser effect. In fact, it is well known that laser theory is based on the occurrence of stimulated emission which, together with population inversion, leads to the necessary coherent radiation amplification leading to the laser operation. In the case of negative phantom temperature, even though population inversion is guaranteed, there is anything like a stimulated emission and lasing can never be produced. What one could instead suppose is the possibility for a contrary or anti-lasing process. If in our negative temperature system one would restore a larger population in the lower energy level by the use of an appropriate procedure, then stimulated absorption would produce a damping, rather than amplification, of the coherent radiation. The construction of such an anti-laser, or more properly ”lasar” (light attenuation by stimulated absorption of radiation), device could be of some usefulness in atomic and molecular physics. On the other hand, stimulated absorption processes might provide a clue for explaining the lack of phantom-energy radiative processes in cosmology.

VI. CONCLUSION AND FURTHER COMMENTS

There have been two recent important contributions to the question of the thermodynamics of dark energy. On one hand, Alcaniz and Lima [22] derived general dark energy thermodynamic expressions that, when extended to the phantom regime, implied positive values for its temperature and negative values for its entropy. By using two independent compelling arguments, here it is nevertheless shown that what becomes negative in the phantom regime is temperature, while entropy is kept definite positive along the entire range of negative state equation parameter. In any event, since classically having either a negative entropy or a negative temperature, or both, makes no physical meaning, the first obvious conclusion seems to be that phantom energy cannot exist. This situation is somehow reminiscent to the one which was posed in the mid-seventies when it was first realized that the black hole entropy had to be finite [41]. Hawking himself has many times stressed [42] that, at that time, it seemed that since black hole cannot emit anything classically, such a conclusion was meaningless, too. The solution to this paradoxical situation was, as it is now widely acknowledged, to appeal to the quantum nature of black holes which allowed them to radiate thermal particles. We argue in this paper that the solution to the above apparent phantom thermodynamic paradox is again by appealing to the essential quantum nature of the phantom stuff. In fact, if, in spite of by definition violating the dominant energy condition, i.e. p + ρ < 0, phantom energy is consistently assumed to satisfy the weak energy condition, ρ > 0, then it can be interpreted that the phantom spacetime becomes Euclideanized and this is known to provide the natural framework where quantum temperature and quantum entropy can be consistently defined [27]; i.e. the cosmic phantom fluid can be essentially regarded as a quantum system having not any classical analogs. Now, negative temperatures (or even entropies) can perfectly exist in the quantum realm. It is in this way that the above thermodynamic phantom paradox is solved in the present paper. Our conclusion thus is that there can

FIG. 2: Pictorial representation of the possible radiative processes induced by phantom radiation on a two-level system as expressed in terms of the Einstein-like coefficients: A^m_n for spontaneous absorption, B^n_m for induced absorption, and B^m_n for stimulated absorption. No stimulated emission can take place in the presence of phantom energy with negative temperature.

exist a cosmic quantum field characterized by a temperature that is always negative and a positive definite entropy, and that, moreover, if the universe would happen to be currently dominated by such phantom energy, then this would introduce a universal element of cosmological information that would make every piece of observable matter to be really observable and allow the very existence of living organisms in the universe. On the other hand, when considering accretion of phantom energy onto black holes, Babichev, Dokuchaev and Eroshenko have showed [8] that the mass of the black holes undergo a gradual decrease and tend all to zero at the big rip. In this work we confirm and extend that result, consistently interpreting it in terms of the above conclusion on phantom thermodynamics. This realization is important in at least two respects. It firstly implies that once black holes are formed before or after phantom energy domination, all known evolution processes of existing black holes become inexorably dominated by phantom energy accretion and finally subject to what could be dubbed as a ”democracy before death” principle by which such black holes are all equalized before disappearing all at once at the big rip, no matter their initial mass or the time when they were formed. The reason of such a domination of phantom energy accretion (which actually extends over any emission processes of any observable matter system) essentially resides on the fact that, however small its absolute value may be, a negative temperature is always hotter than any positive temperature, even if this is infinite. Secondly, it is also a conclusion of the present paper that, since the phantom-induced annihilation process prevails always over Hawking thermal emission, during the whole black hole evolution process leading from formation to final disappearance, quantum coherence is preserved, as in this case neither the black hole nor any thermal radiation emitted from it is left in the final state. This offers a rather comfortable solution to the so-called black-hole information paradox [27] and becomes still another positive consequence from the existence of phantom energy in the universe.

The formulation of some main theoretical basis for establishing the quantum statistic thermodynamics of phantom energy has been also aimed at in this work. By assuming that any form of dark energy can be taken to be a radiation field, we have thus considered a generalized Wien law and hence a generalized Planck radiation law. These laws turn out to be described by the same general expressions as for the usual dark energy case first derived by Lima and Maia [38], but referred to the absolute value of phantom temperature. This conclusion comes about as a consequence from the necessary introduction of novel Einstein coefficients and the different probability law for the case of phantom energy. The extra Einstein coefficients correspond to new radiative processes that include a stimulated absorption phenomenon, which would attenuate the intensity of the phantom radiation.

It will only be by collecting more cosmological data that we will be able to finally decide on whether or not phantom energy is the form of dark energy that currently operates in the universe to drive its observed accelerating expansion. However, even in the event that other kind of dark energy turned out to be the favoured stuff dominating the current universe, there could still be sufficient room for phantom energy to dominate over all other cosmic stuffs during other epochs along the universal evolution, including the primordial inflationary period, such as has been recently suggested [43]. Anyway, we hope that the contents of the present paper may help to convince cosmologists that, whatever the final conclusion on the above subjects may be, phantom energy is a physical concept with sufficient theoretical interest by itself as to pursue active research on it.

Acknowledgments

We thank Professors Lima and Babichev for useful explanations, discussions and correspondence. This work was supported by DGICYT under Research Project BMF2002-03758. The authors wish to respectfully dedicate the present work to the memory of all those that were killed, wounded or directly affected in the terrorist attacks of March 11 in Madrid

[1] R.R. Caldwell, Phys. Lett. B545, 23 (2002) [2] J.S. Alcaniz, Phys. Rev. D69, 083521 (2004).

[3] A.C. Baccigalupi, A. Balbi, S. Matarrase, F. Perrotta and N. Vittorio, Phys. Rev. D65, 063520 (2002); M. Melchiorri, L.

Mersini, C.J. Odman and M. Tradden, Phys. Rev. D68, 043509 (2003); M. Doupis, A. Riazuelo, Y. Zolnierowski and A. Blanchard, Astron. Astrophys. 405, 409 (2003); L. Tonry el al., Astrophys. J. 594, 1 (2003).

[4] B. McInnes, JHEP 0208, 029 (2002); G.W. Gibbons, hep-th/0302199; A.E. Schulz and M.J. White, Phys. Rev. D64, 043514 (2001); J.G. Hao and X. Z. Li, Phys. Rev. D67, 107303 (2003); S. Nojiri and S.D. Odintsov, Phys. Lett.B562, 147 (2003); B565, 1 (2003); B571, 1 (2003); P.Singh, M. Sami and N. Dadhich, Phys. Rev. D68, 023522 (2003); J.G. Hao and X.Z. Li, Phys. Rev. D68, 043501; 083514 (2003); X.Z. Li and J.G. Hao, hep-th/0303093, Phys. Rev. D (in press); M.P. Dabrowski, T. Stachowiak and M. Szydlowski, Phys. Rev. D68, 067301 (2003); M. Szydlowski, W. Zaja and A. Krawiec, astro-ph/0401293; E. Elizalde and J. Quiroga H., Mod. Phys. Lett. A19, 29 (2004); V.B. Johri, astro-ph/0311293;

L.P. Chimento and R. Lazkoz, Phys. Rev. Lett. 91, 211301 (2003); H.Q. Lu, hep-th/0312082; M. Sami, A. Toporensky, gr-qc/0312009; R. Naboulsi, gr-qc/0303007, Class. Quan. Grav (in press); X.H. Meng and P. Wang, hep-ph/0311070; H. Stefancic, astro-ph/0310904, Phys. Lett. B (in press) ; astro-ph/0312484; D.J. Liu and X.Z. Li, Phys. Rev. D68, 067301 (2003); A. Yurov, astro-ph/0305019; Y.S. Piao and E. Zhou, Phys. Rev. D68, 083515 (2003);Y.S. Piao and Y.Z. Zhang, astro-ph/0401231; H.Q. Lu, hep-th/0312082 ; M. Szydlowski, W. Czaja and A. Krawiec, astro-ph/0401293; J.M. Aguirregabiria, L.P. Cimento and R. Lazkoz, gr-qc/0403157; J. Cepa, astro-ph/0403616, Astron. Astrophys. (in press); V. Faraoni, gr-qc/0404078, Phys. Rev. D. (in press); Z.-K. Guo, Y.-S. Piao and Y.-Z. Zhang, astro-ph/0404154; E. Elizalde, S. Nojiri and S. Odintsov, hep-th/0405034; Y.-H. Wei and Y. Tian, gr-qc/0405038; F. Piazza and S. Tsujikawa, hep-th/0405054 .

[5] R.R. Caldwell, M. Kamionkowski and N.N. Weinberg, Phys. Rev. Lett. 91, 071301 (2003); J.D. Barrow, Class. Quant.

Grav. 21, L79 (2004).

[6] J.D. Barrow, G.J. Galloway and F.J. Tipler, Mon. Not. R. Astron. Soc. 223, 835 (1986). [7] P.F. González-Díaz, Phys. Rev. D69, 063522 (2004). [8] E, Babichev, V. Dokuchaev and Yu. Eroshenko, gr-qc/0402089.

[9] L. Onsanger, Nuovo Cim. Suppl. 6, 279 (1949); M.J. Klein, Phys. Rev. 104, 589 (1956); D. Montgomery, Phys. Lett. A39, 7 (1972); J.B. Taylor, Phys. Lett. A49, 1 (1972); C.E. Seyler Jr, Phys. Rev. Lett. 32, 515 (1974); R.H. Kraichnan and D. Montgomery, Rep. Prog. Phys. 43, 547 (1980); V.L. Berdichevsky, I. Kunin and F. Hussain, Phys. Rev. A43, 2050 (1991); J. Casas-Vazquez and D. Jou, Rep. Prog. Phys. 66, 1937 (2003).

[10] S.M. Carroll, M. Hoffman and M. Trodden, Phys. Rev. D68, 023509 (2003). [11] P.H. Frampton, hep-th/0302007 .

[12] J.M. Cline, S.Y. Jeon and G.D. Moore, hep-ph/0311312, Phys. Rev. D. (in press). [13] F.C. Michel, Astrophys. Sp.Sc. 15, 153 (1972).

[14] S.W. Hawking and G.F.R. Ellis, The Large Scale Structure of Space-Time (Cambridge University Press, Cambridge, UK, 1973).

[15] P.F. González-Díaz, Phys. Rev. D68, 084016 (2003).

[16] P.J.E. Peebles, Principles of Physical Cosmology (Princeton University Press, Princeton, USA, 1976). [17] P.F. González-Díaz and C.L. Sigüenza, Phys. Lett. B589, 78 (2004) .

[18] P.F. González-Díaz, Tachyon Phantom Scenarios, IMAFF Report IMAFF-RCA-04-01 (2004). [19] P.F. González-Díaz, Phys. Rev. D68, 021303(R) (2003); M. Bouhmadi and J.A. Jiménez-Madrid, astro-ph/0404540. [20] C. Armendáriz-Picón, T. Damour and V. Mukhanov, Phys. Lett. B458, 209 (1999); J. Garriga and V. Mukhanov, Phys.

Lett. B458, 219 (1999); T. Chiba, T. Okabe and M. Yamaguchi, Phys. Rev. D62, 023511 (2000); C. Amendáriz-Picón, V. Mukhanov and P.J. Steinhardt, Phys. Rev. Lett. 85, 4438 (2000); C. Amendáriz-Picón, V. Mukhanov and P.J. Steinhardt, Phys. Rev. D63, 103510 (2001); L.P. Chimento and A. Feinstein, Mod. Phys. Lett. A19, 761 (2004); M. Malquarti, E.J. Copeland and A.R. Liddle, Phys. Rev. D68, 023512 (2003).

[21] P.F. González-Díaz, Phys. Lett. B586, 1 (2004). [22] J.A.S. Lima and J.S. Alcaniz, astro-ph/0402265. [23] S.W. Hawking, Phys. Rev. D13, 191 (1976).

[24] D. Youm, Phys. Lett. B531, 276 (2002); E. Verlinde, hep-th/0008140; J.L. Cardy, Nucl. Phys. B270, 186 (1986). [25] L. Vanzo and D. Klemm, de Sitter space and negative temperatures, Università di Trento, Dipartimento di Fisica Report:

www-th.bo.infn.it/activities/bo11/act2003/vanzo.ps ; S.-T. Hong and S.-W. Kim, gr-qc/0303059 . [26] E.M. Purcell and R.V. Pound, Phys. Rev. 81, 279 (1951); N.F. Ramsey, Phys. Rev. 103, 20 (1956). [27] G.W. Gibbons and S.W. Hawking, Phys. Rev. D15, 2752 (1977).

[28] One can in principle Wick rotate the field either clockwise, ϕ → iΦ, or anti-clockwise, ϕ → −iΦ (see Ref. [31]). It will be seen in Sec. III that ϕ → iΦ will be equivalent to rotating time anti-clockwise and ϕ → −iΦ will be equivalent to rotating time clockwise.

[29] W.C. Reynolds and H.C. Perkins, Engineering Thermodynamics (McGraw Hill Inc., USA, 1977). [30] S.W. Hawking, Phys. Rev. D14, 2469 (1976). [31] W.G. Unruh, Phys. Rev. D14, 870 (1976).

[32] N.J. Cerf and C. Adami, Phys. Rev. Lett. 79, 5194 (1997). [33] N.J. Cerf and C. Adami, Physica D120, 62 (1998).

[34] C. Kittel and H. Kroemer, Thermal Physics. 2nd Edition (Freeman and Co., New York, USA, 1984). [35] A.D. Linde, Inflation and Quantum Cosmology (Academic Press, Boston, USA, 1990).

[36] E. Schrödinger, What is Life?. The Physical Aspects of the Living Cell (Cambridge University Press, Cambridge, UK, 1959); S.A. Kauffman, in ”What is Life?”. The Next Fifty Years (Cambridge University Press, Cambridge, UK, 1995); L. Smolin, The LIfe of the Cosmos (Phoenix, London, UK, 1997).

[37] J.D. Barrow and F.J. Tipler, The Anthropic Cosmological Principle (Clarendon Press, Oxford, UK, 1986). [38] J.A.S. Lima and A. Maia Jr., Phys. Rev. D52, 5628 (1995).

[39] M. Jammer, The Conceptual Development of Quantum Mechanics (Mc Graw-Hill, New York, USA, 1967). [40] M. Abramowitz and I. Stegun, Handbook of Mathematical Functions (Dover, New York, USA, 1964); I.S. Gradshteyn and I.M. Ryzhik, Table of Integrals, Series, and Products (academic Press, San Diego, USA, 1994).

[41] J. Bekenstein, Phys. Rev. D7, 2333 (1973).

[42] S.W. Hawking, A Brief History of Time (Bantam Press, Londres, UK, 1988). [43] Y.-S. Piao and Y.-Z. Zhang, astro-ph/0401231