arXiv:0911.1026v2 [physics.gen-ph] 21 May 2012

BLACK HOLE (THERMODYNAMICS) - A SIMPLIFIED THEORY FOR QUANTUM GRAVITY NON-SPECIALISTS

Vladan Panković Department of Physics, Faculty of Sciences, 21000 Novi Sad, Trg Dositeja Obradovića 4, Serbia, vladan.pankovic@df.uns.ac.rs

PACS number: 04.70.Dy

Abstract

In this work we present a simple theory of the Schwarzschild black hole basic thermodynamical characteristics, Bekenstein-Hawking entropy, Bekenstein entropy/surface quantization and Hawking temperature. In our theory many calculation steps are extremely simplified and formal (expressed mathematically via usual algebraic equation and physically via a phenomenological postulate conceptually similar to Bohr orbital momentum quantization postulate). Nevertheless, final results, i.e. formulas on mentioned black hole basic thermo-dynamical characteristics obtained by our theory are effectively identical to corresponding results obtained by accurate quantum gravity theories. Moreover, according to the third law or Nernst theorem of the black hole thermodynamics, we suggest a simple interpretation of the black hole entropy proportional to the degeneration of the ground state. In this way our theory can be very useful for the quantum gravity non-specialists (and even specialists).

1 Introduction

As it is well-known black hole represents one of the most fascinating physical object. But accurate analysis of the dynamical and thermo-dynamical characteristics of the black hole needs knowledge of the subtle details of general theory of relativity and quantum field theory, i.e. quantum gravity (even if there is no complete theory of the quantum gravity to this day) [1]-[7]. For this reason non-specialists (that do no know very much on the quantum gravity) cannot realize any useful calculation of the basic dynamical (horizons) and thermo-dynamical (Bekenstein-Hawking entropy, Bekenstein entropy/surface quantization, Hawking temperature and radiation) characteristics of the black hole. Of course, there are some very interesting presentations of the black hole basic characteristics [8] for the non-specialists but without a detailed calculation tools. In some other references, with indicative titles, e.g. Can One Understand Black Hole Entropy without Knowing Much about Quantum Gravity [9], calculation tools are too complicated for the non-specialists.

In this work we shall present a simple theory of the Schwarzschild black hole basic thermodynamical characteristics, Bekenstein-Hawking entropy, Bekenstein entropy/surface quantization and Hawking temperature. In our theory many calculation steps are extremely simplified and formal (expressed mathematically via usual algebraic equation and physically via a phenomenological postulate conceptually similar to Bohr orbital momentum quantization postulate). Nevertheless, final results, i.e. formulas on mentioned black hole basic thermo-dynamical characteristics obtained by our theory are effectively identical to corresponding results obtained by accurate quantum gravity theories. Moreover, according to the third law or Nernst theorem of the black hole thermodynamics, we suggest a simple interpretation of the black hole entropy proportional to the degeneration of the ground state. In this way our theory can be very useful for the quantum gravity non-specialists (and even specialists).

2 A simplified theory of the Schwarzschild black hole thermodynamics

Consider now a Schwarzschild black hole with mass M and horizon radius R =^{2GM}_{c2} where G represents the Newtonian gravitational constant and c - speed of light. Suppose now that the mass of the black hole is quantized and that its quantums satisfy the following quantization condition m_ncR = n h̄ 2π for n = 1, 2, ... (1)

that implies 2πR = n h̄ m_nc = nλ_{rn} for n = 1, 2, ... (2)

where h̄ represents the reduced Planck’s constant while λ_{rn} =^{h̄}_{mnc} , represents reduced Compton’s wave length corresponding to m_n for n = 1, 2, ... . Last expression means, in fact, that the circumference of the horizon holds n reduced Compton’s wavelength of the mass quantums with mass m_n for n = 1, 2, ... .

Obviously, (1), (2) correspond in some degree to Bohr’s postulate on the electron orbital momentum quantization and de Broglie’s interpretation of this postulate in the atomic physics. (However, electron orbit radius represents a variable that increases proportionally to n^2 while all mass quantums of the black hole, hold the same orbit radius R. Also, electron energy represents a variable that increases proportionally to −^1_{n2} , while quantum of the black hole mass represents a variable that increases proportionally to n, i.e. linearly.)

Expression (1) implies

m_n = n h̄ 2πcR = nm_1 for n = 1, 2, ... (3)

where m_1 = h̄ 2πcR (4) represents the minimal, i.e. ground mass of the mass quantums.

It is quite natural, from aspect to the quantum field theories, to suppose that (1)-(4) are consistent only for m_1 ≪ M (5) i. e. only when ground mass of the mass quantums is much smaller (or, in limit proportional) to the black hole mass.

Further, suppose that black hole gravitational mass quantums do a statistical ensemble. In other words, suppose that there is a gravitational self-interaction of the. black hole which can be described statistically. Suppose that in the thermodynamic equilibrium almost all quantums occupy ground mass state while all excited mass states are practically unoccupied (which will be discussed detailedly latter). It implies that black hole mass quantums represent the Bose- Einstein quantum systems, i.e. bosons.

Suppose that corresponding entropy of the black hole ground mass state S can be defined by S = k_B M m_1 (6) where k_B represents the Boltzmann constant. It, according to (4), turns out in S = M m_1 = k_B 4πGM^2 h̄c = k_B πR^2c^3 h̄G = k_B A 4L^2_P (7) where A = 4πR^2 represents the black hole horizon surface, while L_P = (^{h̄G}_{c3} )^12 represents the Planck length.

Surprisingly, S (7) is identical to the Bekenstein-Hawking entropy of the Schwarzschild black hole obtained by accurate theories of the quantum gravity [1]-[4].

Differentiate S (7) over M that yields dS = k_B 8πGM h̄c dM = k_B 8πGM h̄c^3 dMc^2 = k_B 8πGM h̄c^3 dE. (8) where dE = dMc^2 represents the differential of the black hole total energy. Then, according to the first and second thermodynamic law it follows that T = h̄c^3 k_B8πGM = h̄c k_B4πR = m_1c^2 2k_B . (9)

can be considered as the black hole temperature.

Surprisingly T (9) is identical to the Hawking temperature of the black hole obtained by accurate theories of quantum gravity [1]-[4].

Further, in the additional approximation, i.e. by change of the differentials by finite differences, (8) turns out in ΔS = k_B 8πGM h̄c ΔM for ΔM ≪ M (10)

Assume ΔM = nm_1 for n = 1, 2, ... and ΔM ≪ M (11)

It, introduced in (10) and according to (4), (7), yields

ΔS = 2nk_B for n = 1, 2, ... and ΔM ≪ M (12) and ΔA = 2n(4L^2_P ) for n = 1, 2, ... and ΔM ≪ M (13) Surprisingly, ΔS (12) and ΔA (13) are identical to the Bekenstein’s quantization of the black hole entropy and horizon surface area obtained by accurate theories of quantum gravity [1]-[5].

In this way we presented an extremely simplified theory of the Schwarzschild black hole basic thermo-dynamical characteristics, Bekenstein-Hawking entropy, Bekenstein entropy/surface quantization and Hawking temperature. In fact, as it is not hard to see, our theory can be considered as a non-trivial limit of the Copeland-Lahiri accurate (closed string loop) quantum gravity theory [10]. In some way relation between our and Copeland-Lahiri theory is conceptually similar to relation between Bohr atomic theory and quantum mechanics.

3 Nernst theorem and a simple interpretation of the entropy for Schwarzschild black hole

Even if black hole entropy using accurate quantum gravity theories is unambiguously determined physical meaning of this entropy represents to this day unsolved problem. In this section we shall prove that this problem can be solved very simply within our theory.

As it is well-known [1]-[5], third law or Nernst theorem for the Schwarzschild black hole thermodynamics states the following. Surface gravity, which for Schwarzschild black hole has form proportional to temperature K = c^4 4GM = 2π( k_B h̄c )T (14)

, cannot arrive to zero value in any finite number of the steps, i.e. physical processes (e.g. mass additions).

On the other side Nernst theorem in the thermodynamics in general case states that temperature tends toward zero (which cannot arrive in any finite number of the steps), corresponding entropy tends toward a constant value corresponding in some way to the ground state degeneracy.

In case of the Schwarzschild black hole, according to (9), T can tend toward zero if and only if M tends toward infinity (so that T obviously cannot arrive zero in a finite number of the steps), but then, according to (7), S tends toward a constant but infinite value. It, according to the Nernst theorem, implies that value of the S corresponds in some way to the degeneracy of the ground mass state which increases when M increases.

Suppose that Schwarzschild black hole can be considered as a macro-canonical statistical ensemble of the mass quantums with energies m_nc^2 and degeneration g_n for quantum number or quantum state n = 1, 2, ....

Further, suppose that for practically all excited mass states there is no degeneration, i.e.

g_n = 1 for n = 2, 3, ... (15) while degeneration of the ground quantum state g_1 will be determined later.

Then, statistically averaged numbers of the mass quantums in the excited states according to Bose-Einstein distribution for corresponding macro-canonical ensemble, according to (3), (4), (9), are given by expression

N_n = g_n exp[^{mnc2−μ}_{kB T} ] − 1 = g_n exp[^{nm1c2−μ}_{kB T} ] − 1

(16)

for n = 1, 2, ... and m_1c^2 > μ

so that this number becomes smaller and smaller tending toward zero when excited quantum state n > 1 becomes higher and higher, in full agreement with previously introduced suppositions.

According to the standard statistical mechanics of the macro-canonical ensemble of the bosons (since according to previous supposition mass quantums represent bosons) entropy S_n for g_n degenerate ground state n has form

S_n = k_B(g_n ln[1 + N_n g_n ] + N_n ln[1 + g_n N_n ]) (17) for n = 1, 2, .... For excited quantum states, according to previous suppositions, it can be supposed that corresponding entropies are approximately equivalent to zero.

Also, according to the standard statistical mechanics of the macro-canonical ensemble of the bosons and previous suppositions, the following two conditions must be satisfied

Mc^2 = N_1m_1c^2 + N_2m_2c^2 + ... ≈ N_1m_1c^2g_n (18)

representing statistical average of the energy, and,

S = S_1 + S_2 + ≃ S_1 = k_B M m_1

= k_B (g_1 ln[1 +

N_1 g_1

] + N_1 ln[1 + g_1 N_1

]) (19)

representing total entropy. These expressions, according to (6), imply

N_1 = g_1 ln[1 +

N_1 g_1

] + N_1 ln[1 + g_1 N_1

] (20) or 1 = g_1 N_1 ln[1 +

N_1 g_1

] + ln[1 + g_1 N_1

]. (21)

It represents a transcendental algebraic equation with unknown variable^{g1}_{N1} and with numerical solution g_1 N_1

= 0.55 ≃ 0.5 = 1 2 . (22)

It implies g_1 = N_10.55 ≃ 0.5N_1 =

N_1 2 (23)

so that ground quantum state degeneration becomes determined as the one half of the statistically averaged number of the mass quantums in the ground quantum state.

Introduction of (23) in (16) for n = 1 implies

μ = k_B T (2 − ln[ 3 2 ]) = m_1c^2(2 − ln[ 3 2 ]) ≃ 1.59k_BT ≃ 3 2 k_BT = 3 4 m_1c^2 (24)

in full agreement with previously introduced suppositions.

Further, introduction of (24) in (16), according to (15), for n = 2 implies, according to (5),

N_2 ≃ 1 10 ≪ N_1 (25)

which simply implies N_{n+1} ≪ N_n ≪ N_1 (26)

for n > 2, in full agreement with previously introduced suppositions.

Thus, it is proved that by mentioned quantized gravity self-interaction of the Schwarzschild black hole there are bosonic mass quantums that, practically, totally occupy highly degenerate ground quantum state (with degeneration proportional to the one half of the square of the black hole mass) while all excited, non-degenerate quantum states stand totally unoccupied. Then, according to the third law or Nernst theorem of the black hole thermodynamics, we suggest a simple interpretation of the black hole entropy as the (practically twice) degeneration of the Schwarzschild black hole ground quantum state (in Boltzmann constant units).

4 Conclusion

In conclusion we can shortly repeat and point out the following. In this work we present a simple theory of the Schwarzschild black hole basic thermo-dynamical characteristics, Bekenstein- Hawking entropy, Bekenstein entropy/surface quantization and Hawking temperature. In our theory many calculation steps are extremely simplified and formal (expressed mathematically via usual algebraic equation and physically via a phenomenological postulate conceptually similar to Bohr orbital momentum quantization postulate). Nevertheless, final results, i.e. formulas on mentioned black hole basic thermo-dynamical characteristics obtained by our theory are effectively identical to corresponding results obtained by accurate theories of the quantum gravity. Moreover, according to the third law or Nernst theorem of the black hole thermodynamics, we suggest a simple interpretation of the black hole entropy proportional to the degeneration of the ground state. In this way our theory can be very useful for the quantum gravity non-specialists (and even specialists).

5 References

[1 ] General Relativity: An Einstein Centenary Survey, S. W. Hawking, W. Israel eds. (Cambridge University Press, Cambridge, 1979)

[2 ] R. M. Wald, General Relativity (Chicago University Press, Chicago, 1984)

[3 ] R. M. Wald, Quantum Field Theory in Curved Spacetime and Black Hole Thermodynamics (Chicago University Press, Chicago, 1994)

[4 ] Black Holes, Gravitational Radiation and the Universe, B. R. Iyer, B. Bhawal eds.

(Kluwer, Dordrecht, 1998) [5 ] V. P. Frolov, D. I. Novikov, Black Hole Physics: Basic Concepts and New Developments (Kluwer, Dordrecht, 1998) [6 ] L. Susskind, J. Uglum, Black Hole Entropy in Canonical Quantum Gravity and Superstring Theory, Phys. Rev. D50 (1994) 2700 [7 ] A. Strominger, C. Wafa, Microscopic Origin of the Bekenstein-Hawking Entropy, Phys.

Lett. B379 (1996) 99 [8 ] S. Hossenfelder, What Black Holes can teach Us, hep-ph/0412265 [9 ] D. V. Fursaev, Can One Understand Black Hole Entropy without Knowing Much about Quantum Gravity, gr-qc/0404038 [10 ] E. J. Copeland, A.Lahiri, Class. Quant. Grav. 12 (1995) L113 ; gr-qc/9508031