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Abstract

:

In this work we show that the area of the event horizon of the Chong–Cvetic–Lu–Pope black hole can be reconstructed in terms of the spectra of the Laplacian on the event horizon. This result, which extends previous works regarding the de Sitter–Kerr–Newman case, points towards a possible description of the black hole degrees of freedom in terms of the spectra of canonical operators defined on the event horizon.
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1. Introduction


The long-sought unification of General Relativity (GR) and Quantum Theory (QT) into a full theory of Quantum Gravity (QG) remains, up today, elusive. If the language of both GR and QT should be linked at some level in order to incorporate the essentials of both theories, Spectral Geometry (SG) emerges as the natural arena to formulate QG: geometry coming from GR and functional analysis coming from QT. Roughly speaking, SG tries to describe the shape of a manifold through its vibrational spectrum. Although the subject was firstly introduce in pure mathematics by Weyl [1] (see, for example, [2]), it started to bring the attention of the physics community working in gravitation in the late 90s from the works of Chamseddine and Connes [3,4] and Rovelli [5]. Recently, it has been pushed forward by Kempf and coworkers [6,7]. For QG, SG tries to answer to what extent the curvature of compact n-dimensional Riemannian manifolds without boundaries can be described in terms of the spectra of canonical differential operators (Laplace or Dirac, for example) defined on such a manifold. Although the Lorentzian case has been studied to a lesser extent [8] than the Riemannian version, the later remains of interest within the Euclidean approach to QG. In addition, the degrees of freedom of gravity would be cleanly identified as the relevant set of eigenvalues which, being invariants, would be then free from important problems such as non-diffeomorphism invariance, for example. However, although SG offers a promising new look at QG, the question of the existence of isospectral but non-isometric manifolds [9], together with the almost intractabilility of the problem in the generic case of manifolds without symmetries representing a general space-time, makes the approach difficult to implement, although several advances has been recently achieved [10].



Regarding black holes (BHs), whose role as keepers of the secrets of QG are free from any doubt, SG has been scarcely used to disentangle their properties. In particular, Engmann and coworkers [11] explicitly reconstructed the metric of the Kerr–Newman event horizon from the spectrum of its Laplacian. Even more, they gave an unique and explicit determination of the metric for the uncharged case from the aforementioned spectrum, which they interpreted, by using Robinson’s uniqueness theorem [12], as if “One can hear the shape of noncharged stationary axially symmetric BH space-times by listening to the vibrational frequencies of its event horizon only” [11]. This result was later extended to the de Sitter–Kerr–Newman case [13], showing that the metric is uniquely determined by the union of the spectra of its cosmological and event horizons. Interestingly, the authors concluded in Ref. [11] by noting that their main results are consistent with the holographic principle since the whole metric space-time structure can be encoded in the intrinsic spectral data of the corresponding two-dimensional event horizon surface, suggesting that the spectrum of the Laplacian on event horizons should playing an important and unnoticed role in the space-time manifold.



The purpose of this work is twofold: (i) to extend Engmann’s works to more complex BH solutions beyond GR such as the Chong–Cvetic–Lu–Pope (CCLP) BH solution of   4 D   gauged supergravity [14,15] and (ii) to encourage the study of the role of the spectrum of the Laplacian on event horizons as possible BH degrees of freedom. The idea behind considering the CCLP solution is that, although it corresponds to a effective   4 D   model, this is connected with theories which microscopical degrees of freedom are well–known (in principle). So, the use of SG in this context should give more confidence in to use it as a tool to explore how the quantum effects emerge in the underlying geometry. Besides, we are interested in to prove that we are able to express the horizon metric of theories beyond GR in an adequate form that could allow to identify the horizon area in a straightforward way as in [11], for example.



This work is organized as follows. Section 2 summarizes the main features of supergravity theories having the (CCLP) as a particular solution, which is later described using some convenient variables in Section 3. The main calculation of the spectra of the event horizon is developed in Section 4, while the discussion and conclusions are left to Section 5.




2. Gauged and Ungauged Supergravities in 4D


The supergravity theories are theories with local supersymmetry [16]. They are effective background theories which have correspondence with strings   ( D = 10 )  ,   M 2   branes and p-branes (in   D = 11   and other dimensions, respectively), see for example [17]. The 11-dimensional supergravity is unique and corresponds to the low energy effective theory of the conjectured M-theory, which should be a theory of everything [18]. Supergravities can be formulated in various space-time dimensions and they can be ungauged or gauged (in the literature we can also find the massive supergravities that are deformations of an ungauged supergravity where some fields acquire mass), and depending on supersymmetries allowed, they can be called as maximal, half-maximal and so on.



In the ungauged supergravities, the matter fields are not charged under the abelian gauge group, while the gauged ones come with non-abelian groups under which the matter fields are charged, see [19]. The gauged supergravities are deformations of ungauged ones. There are different ways to obtain ungauged and/or gauged supergravities in diverse dimensions   D < 11  . In the case of ungauged supergravities, it can start from a   D = 11   maximal supergravity and reducing dimensionally on a torus   T n   we obtain ungauged supergravities in   ( D − n )   dimensions. On the other hand, the type Scherk–Schwarz dimensional reductions, the compactifications using geometric and non-geometric fluxes, and the compactifications in presence of p-forms fluxes, produce gauged supergravities, from ungauged ones, in lower dimensions [19]. For a complete review on supergravities and their solutions in   D = 4   see [20].



The BH solution appears in supergravity theories in diverse dimensions [20]. There are different ways to construct these solutions. In the string context there exists the so-called solution-generating technique (for a easy description see [21]), that generates a new solution (from a known BH one) which in general has charges associated with it.



In this work, we use a BH solution constructed using the method in [14,15] for   N = 4  ,   D = 4   gauged supergravity. It is a charged rotating BH, with four charges pairwise equal. This solution verifies the equations of motion that are coming from a lagrangian which is a consistent bosonic truncation of   S O ( 4 )  N = 4   gauged supergravity, where only the   U ( 1 ) × U ( 1 )   charged abelian fields are included. In order to construct it, the authors considered the form of Kerr–Newman–AdS BH and the solution with four charges pairwise equal from   N = 4 , D = 4   ungauged supergravity [14,15].



Specifically, the   N = 4    D = 4   bosonic CCLP Lagrangian is


     L = R ∗ 1 −  1 2  ∗ d  φ 1  ∧ d  φ 1  −  1 2   e  2  φ 1    ∗ d  χ 1  ∧ d  χ 1  −  1 2   e  −  φ 1     ( ∗  F  ( 2 ) 1   ∧  F  ( 2 ) 2   + ∗  F  ( 2 ) 2   ∧  F  ( 2 ) 2   )  +       −  1 2   χ 1   (  F  ( 2 ) 1   ∧  F  ( 2 ) 1   +  F  ( 2 ) 2   ∧  F  ( 2 ) 2   )  −  g 2   ( 4 + 2 c o s h  φ 1  +  e  φ 1      χ 1   2  )  ∗ 1  ,     








where   φ 1  ,   χ 1  ,    F  ( 2 ) 1   = d  A  ( 1 ) 1    ,    F  ( 2 ) 2   = d  A  ( 1 ) 2     are the dilaton, the axion and the field strengths, respectively. g is a constant in the scalar potential.



The authors of Ref. [14] mention that this CCLP solution, when uplifted to   D = 11  , represents a rotating M2-brane with rotations in the world-volume and the transverse space. They used the reduction ansatz applied by [22] to obtain   N = 4   gauged supergravity from   S 7   reduction of   D = 11   supergravity. This is an interesting result because M2-brane plays a main role in M-Theory. Moreover, Stelle and Duff [17,23] found a solution of   D = 11   supergravity that couples to a 2-brane charged as a source. Besides, this gauged supergravity solution provides new gravitational backgrounds for a further study of the   A d  S 4  / C F  T 3    given that such non-extremal solutions play an important role in the study of the dual field theory at non-zero temperature.




3. The Chong–Cvetic–Lu–Pope Metric and Its Event Horizon


The non-extremal rotating charged CCLP BH solutions we are interested in are given, in a frame that rotates at infinity, by [14,15]


     d  s 2     =    −   Δ r  W    d t − a  sin 2  θ  Ξ  − 1   d  ϕ 2   2  + W    d  r 2    Δ r   +   d  θ 2    Δ θ          +       Δ θ   sin 2  θ  W   a d t −  (  r 1   r 2  +  a 2  )   Ξ  − 1   d  ϕ 2   ,     



(1)




where


     r i    =    r + 2 m  s  i  2        Δ r    ≡     r 2  +  a 2  − 2 m r +  g 2   r 1   r 2   (  r 1   r 2  +  a 2  )        Δ θ    =    1 −  g 2   a 2   cos 2  θ      W   =     r 1   r 2  +  a 2   cos 2  θ      Ξ   =    1 −  a 2   g 2  .     



(2)







As usual, m and a are the mass and angular momentum parameter of the hole, while    s i  = sinh  δ i   ,    c i  = cosh  δ i   , with   δ i   being related to the charges of the solution. Finally, g is related to the intensity of the scalar potential. As we are only interested in the gravitational sector of the solution, the corresponding solutions for the gauge, axion and dilaton fields will not be revised nor commented (the interested reader can find them in [14]).



Following Smarr [24], we define the scale parameter by


  η =    r 1 +   r 2 +  +  a 2     



(3)




and the distortion parameter by


  β =  a    r 1 +   r 2 +  +  a 2     ,  



(4)




where    r i +  =  r +  + 2 m  s  i  2    with   r +   the horizon radius. Even more, we introduce a new parameter given by


  ξ = −    a 2   g 2    1 −  a 2   g 2    .  



(5)







After defining   x = − cos θ  , the metric of the event horizon (H), which is obtained by setting   d r = d t = 0  , with   r =  r +    in Equation (1), can be written as


  d  s  H  2  =  η 2   ( 1 − ξ )     d  x 2    f ( x )   + f  ( x )  d  ϕ 2   ,  



(6)




with


  f  ( x )  =   1 − ξ ( 1 −  x 2  )   1 −  β 2   ( 1 −  x 2  )     ( 1 −  x 2  )  ,  



(7)




with   x ∈ ( − 1 , 1 )  . Note that   f ( − 1 ) = 0 = f ( 1 )   and    f ′   ( − 1 )  = 2 = −  f ′   ( 1 )   . Realising that the metric in the event horizon can be written as in Equation (6) is the main technical contribution of this work.



With this writing at hand, the area of the event horizon,    A H  =  ∫  − 1  1   ∫  0   2 π        ( 2 )   g     d x   d ϕ  , where      ( 2 )   g   stands for the determinant of the 2-metric, can be expressed as


   A H  = 4 π  η 2   ( 1 − ξ )  .  



(8)








4. The Spectral Determination for the Event Horizon


In this section, we review the techniques of Engman [11,25,26] in order to apply them to the event horizon of the metric given by Equation (1).



Let us study the Laplacian


   Δ H  = −  1  g    ∂  ∂  x i      g   g  i j    ∂  ∂  x j      



(9)




on the event horizon.



In   ( x , ϕ )   coordinates, we have


   Δ H  = −  ∂  ∂ x    f  ( x )   ∂  ∂ x    −  1  f ( x )     ∂ 2   ∂  ϕ 2    .  



(10)







We can separate variables to obtain that the eigenspace of   Δ H  ,   E  λ m   , is given by [27]


   E  λ m   =  ⨁  k = − m   k = m    e  i k ϕ     W k  ,  



(11)




where   W k   is the eigenspace of the operator


   L k  = −  d  d x    f  ( x )   d  d x    +  k  f ( x )   .  



(12)







Note that the spectrum of the event horizon (H),   Spec ( H )  , is given by


  Spec  ( H )  =  ⋃  k ∈ Z   Spec  (  L k  )  ,  



(13)




with   L k   the spectrum of the ordinary differential operator given by


  Spec  (  L k  )  =  { 0 <  λ k 1  <  λ k 2  < ⋯ <  λ k j  < ⋯ }   



(14)




for all   k ∈ Z  .



Each   L k   has a Green operator,   Γ k  , whose spectrum is [11]


  Spec  (  Γ k  )  =    1  λ k j     j = 1  ∞  .  



(15)







Even more, the trace of   Γ k   is given by


   γ k  =  ∑  j = 1  ∞   1  λ  k  j    



(16)







Finally, in Refs. [25,26] it is showed that, for a surface with a metric given by


  d  s 2  =   d  x 2    f ( x )   + f  ( x )  d  ϕ 2  ,  



(17)




we have


   γ 0  =  1 2   ∫  − 1  1    1 −  x 2    f ( x )   d x  



(18)




and


   γ k  =  1  | k |   , k ≠ 0 .  



(19)







Then, as the metric of the event horizon and that of Equation (17) are related by


  d  s  H  2  =  η 2   ( 1 − ξ )  d  s 2  ,  



(20)




their spectra are related by


  λ ∈ Spec  ( d  s 2  )  ⇔  λ   η 2   ( 1 − ξ )    ∈ Spec  ( H )  .  



(21)







Therefore, using these techniques we get that, for the event horizon of the BH under consideration,


   γ 0  =  η 2   1 −  β 2  +  ( ξ −  β 2  )  g  ( ξ )   ,  



(22)




and


   γ k  =    η 2   ( 1 − ξ )    | k |     ( k ≠ 0 )  ,  



(23)




where we have defined an auxiliary function given by   g  ( ξ )  =       1 − ξ  ξ   arctan   ξ  1 − ξ     − 1  ξ   .



Based on Equations (22)–(24), it can be shown that the area of the event horizon can be represented, for each   k ∈ N   as


   A H  = 4 π  | k |   γ k  ,  



(24)




which, being one of Engman’s main results, we have shown it can be applied to the CCLP BH.




5. Discussion and Final Conclusions


At this point, a couple of comments are in order: (i) We emphasize that, due to the writing we have performed, Engman’s results can be trivially applied to Equation (6); (ii) The expression for the area of the event horizon in Equation (24) can be considered a generic result for certain metrics. Specifically, it is well known [28] that an   S 1   invariant two dimensional manifold diffeomorphic to the sphere with mirror symmetry about its equator is uniquely determined by its spectrum. This has been generalized by Zelditch [29] for certain surfaces of revolution. Interestingly, the class of metrics considered by Zelditch include the Kerr–Newman [11] and the CCLP event horizons as we have shown here. Even more, whether this property may hold more generally for certain classes of BH event horizons can be tested by looking at Zelditch’s requirements [29]:




	
  S 1   invariance implies the existence of two fixed points (let us call north (N) and south (S) poles).



	
In geodesic polar coordinates centered at N, the metric can be written as   g = d  r 2  + a   ( r )  2  d  θ 2   .



	
  a ( r )   is real analytic.



	
  a ( r )   has one critical point at   r 0   with    a  ″    (  r 0  )  < 0  . This critical point corresponds to a “equatorial geodesic”.



	
The Poincare map for the equatorial geodesic is of twist type.








Up to our knowledge, conditions 1–3 are usually satisfied for all BH event horizon surfaces. However, condition 3 rules out planar and hyperbolic horizons. Finally, condition 5 is included to ensure that there are global action-angle variables for the geodesic flow and it should be evaluated in any particular case of interest.



Finally, we present a brief summary of the main findings shown by Engman regarding the Kerr–Newman [11] and the de Sitter–Kerr–Newman [13] solutions together with the case here studied.



5.1. Kerr–Newman


In this case, the metric of the Kerr–Newman event horizon can be determined with   γ 0   and   γ 1  . One can reconstruct this metric by using   γ 0   together with   γ k   for any k. In addition, all the physical parameters (  m , a , Q  ) can also be written in terms of the spectra. Even more, by using Robinson’s uniqueness theorem [12], Engman shows that the whole spacetime (for the uncharged case) can be explicitly constructed from the spectra of the Laplacian on the event horizon.




5.2. Kerr–Newman–de Sitter


When a positive cosmological constant is added, Engman shows [13] that all the parameters of the solution (  m , a , Q , Λ  ) can be given in terms of two different types of trace formulae associated with the Laplacian on the event and the cosmological horizon.




5.3. Chong–Cvetic–Lu–Pope


In this case, the constraint    Δ r  = 0   give four horizons as in the de Sitter–Kerr–Newman solution. Unfortunately, due to the intricate form of   Δ r   (due to the coupling between the charges and the intensity of the scalar potential) compared with that of the de Sitter–Kerr–Newman case, we were not able to express the parameters of the metric in terms of the eigenvalues of the Laplacian. However, we were able to adapt the strategy follow by Smarr to write the area of the event horizon in a convenient way and as a consequence, we demonstrated that it can be constructed in terms of the spectra of the Laplacian, as in the (de Sitter–)Kerr–Newman cases.



Regarding the physical interpretation of the Laplace spectra of the event horizon, several comments are in order. As pointed out by Engman [11], (i) the quantities   γ k   are fundamental quantities coming from the discrete set of vibrational wave frequencies on the event horizon (ii) the angular momentum operator coming from the separation of variables on Teukolsky’s Equation [30] is closely related to the Laplacian (iii) quasinormal mode frequencies are also related to the separation constants in the former separation of variables and (iv), from the holographic point of view, the importance of the spectra, which determines the area of the event horizon, is guaranteed. In the case here studied, the determination of the area from the spectra can serve as a preliminary step towards an understanding of the string (or other supergravity theories) degrees of freedom in terms of the spectra of certain canonical operators defined on the event horizon. We hope that other authors will pursue this line of research in order to see the robustness of this idea.
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