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Event horizon of a Schwarzschild black hole: Magnifying glass for Planck length physics
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An attempt is made to describe the “thermodynamics” of semiclassical spacetime without specifying the
detailed “molecular structure” of quantum spacetime, using the known properties of black holes. | give
detailed arguments, essentially based on the behavior of quantum systems near the event horizon, which
suggest that the event horizon of a Schwarschild black hole acts as a magnifying glass to probe Planck length
physics even in those contexts in which the spacetime curvature is arbitrarily low. The quantum state describ-
ing a black hole, in any microscopic description of spacetime, has to possess certain universal form of density
of states which can be ascertained from general considerations. Since a black hole can be formed from the
collapse of any physical system with a low energy Hamiltortait is suggested that the high energy behavior
of any system should be described by a modified Hamiltonian of the Fbfm=A? In(1+H%A? where A2
ocE,%. | also show that it is possible to construct several physical systems which have the black hole density of
states and hence will be indistinguishable from a black hole as far as thermodynamic interactions are con-
cerned. In particular, black holes can be thought of as one-particle excitations of a classlafal field
theories with the thermodynamics of black holes arising essentially from the asymptotic form of the dispersion
relation satisfied by these excitations. These field theoretic models have correlation functions with a universal
short distance behavior, which translates into the generic behavior of semiclassical black holes. Several im-
plications of this paradigm are discussgf0556-282(199)04012-4
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I. INTRODUCTION based on the approximate theory. An analogy might make

this point of view clearer. In the study of a fluid system, one

It is generally believed that the spacetime continuum willcan obtain solutions to hydrodynamic equations describing
give way to a more fundamental level of description atthe coarse-grained behavior. In special circumstances, such

length scales smaller than Planck lendth=(G#/c®)Y2  asin the case of shock waves, one can also obtsirffeient

corresponding to energy scales larger tigg=Ls". Ap-  condition for the breakdown of hydrodynamic description by
proaches to quantum gravity based on strings or Ashtekastudying these solutions. But if a very high energy beam of
variables[1,2] strengthen such a belief. If this is the case,photons propagates through the fluid probing length scales
then the spacetime continuum—described by a solution tgomparable to those of constituent particles, then the smooth

Einstein equations—is an approximate, coarse grained corftuid description will necessarily breakdown around the re-

cept, similar to the continuum description of a fluid or gas.gion where the external influence interacts with the micro-

Einstein’s equations have a status similar to that of equationscopic structure of the fluid. Similarly, if the modes of an

of fluid mechanics and are of limited validity. external field can probe scales comparable to Planck length

Where exactly does the description based on Einstein’in some region of spacetime, then we cannot describe phys-
equations fail? It seems reasonable that the continuum dées around that region using Einstein’s equations. Normally,
scription will fail whenever the length scale associated withvirtual modes of arbitrarily high energy of matter fields do
the spacetime curvature is comparable to that of Plancinteract strongly with the quantum microstructure of space-
length. While this may be sufficientcriterion, it need not be time; but this is of no consequence unless such a virtual
necessarylt may be possible to see the effects of the underprocess can manifest as a real one in some way. This is
lying theory in special circumstances, even if the curvatureexactly what happens in spacetimes with an event horizon,
of the spacetime is arbitrarily small. | will argue in this paper such as that of a black hole. | shall elaborate on this theme in
that physics near event horizons can give glimpses of theénis paper.

structure of the underlying theory, even if the corresponding This paper is organized as follows. Section Il gives a

spacetime curvature is arbitrarily small, and show how thisdetailed conceptual foundation of this attempt and compares

information can be utilized. it with other approaches. Section Ill presents an argument
The key reason which prompts me towards this point ofindicating why the formulation of statistical mechanics of
view is the following. If the spacetime has a certain quantumany system runs into trouble in spacetimes with horizon and

mechanical microstructure at Planck scales, and the cormsuggests a possible transmutation of the Hamiltonian of a

tinuum description based on Einstein’s equations is a coarsgystem, if the system collapses to form a black hole. The role

grained one, then theecessarycriterion for the breakdown of horizon in semiclassical gravity.e., quantum fields inter-

(or otherwisg of the continuum description should not be acting with classical gravityis discussed next, in Sec. IV. A
simple derivation of Hawking evaporation is given, high-
lighting the role of the infinite redshift produced near the

*Email address: paddy@iucaa.ernet.in event horizon. This analysis shows that the event horizon is
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likely to play a vital role in the quantum description of ential equation, it is independent of the detailed dynamics of
spacetime itself. This role is discussed in Sec. V, where it ishe degrees of freedom hidden inside the horizon. As far as
shown that all of black hole thermodynamics can arise fronthe solution to that equation is concerned, we only need to
a particular form of density of states. In Sec. VI, | discuss theémpose a boundary condition on the event horizon.
consequences of such a universal density of states for the a Comparison of the above two arguments suggest that, in
black hole and present a simple field theoretic model degither case it is theurfaceof the black hole, viz. the event
signed in such a way that the quanta of this field have thiorizon, which will play a vital role. In the first line of think-
density of states. In this approach, the black hole represenfgg this surface blocks out degrees of freedom and provides
the one-particle state of a given energy of this system. Thg,q jstification for tracing them out. In the second approach,
last section summarizes the paper. The key new results are s hecessary to impose boundary conditions on the surface
Sec. VI and readers impatient with descriptions of points Ofiy grger to understand the dynamics of the fields in the out-
view may o go directly to that section, though it is not a gije - Again, in the first approach, it is very clear that this
recommended procedure. surface must be an event horizon to play this role; otherwise
it cannot block out the degrees of freedom. In the second
approach, this is not so self-evident but arises from the na-
ture of the conical singularity at the horizon and the structure
Since | want to attribute very special status to spacetimesf the corresponding Euclidian extension. There has also
with infinite redshift surfaces, | will begin by recalling cer- been attempts in literature to attribute the entropy to the
tain well known features about them. To focus the ideas, properties of this surface its€l5].
will discuss the case of a Schwarzschild black hole and use In all the approaches outlined above, quantum gravita-
the concepts of infinite redshift surface and event horizonional effects do not play any role and one need not leave the
interchangeably. This is clearly not permitted in more gencomforts of the spacetime continuum as a backdrop for
eral contexts, and | briefly discuss this issue at the end of thstudying physics(This is usually justified by arguing that
paper. The results presented here may be taken to cover ortlye curvature at the event horizon for a stellar mass black
Schwarzschild spacetime, at present. Whenever | mentiohole is quite small and quantum gravity should not play a
event horizon or infinite redshift surface in this paper, it re-role; as | will argue in this paper, this is not sufficient justi-
fers to the Schwarzschild spacetime. fication) A third point of view, which will be advocated
At the classical level, the horizon of a black hdlehich  here, is to treat the black hole entropy as arising due to
is the simplest infinite redshift surfacélocks out certain quantum structure of spacetime itself. In such an approach,
degrees of freedom from the outside observers. Dynamicallpne would like to think of classical spacetime as a very
it allows one to describe a black hole by just three parameoarse level descriptiofsuch as that of a macroscopic gas-
eters irrespective of the initial configuration of matter which eous system The true Planckian level description of space-
collapsed to form the black hole. This idea has led Bekentime will involve certain degrees of freedom which are ex-
stein[3] and later workers to suggest that “blackholes havecited only when Planck energy processes take place. Such a
entropy.” Historically, an entropy was attributed to the black description, of course, should be universally applicable irre-
hole before a temperature was assigned, essentially due $pective of the nature of the semiclassical or classical metric
the role played by the event horizon. which eventually arises in a particular context. Since certain
Since then many workers have trigt] to understand the microscopic degrees of freedom of spacetime are traced out,
origin of black hole entropy and temperature but no cleatone may think thatny spacetime will have a nonzero en-
consensus has emerged. The discussion usually centerspy directly related to the number of microstates which are
around the the question of which degrees of freedom areonsistent with certain macroscopic parameters which iden-
contributing to black hole entropy. Is the black hole entropytify the classical spacetime. The question then arises as to
a property of the matter fields which were outside the incipi-what is special about a black hole spacetime. The answer, as
ent black hole? Or, does it represent the degrees of freedohwill argue below, has to do with the existence of an infinite
(both gravitational and matteon the horizon or inside, hid- redshift surface. Classically, the infinite redshift of an event
den by the horizon? horizon acts as a great equalizer and arranges matters in such
The view that the entropy originates due to modes hiddem way that very many collapsing configurations can all be
by the horizon is more in conformity with the idea that the described by the same kind of metric. Semiclassically, the
entropy arises from integrating over the degrees of freedomaxistence of infinite redshift immediately leads to black hole
not relevant to the outside observer. On the other hand, theadiance and thermal spectrum. At the next level, quantum
degrees of freedom of matter field outside the horizon are thgravitationally, it is possible that the infinite redshift
ones which are of direct concern in any quantum field theorystretches out the subplankian degrees out of freedom and
calculations carried out in Schwarzschild metric. The exisinakes them “visible” to us at low energies.
tence of event horizon or the specific nature of the metric The above program has two parts: kinematical and dy-
enters only through boundary conditions imposed on thenamical. The kinematical part attributes certain substructure
event horizon. Another way of stating this result is the fol-to spacetime and assumes that any given macroscopic space-
lowing: The Feynman Green function for the quantum fieldtime can be consistent with very many different configura-
contains all the information about the free fields which aretions of the underlying—as yet unspecified—substructure.
outside the black hole. Since it satisfies a local partial differ-This is, of course, similar to what is being done in attempts

Il. PROLOGUE
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to derive black hole entropy from strings or Ashtekar vari-degrees of freedom which are unexcited in a given physical
ables[6,7]. But while these attempts are from “bottom-up” context does not contribute to thermodynamics. For example,
and tries to arrive at the entropy from a microscopic theorythe degrees of freedom of atomic nuclei or quarks will not
of quantum gravity, | want to proceed in a “top-down” fash- contribute to the specific heat of a solid at ordinary tempera-
ion and try to arrive at some broad characterization of thdures. This, in fact, is the reason why the entropy of an ordi-
microscopic theory from the known classical and semiclashary spacetime is effectively zero. In a normal spacetime,
sial properties of the black holes. In fact, the true spirit of the®nergy scales above Planck energies are hardly excited and
above approach will require the final result to be independerh'”exc'ted levels do not contribute to entropy. Infinite redshift
of the detailed nature of the substructure and depend only opHrfaces provide a way of magnifying Planck level physics
the existence a§omesubstructure. For example, both strings 21d make it visible. Dynamically, this arises from the fact

and Ashtekar variables could lead to the same kind of blackhat virtual modes of Planckian energy are converted into
hole entropy. real modes of sub-Plankian energies in such spacetimes. |

One clear(negative’? aspect of this point of view, which Stress the fact that having spacetime microstructure is only
seems to me inevitable, is that black hole entropy is nofn€ aspect of any entropy calculation. One should have rea-
going to help us in deciding the final version of quantumSOnable grounds to believe that dynamical process which ex-
gravity. Attempts to derive laws of quantum gravity using cite these microlevels are also present in the spacetime. This
insights of black hole entropy will be somewhat similar to h@Ppens naturally when an infinite redshift surface is avail-
attempts in deriving microscopic laws of physics from the@bPle- _ _
laws of equilibrium thermodynamics. It should, however, be [tiS @lso easy to see how certain well known features will
remembered that original hypothesis of Max Plangk, 2&se naturally in this picture. Since one cannot operationally
=f o, did arise from an attempt to understand the behaviof€@sure length and time scales below Planck values, any

of radiation in thermodynamic equilibrium. Something simi- complete theory necessarily has to accommodate this feature

lar should be certainly possible. This could amount to havingn a fundamental manner. In the naivest level, this is equiva-

insight over the existence of certain internal degrees of fre¢€Nt t0 assuming that the number of independent microcells

dom, their density of states, etc. Given the equilibrium ther\Which are present in a region of spacetime of voluheill

modynamics of radiation field, one could have never obD€ aboutN=~V/LZ. All these states wilhot, however, con-
tained the full quantum theory of radiation, but could only tribute to entropy in the_sgmlclasswal limit. In order to_make
infer the existence of quanta. Similarly, given the equilib-these states contribute it is necessary to have a physical pro-
rium thermodynamics of the black hole, we will not be able €SS which excites them. Though virtual processes of Planck-
to obtain the dynamical equations of quantum gravity buti@n energies and above will be constantly exciting and deex-
may be led to the inevitability of the existence of certainCiting them, to gebbservableentropy, we need a situation in
microscopic degrees of freedom whitéventually leads to ~ Which thevirtual excitation of super-Planckian energies are
the continuum spacetime in the coarse grained point of viewconverted taeal excitations of sub-Planckian energies. This
On the positive side, such an approach has the advantage tha0ssible in a spacetime with an infinite redshift surface, by
it is independent of the detailed dynamics of the microscopi¢he in-going modes of super-Planckian energies. But it oc-
theory about which we have no consensus. We should onI§urs in a thin shell of thickness, around the event horizon,
require the minimal assumption that the microscopic strucl-€., in a region of volume of the siaé=ALp whereA s the

ture of spacetime has certain degrees of freedom which a@€a of the event horizon. Simple combinotrics arguments
traced out in the macroscopic limit. The behavior of a solid[Se€, €.9., Eq25)] show that the entropy will now turn out

in terms of elastic constants or that of gas in terms of therto be proportional toN=(V/L})=(A/L?), that is, to the
modynamic variables should not depend on our knowing th@rea of the infinite redshift surface.

atomic physics; historically, it did not. The question | want

to address is similar: Can we develop a working theory for || pyASE VOLUME AND ENTROPY IN SPACETIMES
“thermodynamics of spacetime” without knowing the “mo- WITH HORIZONS

lecular basis of spacetime”?

The dynamical aspect of the above program, which | will ~ Since the event horizon seems to play an important role in
concentrate on in this paper, is closely related to the task dhe study of statistical concepts such as entropy, | will begin
understanding why spacetimes with infinite redshift are speby discussing a thought experiment related to the statistical
cial. It is well known that frequencies of outgoing waves atdescription of any system in a region surrounding an incipi-
late times in blackhole evaporation correspond to supeent black hole. The statistical mechanics of such a system
Planckian energies of the in-going modes near the horizonwill require computation of the phase volume available for
One must then consider the possibility that these in-goinghe system when its energy B | will show that certain
modes interact with the microscopic degrees of freedom oflifficulties arise in formulating the statistical mechanics of
the spacetime located near the event horizon. This ties up ttiBe system even at the classical level when an event horizon
two separate ideasi) There are internal degrees of freedom forms in the spacetime.
in spacetime which are ultimately relevant for blackhole en- Consider a system df relativistic point particles located
tropy. (i) There is a dynamical mechanism for exciting thesein a static spacetime with line element
degrees of freedom in spacetimes with infinite redshift sur-
face. The second feature is absolutely essential. Existence of — ds?=gg(x)dt?— yaﬁ(x)dx“dxﬁ (a,=1,2,3. (1)
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Any particle with four-momentunp? possess the conserved for t=2M. In other words, the entropy dny system of
energy (scalaj E=¢,p? in such a spacetime wheré®  particles located outside a collapsing star diverges as the star
=(1,0) is the timelike Killing vector field. Standard statisti- collapses to form a blackhole due to the availability of infi-
cal mechanics of this system is based on the density of stateste amount of phase space.

gn(E) which, in turn, can be built out of the density of state A similar disaster occurs even for a field. The wave equa-

0(E)=gn-=1(E) for individual particles tion describing a scalar field can be written in the form
Po_ L P L)
gN(E):inNg(Ei)dEi 5(5—2 Eil. ) a2 o) e Tame @t me =0 (@)

near the horizon if we use the spatial coordinatdefined
The volume of phase space available for a single particlghroughr —2M =2M exp(). (Here V2 (2 is the Laplacian on
with energyless than Eis given by ther = const surface As x— — o the fleld becomes free and

solutions are simple plane waves propagating all the way to

N i x=—oo. The existence of such a continuum of wave modes
I'(E)= | dx*dp, O(E—-&p) will lead to infinite phase volume for the system. More for-
mally, the number of modeN(E) for a scalar fieldg$ with
_am 3w =2 N vanishing boundary conditions at two radi R andr=L is
f Vydxe (B%go=m™®% (3 ien
L
where® is the Heavside theta function. The first form of the N(E)= i | di(21+1
_ , ; (B)= Ty / ( )
expression shows thadt(E) is generally covariant; the sec- R ( r
ond expression is obtained by integrating over the momen- oM I(1+1)| 122
tum variables. This result is identical to the one which would x| E2— ( 1— _) ( m2+ _2”
have been used by any locally inertial observer at an event r r
P(t,x*) who attributes a local value of enerdsi,.=u'p; 2 L 24 2M 32 T(E
=E(goo) 2 to the particle(For more details, see RdB].) :_j %[EZ—(l _) 2} :(_)3
The density of states is given lfE) =[dI'(E)/dE] and the 37Jr(1=2M/r) r (27)
entropy of the system iS(E)=Ing(E). All of the standard (8)

statistical mechanics of the system in an external gravita-

tional field described by the metric in E¢L) will follow in the WKB limit [10,11. This expression diverges 4%

from the expression for the space volume. —2M showing that a scalar field propagating in a black hole
Consider now the spacetime of a spherical star of nvass spacetime has infinite phase volume and entropy. The diver-

and radiuR>2M. The phase volume available for a particle gences described above occur around any infinite redshift

located outside the star is given by surface and is a geometrfcovarian} phenomenon.
This result, which shows that even conventional statistical
1672 (Romx  rdr oM\ 1372 mechanics does not exist in a spacetime with infinite redshift
I'(E)= 3 f (1= 2MIr)? Ez—mz(l— T” , surface, need to be taken seriously. Physically, black holes

are fairly strange kind of entities when viewed from the point
4 of view of statistical mechanics; statistical physics is based

on mutualinteractions of constituents leading to energy ex-
where Rya=2M(1—E?/m?)~* is the maximum radius al- change where any subsystem can influearugbe influenced
lowed for energyE<<m. For E>m, we shall assume that the by the rest of the system. Regions of spacetime covered by
system is confined inside a large volurdeas is usual in infinite redshift surfaces break this symmetry, since the ma-
statistical mechanics. This expression, as well as the statistierial has fallen inside the horizon cannot causally influence
cal mechanics developed by using it, remains well defined aghe outside.
long asR>2M but diverges wheiR—2M. Let us suppose The key mathematicalreason for all the above diver-
that the star now starts to collapse eventually forming ayences is the behavior of locally defined enerfy,.

blackhole. At late times=2M the radius of the star will =E/(gy,)%? at the surface of the sta=R asR—2M; in
follow the trajectory(see, e.g., Ref9)) this limit, E,c— and the available phase volume becomes
infinite essentially due to the behavior of the system near the
R(t)=2M+2M e~ VM (5) horizon. This feature suggests that the solution to this prob-

lem lies in physics at arbitrarily high energies. If true, there
is hope for turning around this argument in order to catch a
glimpse of Planck scale physics by demanding that the
breakdown of statistical mechanics should not occur.
It is very likely that the classical divergence of phase
©6) volume signals the necessity of a new physical principle in
dealing with black holes. Recall that in classical relativity a

making the phase volumE(E) and density of stateg(E)
diverge exponentially in time; for example,

E —dr~16¢rzE2 2M)3 !
a( )—d— (2M)~ ex M
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Schwarzschild black hole can be formed out of any spheri- IV. EVENT HORIZON IN THE SEMICLASSICAL LIMIT

pally symmetrlc system provided sgfﬂment amount of €Nergy - as shown above, the existence of event horizon leads to
IS co_nfmed toa S’.“a” enough r§d|us. .C°'."S'der an arb_'tra%ifficulties in formulating statistical mechanics fany sys-
physical system with a Hamiltonidr which is collapsing in 1o even classically. At the next level, when one studies
g_s.pherically symmetric manner to_ form a bla(?k hole. If thequantum filed theory in the black hole spacetime, the event
initial energy of the configuration i&, which will be con-  hqrizon assumes a greater role: If the event horizon is formed
served during a spherically symmetric collapse, the resultingjye to collapse of matter, then it radiates similar to a black
black hole will have a maskl =E. Initially, the system has body of temperaturd=(87M) ! at late timeg>2M. It is
access to a phase voluhgE) which depends only on the precisely the existence of an infinite redshift surface which
form of the HamiltoniarH and the energ¥. At sufficiently  leads to the characteristic Planckian form of the spectrum
late times, the radius of the system approadRes2M with and distinguishes the black hole of magsfrom, say, a
the energy remaining the same. If we assume that the Hamihkeutron star of masisl. While this feature is apparent in the
tonian describing a system is the same irrespective opfrimary derivation of black hole radiation by Hawking, it is
whether the system becomes a black hole or not, it followsvorthwhile to establish the connection between infinite red-
that the phase volume available to the system diverges a&@hift surface and the Planck radiation in a simple and direct
R—2M but the formal dependence %E) on E remains manner which I shall now do. o .
the same[In the example studied abovE(E) = E3f(t) with Con_S|der a radial null geodesic in the Schwarzschild
f(t)—c for R—2M; the E dependence is a power laWwye  SPacetime which propagates fram 2M + € att=t;, to the

shall, however, see in Sec. V that black holes should b&VentP(t.r) wheree<2M andr>2M. The trajectory can
described by a universal form of phase volurfig,(E) be determined from the Hamilton-Jacobi equation for the

=exp(4qrE2/E§,) guantum mechanicallyThis phase volume action A(r,t)=—Et+5(r), written in the form

is very large for macroscopic black holes wiEp but is 2 oM/ dS)2
finite due to quantum mechanical considerations. We see the g9, A g A= _( — _> (_) =0. (10
historically familiar phenomena of a classical divergence be- (1—2M/r) r dr

ing regularized by quantum mechanics, with the replacement ) ) N

of infinity by a large numbey.But the important point to The trajectory, determined by the conditiory.A/JE)
note is that the energy dependence of the phase volume hasconst, with the required initial conditions is

to change completely when the system collapses to form a

black hole withR— 2E. If the energy is conserved, fthen such F=t—t,+2M In(i) (e<2M, r>2M). (12

a change can occur only if the high energy behavior is based M

on an effective theory with a modified Hamiltonian. If | pos-

tulate that the formation of a black hole, from a conventionalThe frequency of a wave will be redshifted as it propagates
physical system with Hamiltoniald .,,,, changes the Hamil- on this trajectory. The frequeney atr will be related to the
tonian to the formH 4, With frequencyw;, atr=2M+ € by

2
H conv

O= wj,[ 9oo(r =2M + 6)]1/25 win<_

t—tin—r
=wj, €Xp — W , (12)

H2 ~=A%n| 1+ , AxEp, 9

then, the formation of the black hole will lead to a universal

form of phase volumé'gy(E) at the conserved value of the v~vhere' we have used qulh).' If tfllle wa\r/1e packﬁt,@(r,t)
energyH ...~ E. The arguments given later in Sec. VI sug- - XAié&(tr)] centered on this null ray has a phag,r),

gest that such a transformation has certain inevitability an nen the instantane_ous frequengy is related to the phase by
0/ 9t) = w. Integrating Eq(12) with respect td, we get the

leads to interesting consequences. It may be noted that
started our discussion with a test field in a background spacd€lévant wave mode

time and then made a transition to the Hamiltonian of the —to_t

field itself as contributing to the black hole. This transition : : “linT

can be interpreted opergationally along the following lines: (D(t,r)ocexplf wdtocexr{—4Mw| exp( TY ”
Consider any system described by some specific Hamil- (13
tonian. If we make a spherical shell made of this system and

let it collapse to form a black hole then such a system will(This form of the wave can also be obtained by directly
make a transition from being a test field in its own meanintegrating the wave equation in Schwarzschild geometry
gravitational field to a black hole made from the energy ofwith appropriate boundary conditions; the above derivation,
the field. Since systems with any reasonable Hamiltonian cahowever, is simplef.An observer using the time coordinate
be made to collapse into forming a black hole, our considert will Fourier decompose these modes with respect to the
ation should be applicable to any system. frequencyv defined using
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» dy . gest that any attempt to obtain a correct description of black
q)(t,f):f Ef(v)e"“, (14 hole evaporation will be incomplete without addressing the
arbitrarily high frequency virtual excitations near the hori-
zon. Clearly, the relevant issue is not whether the gravita-
tional field described by Einstein's equation has arbitrarily
o w high curvature; the curvature at the event horizon of a stellar
f(y)=f dtCD(t,r)e“V‘ocf dx x 4Mvi-1 mass black hole can be quite low. The relevant question, it
* 0 appears to me, is whether processes in any local region in-
X exp( — 4M wiiX). (15) volveg energy higher than Rlanck energigs. If they do, the
description in terms of continuum spacetime breaks down

The integral can be evaluated by rotating the contour to th@nd we have to worry about Planck scale physics.

—o0

where

imaginary axis. The corresponding power spectrum is Let us ask what this paradigm implies for the divergence
of the phase volume derived earlier. To begin with, it is clear
[f(v)|?=[exp8mMv)—1]"1 (16)  that the problem is “local” and confined to a region around

the event horizon. Since the energy of the modes are higher

which is Planckian at temperatufe= (87M) 1. than Planck energy as one approaches the horizon, it is likely

The simple derivation given above strips the process ofhat the excitation of microscopic degrees of freedom of
Hawking evaporation to its bare bones and establishes trgpacetimgwhatever they may Bewill occur in this region.
following: (i) The key input which leads to the Planckian Let us suppose that the modes of the scalar field excites the
spectrum is the exponential redshift given by Ef2) of  microscopic degrees of freedom of spacetime in a shell-like
modes which scatter off the black hole and travel to infinityregion betweerr;=2M+h andr,=2M+H. The proper
at late times. This requires an infinite redshift surface and, ilistancel of these surfaces from=2M will be taken to be
fact, the derivation can be easily generalized to other casesome definite multiple of Planck length with=(Lp/c,)
which have infinite redshift surfacéRindler, de Sitter, ..). andl,=c,Lp wherec,; andc, are, at present, unknown nu-
(i) The analysis up to Eq16) is entirely classical and nb  merical constants(We expect bottc; and ¢, to be larger
appears anywhere. In normal units,78 v becomes than unity so that;<Lp andl,>Lp.) Itis easy to relate the
87GMuw/c3. It is only our desire to introduce an enerfy  proper and coordinate distances and obtainfe<2M,
=#v which makes this factor being written asr&Mv/c®
=(87GM/#%icd)hiv=E/kgT. The mathematics of Hawking h=(L2/8M) c;?, H=(L3/8M) c3. 17
evaporation is purely classical and lies in the Fourier trans-
form of an exponentially redshifted wave mo@er a dis-  The modes of the scalar field in this region interacts with the
cussion of the classical versus quantum features see Rehicroscopic degrees of freedom and | will now assume that
[12]). this interaction drives the system to a state of maximum

It is clear from the above derivation that the existence ofprobability. In other words local thermodynamic equilibrium
infinite redshift surface allows modes with frequencies exists between the degrees of freedom of the spacetime and
>Ep near the horizon to appear as sub-Planckian radiation ahe modes of the scalar field leading to some local tempera-
future null infinity. Any nontrivial part of the Planck spec- ture T/(goo)ll2 (the corresponding value of temperature at
trum arising out of Hawking evaporation will correspond to ainfinity is T). The entropy of the scalar modes confined to
mode which originated with virtual energies much higherthis region at some given temperature is straightforward to
than Planck energy near the horizon. For example, frequertompute using the standard relations
cies near the peak of the Planck spectrums (87M) 1
will arise from incoming modes with frequencies>E; at P - N(E)
all retarded timesi>to=4M In(87M/Ep). For a stellar mass Szﬁ[——l}F, F= —f dE————, (18)
black hole ¢o/2M)~10”. Since the Planck spectrum gets Ip o eff-1
established and the transients die down onlyjtfo2M, most
of the Hawking radiation originates from modes with ~ and the expression fdl(E) in Eq. (8) (see Ref[10,11).
>E, near the horizon. These modes also approach the evel{e get

2mM\?( 1
Lp) {Cl Ez) (19)

nated from M<r<2M+Lp. Clearly, the existence of a . 327° 3
horizon allows one, through the process of black hole evapo- T 45 )

ration, to probe the physics at sub-Planckian length scales

near the horizon. ... When the modes of the scalar field propagate to infinity, they
We have now seen two examples of how arbitrarily highy e regshifted to sub-Planckian energies and appears with the

energies near the eyent horizon plays a vital role. In the CaS&ectrum in Eq.(16), corresponding to the temperature at
of phase volume this creates difficulties in formulating a Vi'infinity to be T=1/8wM. Using this in Eq.(19) we get
able statistical mechanics and makes the entropy of any sys- ' '

horizon arbitrarily closely; fou>t, the modes have origi-
2

tem formally infinite. In the case of Hawking evaporation, 2

o X M= 1 1
these modes are primarily responsible for most of the Planck S=47—|—— Ci——z (20)
spectrum seen at late retarded times. These two features sug- Lp [ 90m )
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There are several features to note in this expressipro  here, this question becomes somewhat irrelevant. Near the
begin with it shows that, is relatively unimportant and we event horizon, high energy excitations of the scalar field in-

could as well takec,— o; this is to be expected since most teract strongly with some unspecified degrees of freedom of
of the divergent contribution arises from the lower limit of quantum spacetime. The entropy contained in this region of

the integration. Hereafter, we shall 395[1:0_ (i) Second, strong coupling, cannot be properly separated as entropy of
the result diverges whemy,— ; this is just the old result of either the scalar field or that of the black hole. The black hole

constantly scatters the incoming modes to outgoing modes
I%hich should be thought of as excitations followed by a

gave above, however, suggests that we are not allowed radiative decay of the microscopic degrees of freedom of
take this limit since it makes the locally defined eneEjy; . y P 9
spacetime around the event horizon.

of the mode to exceed the Planck energy by an arbitrary In the thermodynamic interaction between any two sys-

amount. | will discuss the actual value of later on.(iii)  toms temperatures will be equalized when the system is
Third, expressiori20) gives an entropy which is proportional yjyen to the state of maximal space volume. | will argue in

to the area of _the event horizon. This is _nontrivial and tWoihe next section that the density of state of microscopic
key mathematical features of the spacetime geometry havg,acetime degrees of freedom in the case of a black hole has
conspired to produce this resul®) The metric coefficient the form g(E) = ex4m(E/Ep)?]. Given this, we are assured
Joo is the reciprocal 0fy;; and gop goes ask(r —ry) near  that any other field which come into interaction with these
the event horizom;=2M. It is easy to show that any such degrees of freedom near the horizon will behave as though it
spacetime will lead to a thermal state with temperaflire has a temperaturd@=(87M) 1. Actually this is all we
=(R/Aw). (This is proved, for example, in Ref13] and is  know from the semiclassical analysis of quantum fields in
directly verifiable from the periodicity in Euclidean time. curved spacetime. The total entropy of the system made of
(b) The coordinate distance and the proper distance to theicroscopic spacetime degrees of freedom as well as the
event horizon scales as in EG.7). This, in turn, is a conse- Matter fields is not an operationally well defined concept. If
quence of the metric having a simple zero at the horizon. Théome fundamental theory of quantum spacetime provides the
proportionality between the entropy and the area will faildensity of stateg)(E)=exf4m(E/Ep)?], rest of black hole
except when the above two mathematical criteria are met. lthermodynamics will follow from such a result. From this
other words, the result holds only around an infinite redshiftpoint of view, the actual value o, is quite irrelevant and
surface and not at any arbitrary radius. we neednot arrange it so as to get any particular value for

The physical reason for this proportionality to area isthe entropy.
simple and more important. In the approach | have outlined, In this approach, the density of states of the microscopic
any volumeL® in space is assumed to be made Nf degrees of freedom is a more fundamental construct than the
=(L/Lp)® Planck sized cells. The microscopic degrees ofso called entropy of black hole. The role of a black hole is
freedom in these cells can be excitedly when (i) suffi-  limited to providing a simple context in which these micro-
ciently high virtual energies are available afid) some scopic degrees of freedom can be excited and deexcited due
mechanism exists for these modes to convert themselves & the existence of an infinite redshift surface. In this sense
low energy propagating waves. The first condition is metblack holes act as a magnifying glass which allows us to see
only in a small region of thickness of the orderlof around ~ the microscopic quantum spacetim@he mathematics of
an infinite redshift surface. Hence the number of microscopidhis analysis was first given in the “brick-wall model” of 't
cells which can contribute to the entropy is reduced from thd1ooft [10] and was generalized in Rdfl1]; the interpreta-
total number of cells inside the blackhol,,=(2M/Lp)3to  tion given here, however, is quite different.
those residing in a thin shell of radius=2M and thickness
Lp; the latter is abouNgne=(2M)%(Lp)/Lp=(2M/Lp)* V. EVENT HORIZON AND MICROSTRUCTURE

The actual value of the entropy contributed by the scalar OF SPACETIME
field cannot be computed without knowing the value ofIf
we takec;=(907)'2 then the entropy turns out to be one-  Having shown that the interaction between quantum mi-
fourth of the area of the event horizon which is the crostructure of spacetime and the local high energy modes of
Bekenstein-Hawking result. This approach not only has am scalar field can occur near an event horizon, | now take up
adhoc flavor about it, but also suffers from the well-knownthe question of the nature of these microscopic degrees of
“species problem.” Each scalar field in the universe will freedom. As emphasized several times before, there is no
contribute to the entropy of the black hole and hence thavay one can obtain the detailed theory of quantum gravity
entropy cannot be fixed without knowing the number of scajust from the results derived so far. The hope is to obtain
lar fields in the universe. This is clearly an undesirable feasome general characteristics of black hole spacetimes which
ture of the above approach. is enough to provide a description of the results obtained

In the conventional discussions of black hole entropy, aabove. | will first rederive a result obtained earlier by 't
sharp distinction is made as to whether the entropy is conHooft for the density of states of a black hole and will then
tributed by(a) nongravitational degrees of freedom externalshow how one can construct an effective field theory from
to black hole or(b) those internal to the black hole or which black hole spacetime will emerge as an “one-
whether(c) the entropy is a basic property of the gravita- particle” excitation.
tional field of the black hole itself. In the approach advocated There are several reasons to believe that event horizon

the divergence of phase volume fB—2M. Arguments |
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will continue to play a special role in the next level of with temperature. One simple consequence of this fact is that
description—viz. in a microscopic theory of spacetime. Anywhen two black holes combine to form a larger one, the total
classical (asymptotically flat spacetime with energym energy(and density of statgdncrease but the temperature
>E; has to arise as some nonperturbative quantum condenlecreases. This suggests that the degrees of freedom of
sate of the true microscopic degrees of freed@inings, spacetime from which black hole states are built should be
membranes, spin networks.). The classical solutions for a described by microcanonical ensemble and its partition func-
spherically symmetric neutron star of madsand for a black tion may exist only in a formal sense.

hole of masdM belong to this class. But there is a fundamen- Let us next consider another feature of the quantum state
tal difference between these two solutions: A neutron star islescribing a black hole, namely, the density of states. Since
stable against Hawking evaporation while a black hole is notthe macroscopic description uses only the mean energy and
The quantum states representing these two objects must rdees not specify the detailed configuration of the micro-
flect this feature in some manner. Naively, one would expecscopic quantum degrees of freedom of the spacetime, it
the energy of the state to pick up an imaginary part characstands to reason that the quantum states will be highly de-
terizing the decay. IfM,sta) and|M,bh) are the two quan- generate and should be describable in terms of some density

tum states, the'n at some suitable limit, the time evolution ogf state functiorg(E). The fact that entropgis proportional
these states will be to the area A=M?2) alone suggests that the density of states
for a black hole of energyg=M scales asg(E)
=exg SE)]=exp(;F?) wherea; is some constant. This is
very different from the scaling which arises in statistical me-
IM,t,bh)=exp(—i[M—iQ(M)]t)[M,0,bh), (21)  chanics of normal systems. For a system made of massless
quanta at temperatur€, we haveSxT3 ExT# giving S
where Q(M)x(Ep/M)*M ™' is the adiabatic decay rate of «<E34 hence the density of states grows as[ex(LE)>*]
the energy due to Hawking evaporation. How can two statesyhereL is the linear dimension of the system amglis some
which are parametrized classically by the same quaMity constant. If such a systetwith energyE and confined in a
have very different quantum deSCfiptionS? This is pOSSibl%patiEﬂ region of SiZd_) should not become a black h0|e,
only if the microscopic theory takes cognizance of the exiSthen we must havE<(L/L§,). Using this bound we see that
tence of the infinite redshift surface in one of the solutionspe density of states for such a system is bounded by a form

since these two classical solutions differ only in that aspectey 4.(1/L)2]. This increases more slowly than the form
Hence the microscopic theory must have a mechanism t@x;{(constant) L2].

take this feature into account even though the issue is not g ch 5 rapid growth of the phase volurge exp(,E?)

directly related to the existence of high curvature. immediately implies that one cannot obtain the partition
Consider one such quantum state, describing a black holg,nction as a standard Laplace transform of the density of
of massM (say. Whatever may be the microscopic degreesgiaes. This, however, should not come as a surprise since the
of freedom, we can try to characterize their configuration ingyistence of a well defined partition will imply the existence
such a state by their average enefynd density of states of a description in terms of canonical ensemble and conse-

g(E). Given g(E), we can define the entropys(E)  duently positive specific heat. Since the black hole state has

=In g(E) and inverse temperatu;&(E)z(&S/ﬁE). Note that negative specific heat, something has to give way and what

these are well defined, formal constructs defined usin mipreaks down is the conventional relation betwegf) and
' g Z(B). We can, however, obtain a partition function by a

crocanonical ensemble, without using any elternal Sy_Stemaifferent procedure as follows. We consider the density of
or heat bath. We are interested in the form3¢E). SinceE  statesg(E) of a black hole to be a function of a complex
has to be determined by the spacetime geometry in the claggriable z and study the behavior ofj(z) along the
sical limit, it appears quite reasonable to tdke M. (If the  imaginary axisz=iy. If 9(2) xexd4m(ZIEp)?], it remains
Hawking evaporation is thought of as the decay of an unbounded along the purely imaginary axis with(y)
stable quantum state, then it i®cessarythat E=M.) The «exp —4m(ylLy)’]. Defining the partition functiorZ(B) as
temperature is related td by T=(E,23/87TM), thereby lead- Laplace transform along the imaginary agighich becomes

_ — a Fourier transform we get

ing to the resulie=(B/8).

|M,t,stap=exp(—iMt)|M,0,stay;

| want to stress that a physical system with such a relation x ’3252
— —iBy _ P
between mean energy and temperature must possess very Z(,B)—f dyp(y)e ocex;{ 167 ) (22
unconventional features. Conventional statistical mechanics -

invariably leads to a mean energy which is an increasin% . . . )
function of temperature. This is trivially true for any system uch a partition function will correctly reproduce the relation
possessing canonical ensemble description since the specifi§Ween mean energy and temperature

heat in canonical ensemble must be positive definite. But s )
even ordinary self-gravitating systems have negative specific M=E=— JinZ(B) _ E _ i
heats and do not allow a description in terms of canonical B 8 87T
ensemble. In the microcanonical ensemble, it is possible to

have negative specific heats with mean energy decreasinghich justifies the formal manipulatiores posteriori

(23
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The above analysis shows that the key feature charactedensity of states. While attempting to do this, it is necessary
izing the microscopic quantum degrees of freedom of spacee note that the density of states obtained above can only be
time with event horizon is the peculiar density of states oftrusted forE>Ep. In general, the density of states can have
the form g(E) =exd4m(E/Ep)?]. [This form for g(E) was  a form
earlier derived from scattering arguments by 't Hooft in Ref.

[10] and is implicit in several earlier worksGiven such a

density of state, these degrees of freedom will possess a re-
lation between mean energy and temperature which is appro- _
priate for that of a black hole. The excitation and subsequenthere the leading log corrections are unimportant Eor
deexcitation of these degrees of freedom with high energe-E,. | will now show how several toy field theoretical
modes of other fields will allow for the other fields to reach models can be constructed, which have such a density of
thermal equilibrium at the characteristic temperature. Thestate. While this shows that black hole entropy by itself can-
entire picture seems to be quite consistent provided the defpot provide more information regarding the quantum micro-
sity of state can be understood from some more fundamentatyycture, the study of the model systems will reveal some
considerations. - interesting features.

The situation is, in fact, reminiscent of the fact that @ g5 mogt straight forward attempts to obtain such density

classical black hole is describable by just three parametergy oio1e are hased on combinotrics and using expansions of
irrespective of the details of the original system which coI-the form

lapsed to form the it. Similarly, the quantum black hole has a
universal form of density of states which is independent of 5
the form of the density of states of the original system which 4mM A
g(E)=ex Iz |~ ex
P

p(E)~exp{4m(E/Ep)2+ O[IN(E/Ep)-- -1}, (24)

collapsed to form the black hole. We will see in the next
section that this feature allows us to construct several model

systems with the correct form of density of states for the * n N
black hole = LA i A

The above arguments notwithstanding, one may not be n=o n'\4L3 Noo| 4LEN)
quite happy with any physical system which has a density of 25)

states which grows so fast. In judging such a prejudice, we

have to keep the following caveats in min@ There exists where A is the area of the event horizon. These expansions

no really not a good argument against such density of states dil : : based binotrics i
for self-gravitating systems which are, anyway, not describ: coorY suggest Interpretations based on combinotrics In
able by canonical ensemble. The ariition func'tion for suc which the event horizon is divided into patches of Planck
S sterr31/s cannot be obtained és a Lz lace transform of dens%;i(ze' We shall not consider them since it seems to me that
o¥states and has to be defined in a peneralized manner using > do not have a direct dynamical content.

| : 9 = . 970 obtain a model for blackhole density of states with
some suitable contour in complex plane. This is precisely

what we have done abovéi) The existence of a density of some dynamical content, we can take a clue from the argu-
. . y ments presented in Sec. Ill. Consider any physical system
state for a dynamical system, by itself, does not mean much.

. . .~ with a HamiltonianH (I") which depends on some suitably

Consider for example, the density of states for an ordinary, .. . ;
. . . . . . defined phase space variables denoted symbolically’ by

solid. While formal integrations ovel extending up to in- ;

> . . e ! . o When the system has ener@y let the density of states be

finity will be done in defining variables like partition func-

tion, it is always assumed that high energy physics is irrel9'VEN by

evant if those modes are not excited. So in studying a solid at

room temperatures, we are not bothered by the forigy( & g(E):f dI' Sp[E—H(I)]=EN, (26)

for say, E>1 GeV. This works well for systems in which

mean energy is comparable to the temperature. In the case of

a stellar mass black hole, the key difference is that the meayhereN is related to the degrees of freedom of the system.
energy and temperature are widely different and hence it i¥V€ now let this system collapse in a spherically symmetric
not clear up to what energy scales one needs to know th@anner to form a black hole with the same eneEgyOnce
density of states(iii) The above comment is particularly the black hole is formed, the density of states should have
relevant because one cannot use thermodynamic descriptiéhe characteristic fornyg(E)=exp(4rE%/E7) for E>Ep.

for arbitrarily high energies. Eventually the details of thelf E remains conserved during the collapse, then this can
microscopic degrees of freedom, whatever they are, will bénly happen if we assume that the formation of the event
brought into picture. Of course, when this happens, even thBorizon somehow changes the Hamiltonian of the system to
concept of density of states may break down and we enter #e form

truly unknown region of quantum gravity.
2

VI. MODELLING THE BLACK HOLE DENSITY HZ,=AZIn| 1+ AZ) AxEp(N+1)2 (27)

OF STATES

Sinceg(E) for the black hole contains the essence of itsThis is easy to verify: The density of states fét,q
behavior, let us ask which physical systems possess such=af(H), wheref?(x) =AZ?In[1+(x*/A?%)], is given by

124012-9



T. PADMANABHAN PHYSICAL REVIEW D 59124012

E2— (E3D/8m)Inp?,, in this limit. Hence the Hamiltonian
we need has the asymptotic foﬂﬁ(p)—>(E§,D/8w)In p? in
the same limit. The form of the Hamiltonian f&@<Ep is
:f dl“fwdeﬁD[H(l“)—e] Sl f(€)—E] not fixed by these cons@derations _but we will expect it to

0 reduce to some conventional form independent pf One
simple choice we will explore is

gmoo(E):J dI’ 6p{f[H(I")]-E}

o0 f -1
= | deg(e) op[f(e)—E]=|g(e) —‘ } : E2D 2
fo de - e.E) H2(p)— 8P7T In(1+ EIBDWEP ) (31)
P

(28)
which reduces to that of a massless particle in the low energy

wheree,(E) is the root of the equatiofi(e,) =E. We have limit. [The expression in Eq.31) is of the form a relation

dfl -1 E E2 E2 N/2 between a modified Hamiltoniad ,,,q and the conventional
g(e) de } :<KEXDW) AN<epr—1) } low energy HamiltoniarH .., postulated above. Usingt
€ Je=e +m?) in place ofp? in the above expression we can arrange

for the low energy limit to describe massiveparticle; we
(29) v<V|:IE ncit bother to do this here since we anyway expect

< p-
) Classically, such a system describes particles which move
for E>Ep. This has the correct form for the blackhole den-yith trajectories of the form
sity of states if we také\>=[ (N+1)/8x7]E3.

If the effect of quantum structure of spacetime is to _ dH p 1 37
modify anylow energy Hamiltonian in such a form, then any X=Vt v op E(p) [1+(87p’/DEL)]’ (32
physical system will have the density of states needed for
black holes fole>Ep . Such a modification will also ensure ForE<Ep, this is just a null ray of massless particle, but for
that all the symmetries of thel,, will be preserved by EsE, we havev—[1/(plnp)] which decreases with in-
Hmog. Consider, for example, the following question: Somecreasing momentum. One may interpret this as the dynamics
physical system, say, a spherical cloud of dust has a certaglowing down significantly at high energies. Quantum me-
HamiltonianH .., and energyE att=0. It will have certain  chanically, we get the modified Klein-Gordon equation for a
amount of phase volume available corresponding to this parscalar field to be
ticular Hamiltonian and energy. When this system collapses
to form a black hole, its energy is conserved but the density 9 5 \Y
of states have to change to a particular form. One possible W“LA Inj 1- AZ
way of modeling this transition is to find a general principle
which will modify the Hamiltonian of any system which The general solution is of the form
forms a black hole in the manner suggested above. We have Pk
no idea, right now, as to how this transformation takes place . .
and as such, it should be thought of as a completeloc B(1,x)= f 2n)P a(k)exp —iwt+ik-x) (39
postulate. Right now | will merely use this postulate to con-
struct model systems with the correct form of density ofwith the dispersion relation
states for the black hole. Towards the end of this section, |
will discuss further consequences of this postulate. | stress
that whether such aniversal postulate is valid or not is
immaterial for thespecificmodels which | construct below.

The simplestdynamical system which has the required [a(k) gives the initial amplitude of modeAny wave packet
density of states can be constructed as follows: Considewill, of course, disperse under such an evolution. The kow-
some system with the HamiltoniaH(p) which only de- modes move with the speed of light while the higimodes
pends on the magnitude offxdimensional momentum vec- do not propagate at all since their group velodigyven by
tor p. The phase volumé&[E] bounded by the energy sur- Eq.(32)] grinds to zero at hight
faceH(p)=E, in the momentum space is given by The above attempts, of course, are based on “single par-

ticle” models and hence are probably too naive. It is, how-
D ever, easy to construct a field theory such that the one-
I'(E)= f d°p O[E—H(p)]*PrafE), (30 particle excited state of the theory can have the same density
of states as the black hole. To do this, we only have to put
whereppay is the momentum corresponding to the enelfgy  together a bunch of harmonic oscillators with the dispersion
For E>E, we want this phase volume to grow as relation given by Eq(35). More formally, let us assume that
exp(4rrE2/E§,). [It does not matter whether we work with the transition to continuum spacetime limit of a black hole
I'[E] or g(E) for E>Ep since they differ only by subdomi- can be described in terms of certain fielgét,x) which are
nant logarithmic terms mentioned in E@4).] It follows that ~ to be constructed in some suitable manner from the funda-

N+1_,
=ex SAZ E“+O(InE)

2

)¢=o, AZ:%EE,. (33

2 — A2

ky . D _,
1+ 47|, A?=-—E}. (39
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mental microscopic variables; . | take the Lagrangian de- whereK ,(2) is the MacDonald function. This function van-
scribing the effective fieldp(t,x) to be ishes exponentially for large values of the argument, show-
ing that the effective correlation length of the nonlocal field
is of the order ofA~1=(87/D)¥. For smallz, we have
K,(z)—z ¥ and the correlation function goes as a power
law F(x)<x~P. The short distance behavior of the correla-
J d® 2 2|2 36 tion function is universal and depends only on the asymptotic
(277)P 2[|Qk| il Ql*]. (36 form of the dispersion relation. In fact, this is the only fea-
ture of F(x) which is needed to reproduce the density of
The Lagrangian is nonlocal in the space coordinatagich  states leading to the correct theory of black hole thermody-
is taken to beD dimensional; the corresponding Fourier namics. WherL,— 0, the functionF(x) is proportional to
space coordinates are labeledkoyrhe quadratic nonlocality the second derivative of Dirac delta function as can be seen
allows us to describe the system in terms of free harmonifrom the fact that, ag p— 0,0%(k)—k>?. In this limit, we
oscillators with a dispersion relatian(k) related toF(r) by  recover the standard local field theory.
The expressions are more tractable for the simplest case
of D=1. | will now illustrate the above phenomena using the
simplest possible choice, correspondinglte=1 and a dis-

persion relation
The energy levels of the system are built out of elementary

1 . 1
- J x5 j d°xdPy () F(x—Y) b(y)

wz(k)=f d°r F(r)e’". (37)

excitations with energy (k) and the density of states cor- % 8k
responding to the one particle state of the system is w?(k)= 8_ 1+ ?> (41)
P
g(E)=j dPk Sp[ w(k)—E] (38 The density of states corresponding to this dispersion rela-
tion is given by
which is just the Jacobiaju®k/dw|. It is straightforward to = _
) ; ) . ; . E E .
;see that if the dispersion relatian(k) has the asymptotic 9(E)=exp 47— +0 In—) —expS(E). (42
orm E3 Ep
E%D 2 The corresponding black hole temperature is

2(k)—>gln k? (for k?>E2) (39) p 9 P

. . — [ss\7t EB E2 E2
then the density of states has the required form for that of a TE)=|—=| = 1+0| = | |= (43
black hole. JE|  8mE E2)| 87M

In this class of model, the black hole is treated as the one
particle state of aonlocalfield theory. The dispersion rela- for E=M>Ep.
tion is arranged so as to give a normal massless scalar field at The functionF(r) corresponding to the?(k) in Eq. (41)
low energies. It is certainly of interest to explore the newijs
features of this field theory. Since nonlocality is the key new

feature let us begin by studying the form B{x) in real E2 8ark?
space. We can evaluate it by inverting the Fourier transform FO)=g_ 2—9 "In| 1+ 2 )
in Eq. (37) and using Eq(35). The logarithmic singularity o P
can be regularized by using an integral representation for In E3 Lp ||
and interchanging the orders of integration. These steps lead — —(— exp — —— (44
to 8 || [{ \/ELP)
K2\ for finite, nonzerox. This can obtained by direct integration,
In 1+A7 elk-x or more simply, from Eq.40) using the identityK,,(2)

=(m/2z) " Y2exp(—2). The functional form ofF(x) clearly
illustrates the smearing of the fields over a region with cor-
A2 j f e r (uIADKE+ikox relation lengthy87 Lp.

(2m)PJo The physical content of the above analysis can be viewed
as follows. | start with certain loosely defined dynamical

_ AZ*D f“ du - A2y variablesq; describing the quantum microstructure of the
- (4m)P2Jo M1+D/2e spacetime. The dynamical theory describag must lead,
in suitable limit, to a continuum spacetime with quantum
2A2tD [ 1 \DA ) states having mean energies much larger tBan Among
= (ZW)D/Z(Azxz) Ko (AX), AT=o— 2 them are the classical spacetimes with compact, infinite red-

shift surfaces such as that of a black hole forming out of a
(40 stellar collapse. | describe these black hole spacetimes in
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terms of an intermediate effective field theory iBD{1) Let me now return to the principle of transmutation of
dimensions. The existence of an infinite redshift surface alHamiltonian encoded in E¢27). Such a postulate can be
lows the elementary excitations of this field with arbitrarily viewed at different levels depending on ones philosophical
h|gh energies to occur in such Spacetimes_ Such a theory igC”nation. W-e know that, CIaSSica”y, black hOIe. Spacetimes
nonlocal in space and is based on smearing of fields over @€ characterized by very few parameters and—in the context
correlation length of the order &f. The one particle exci- ©f @ Schwarzschild black hole—energy is the only relevant
tations of this field has the correct density of states to deduantity. In the quantum mechanical context, the properties
scribe the black hole. of such a black hole is encoded in the density of states which
The above approach also suggests that there is nothir{bas a universal_form independent of the original physical
mysterious in completely different microscopic mod@isch ~ SyStém from which the black hole has formed. One way of
as those based on strings or Ashtekar variablesding to incorporating this universality will be to postulate that quan-
similar results regarding black hole entropy. Any theoryt“m Qyna}mms of black holes leads to the transmutation of
which has the correct density of states can do this; in fact, thEl@miltonians as suggested by &’27)-a|n the case of space-
models | have described are only a very specific subset dfmes with a timelike Killing vectore®, the HamiltonianH
several such toy field theories which can be constructed. TheA" be defined as a generally covariant scalar as
situation is reminiscent of one’s attempt to understand the
guantum nature of light from black body radiation. The spec- H= f Tapt2da®, (45
tral form of black body radiation can be derived from the
assumption thaE=7%w and is quite independent of the de- where T, is the stress tensor of matter add® is the ele-
tails of quantum dynamics of the electromagnetic field. Simi-ment of volume on a spacelike surface. According to Eg.
larly, the black hole thermodynamics can be explained if ong27), this H is modified to
treats spacetimes with event horizons as highly excited states
of a toy, nonlocal field theory whose elementary excitations
obey a dispersion relation with the asymptotic form given by
Eq. (39). _ . .
Within the limited point of view of modeling a black hole, N this approachH o4 remains a covariant scalar.
one need not even identify th® 1)-dimensional space as Finally one WOUId like to C°F‘S'def the question of how
a superset of conventional spacetime. Xrandt could rep- these results will get modified in the case of more general

resent variables in some abstract space and the spacetirr?{%ackeﬂn}es '\Il;”ft1h trapped shjrfa_\ces. Ik?. E?‘”ﬁ‘#aﬁ rc;tatlng
structure could emerge in a more complicated manner i 2cK nole will have a event horizon which Is different from

terms of the fields themselves. However, if we take the posgrgosphere. Preliminary work in this directiptb] suggests

tulate of Eq.(27) seriously, then it is logical to think of the that the event horizon will still play the important role even

(D +1)-dimensional space to be connected with spacetimg' more general black hole spacetimes. While this is gratify-

in some manner. In that case, the field theoretic model dis"9: it is very important to keep the following caveats in

cussed above has no Lorentz invariance at length scales corw-md: The role played by energy or Hamiltonian in quantum
dpeory is very different from the role played by angular mo-
and, in fact, | consider the breakdown of Lorentz invariancement_Llftm or charget. Wht:]]e all shystem;s are dets%rlbed_by some
at Planck scales almost inevitable. There are physical reasofigmiltonian, quantum theory has not respected or given spe-
to believe that one cannot measure length scales with aﬂal status to any one parugular kind of angular momentum
accuracy greater than Planck length which suggests th& tchha{ge. Why a EP eller(]:trllc charg(i shou'ld bet S'gg.led OUtd
some of the basic postulates of special relativity such as th&! '€ 10W €nergy black hole spacetimes 1S not obvious an

propagation of light signals to identify spacetime events, etc.réguires certain co_nceptL_JaI understanding. Un'ql such con-
will get modified at very small length scales. Lorentz invari- teptual understanding arises a mere mathematical extension

ance emerges as a symmetry of the continuum spacetime ﬂI these r_esglts to other spacetimes may not b.e of permanent
the models constructed above and hence all the convention @Iue'. This Is another reason w hy | hav_e confined myself to
experimental consequences of special relativity, of courset, e discussion of Schwarzschild spacetime here.

are preserved. The situation is analogous to the emergence of
smooth continuum description of a solid from a discrete
crystal lattice. The continuum system can possess transla- Since the point of view advocated in this paper has been
tional and rotational invariance for infinitesimal translationsdescribed in detail in Sec. Il, | shall merely summarize the
and rotations; but the microscopic crystal lattice will not re-key results in this section. We begin by assuming the follow-
spect these symmetries. Similarly, the lattice structure of théng.

guantum spacetime can break the continuum symmetry of (i) There exists certain microscopic degrees of freedom
Lorentz group. One, of course, needs to study the modifiefbr the spacetime which manifest themselves only at length
structure which emerges from the above postulate but | arscales comparable thp. The continuum description of
not certain whether this will lead to any unique microscopicspacetime as a solution to Einstein’s equation is an approxi-
description. The ideas presented here also has connectionste one and is similar to the description of a solid by laws
with the principle of path integral dualify14] which | have of elasticity. In the description of any macroscopic spacetime
discussed in detail elsewhere. by some parameters, one is coarse graining over a large num-

1
1+ 22

2
f Tabgadab} ) . (46)

H2 =A?In

VIl. CONCLUSIONS
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ber of microscopic configurations of the quantum spacetimeuniversal form. This is possible only if systems which col-
(ii) Just as one can provide a thermodynamical descriptiotape to form blackholes are described by an effective Hamil-
of matter without knowing the details of atomic physics, it is tonian which is related to the original Hamiltonian in a par-
possible to provide a semiclassical description of spacetimécular manner. Using this principle, it is possible to
which is reasonably independent of the microscopic theoryconstruct several model systems which have the correct den-
In fact the interaction of external fields with quantum micro- sity of states for the black hole. Most important among them
structure is largely unspecified in this discussion. This isare those based on non local field theories with particle states
similar to the interaction between particle in an “ideal” gas. having the same density of states as a black hole. Several
Such an interaction must exist in order to provide equipartifeatures of such field theories are discussed in Sec. VI.
tion of energy but its specific form need not be taken into While it may not be possible to obtain a unique quantum
account explicitly while deriving the classical thermody- description of spacetime from our knowledge of semiclassi-
namic limit. cal black hole physics, it does give three clear pointers. First
Of these two assumptions, the first one seems to be geis the indirect, but essential, role played by the infinite red-
erally accepted by most of the workers in the field. The secshift surface: It is the existence of such a surface which dis-
ond one should be treated as a working hypothesis at thénguishes thestar of massM from a black holeof massM.
moment. Given these two assumptions, one would like tdA stellar spacetime will not be able to populate high energy
investigate situations in which some properties of the microstates of the toy field as required by the statistical descrip-
scopic spacetime structure will manifest itself. | have givention; in a black hole spacetime, virtual modes of arbitrarily
detailed arguments in Secs. Il and IV as to why event hori-high energies near the event horizon will allow this to occur.
zons can help us in this task. The study of event horizonglt may be possible to model such a process by studying the
leads to the conclusion that the density of states of blacknteraction of this toy field with a more conventional field
holes must have a particular form in order to provide thenear the event horizonThe second one is the universal
correct thermodynamic description. In fact, any physical systransformation of the Hamiltonian of physical systems which
tem with such a density of state will be indistinguishablecollapses to form the black hole. This transformation leads to
from a black hole as far as thermodynamic interactions ara unique asymptotic form for the dispersion relation for the
concerned. Since a black hole can be formed from the colelementary excitations of the model field theories. The third
lapse of any physical system, the above result suggests th® the fact that such a dispersion relation almost invariably
possible existence of some of new physical principle in thdeads to smearing of local fields over regions of the order of
theory of quantum blackholes along the following lines: Planck length.
Physical systems characterized by a given Hamiltonian will
have particular energy dependence for the density of states. ACKNOWLEDGMENTS
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