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1. Introduction

The problem of connection between internal and external geometry of a surface embedded in
some ambient space has a long story. First results related to embeddings were obtained by Gauss
and Riemann in the middle of the XIX century. In 1916 Janet and Cartan proved the existence of
an isometric embedding of a Riemannian manifold (the Janet-Cartan theorem was generalized on
pseudo-Riemannian case by Friedman in 1961) [1]:

Janet-Cartan theorem. Any n-dimensional Riemannian manifold .#, with an analytic metric
can be locally and isometrically embedded in an N-dimensional Euclidean space Ey where N =
nin+1)/2.

The metric on this manifold becomes induced and can be expressed in terms of an embedding
function:

guv(x) = 9pya(x)3vyb(X)nab, (1.1)

where y“(x*) is the embedding function and 7, is the ambient Minkowski space metric.

The number p = N —n = n(n—1)/2 is called the embedding class. It is easy to see that for
an arbitrary 4-dimensional manifold p = 6. In the case of a manifold with some symmetries the
embedding class might decrease; e.g., for constant curvature spaces p = 1, and for spherically
symmetric spaces p = 2 [2].

The exploitation of embeddings in the general relativity began shortly after its appearing. In
particular, the first embedding of the Schwarzchild metric was constructed by Kasner in 1921, just
five years after discovering the metric itself.

The embeddings can be of use in general relativity for many purposes. Until 70’s the em-
beddings had been used mainly for classification of exact solutions (as the embedding class of a
given metric is invariant) [2] of the Einstein equations and for examination of geometrical struc-
ture of metrics — for example, the famous Kruskal coordinates were possibly obtained using the
embedding method [3].

As we know, 70’s were the years of the string theory rising. From the geometrical point of
view it is a theory of a two-dimensional curved space embedded in a Minkowski space. In 1975
Regge and Teitelboim developed a string-inspired approach to general relativity [4], in which our
four-dimensional spacetime is considered as a surface in the ten-dimensional Minkowsky space.
In this case the embedding function becomes a dynamical variable, and the Einstein equations are
replaced by the Regge-Teitelboim (RT) equations:

I (\/Tg(G“v . %T“V)avy“) —0. (12)

The natural appearance of the Minkowski space in this formulation might ease the quantization —
in particular, one can use the ambient space for defining the causality, and the timelike direction
of this space can play the role of time in quantization. Several variants of a canonical formalism
for such a theory were constructed in papers [5, 6] and [7]; in the latter work was also obtained the
Wheeler-de Witt equation for the Friedmann universe in terms of the embedding function.

To avoid the nesessarity of introducing unobservable coordinates on the embedded manifold,
the RT theory was reformulated in [8] as a field theory in the flat ambient space — if one defines a
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set of scalar fields in the ambient space, then some surface in this space can be defined as a surface
of constant values of these fields.

Unfortunately, the Regge-Teitelboim theory has it own difficulties. Among them should be
mentioned thr fact that the RT equations are more general than the Einstein equations, so in the
RT theory the so-called «extra solutions» exist [9]. It was shown in the work [10] that with certain
cosmological assumptions the influence of these solutions on the observables at the present time is
negligibly small. To solve the problem of extra solutions, L.D. Faddeev proposed the variant of an
embedding theory in the work [11], in which the dynamical variable is not an embedding function,
but its derivative, so no extra differentiation in the field equations appear. Also there were some
attempts to interpret these extra solutions as a possible source of the dark matter [12, 13].

2. Explicit embeddings

In the studying of the geometrical properties of manifolds and structure (1.2) the problem
of constructing the explicit embedding of a given metric, formally equivalent to the problem of
solving the system (1.1) for y*(x) arises. Since in general case it is a nonlinear system of PDE’s, no
regular algorithm of constructing an embedding for arbitrary metric is known. However for some
physically interesting spacetimes due to their high symmetry one can find explicit embeddings.
Particular examples of spacetimes with such property are the Friedmann universe, plane-fronted
gravitational waves and static black holes. One can find many explicit embeddings of these and
other spacetimes in the reviews [14, 15].

In spite of several attempts to systematically construct explicit embeddings [16, 15], until re-
cent time this construction had been performed rather intuitively. Thus two global embeddings
of the Schwarzchild metric in the six-dimensional Minkowsky space remained unknown and were
recently obtained in [17] using the method based on the group representation theory. In the same
manner were firstly obtained three minimal embeddings of Reissner-Nordstrom metric [18], which
smoothly cover both horizons of this metric. As we think, all these embeddings remained un-
known because they realize the invariance of the metric under the shifts of # through not only
(hyper)rotations in the ambient space, but through rotations conjugated by translations. The trans-
lations were used for the first time in [19] and later in [20]. Note that the problem of representation
of time shifts as some Poincaré transformations was studied also in [21] but for another purpose —
in order to obtain all possible stationary trajectories of motion in a Minkowsky space. Nevertheless,
the results of this analysis mainly correspond to the results given in [17].

Using the method proposed in [17] one can obtain an explicit embedding of any metric with
enough symmetry (e.g. a static black hole), but this embedding turns out to be not nesessarily
global, i.e. smooth for all values of radius r. If we are interested only in global embeddings in a
six-dimensional ambient space, we can construct the generalization of 2 of 6 Schwarzchild metric
embeddings listed in [17] to the case of the existing positive A-term (SdS):

2 A 2 2
ds? = <1 e r> di* — dr — —2dQ, 2.1
r 3 ! 2m Air
r 3

where m is the black hole mass, A is the cosmological constant. In the physically interesting case
0<A<m?)9.
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The first embedding is a spiral embedding in the Minkowsky space with the signature (+ —

yo =u, y? =rcos#,
yl = f((xr) sin (au —y(r)), y* =rsin@cos ¢, (2.2)
yzzf((xr)cos(ocu—l//(r)), y> =rsin@sing,
where
2m+Ar3/3 1
fy= AR s 3
r (6v3m)
:i/dr\/a2+f’2(1—1/f2) 2.4)
and the retarded time u is related to the Schwarzchild time as follows:
u=t+— /alrlf2 (2.5)
The second one is a cubic embedding in the same space:
2 +1
!
5 2 (2.6)
2 2

Y =zu +2,g, h(r)

and y?, y*, y° are the same that in (2.2). Here

2m  Ar? V27
h(r) i S g @.7)
hh/2
)((r):i/dr l—h—@ (2.8)
and
/
u:z+/dr% (2.9)

One can prove that with the restrictions (2.3), (2.7) on the parameters ¢ and & the radicands
in (2.4) and (2.8) are non-negative for all values of r, and these embeddings are global, i.e. smooth
for all r with a proper selection of sign in (2.4) and (2.8) for different values of r. As for all
embeddings using the translations in the ambient space, these two embeddings do not cover all
regions corresponding to a maximal analytical extension of the metric, but only one copy of regions
inside, between and out of the horizons (in the case when the black hole horizon r = r;, and the
cosmological horizon r = r, exist) ; these regions are bordered by the thick line on fig.1. Thus the
embedding surface is geodesically incomplete: there are timelike geodesics which go to infinity in
a finite proper time.
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Figure 1: Penrose diagram for a maximal analytical extension of the SAS metric. I — our universe; II — black
hole, III — white hole, IV, IV — parallel universes, V, VI, V, VI — the regions with r > r.. A part covered by
the embeddings (2.2) and (2.6) is bordered by the thick line.

It is easy to see that these embeddinds admit the limit A — O in which they turn into the
spiral and cubic embeddings [22] of the Schwarzchild metric respectively. It is possible due to the
fact that in this limit the asymptotics of the embedding in » — 0 remains unchanged. Note that
in the case of global embeddings of the RN metric given in [18] the situation is opposite: these
embeddings turn out to be singular at ¢ — O limit because of a change in such an asymptotics.
Also it is impossible to embed the S-AdS metric globally in the six-dimensional Minkowski space
because of the properties of its asymptotics.

Of course, among various types of black holes those which have a nonzero angular moment —
Kerr and Kerr-Newman black holes — are of most interest. However, the construction of an explicit
embedding of such a spacetime is a nontrivial problem that still remains unresolved. The only
known embedding of the Kerr metric is the Kuzeev embedding [23] written in an implicit form
(there is a PDE on two components of the embedding function). It is a local embedding in (3+6)-
dimensional Minkowski space which do not contain translations in the ambient space. Adding such
translations possibly might help to lower the embedding class or to obtain an explicit embedding
of the Kerr metric, but this question requires additional investigation.

3. Thermodynamics of black holes

The interest in the explicit embeddings of black holes has significantly increased after the paper
[24] in which these embeddings were used for study of thermodynamical properties of black holes.
In this work Deser and Levin discovered the mapping between the parameters of the Hawking
radiation of the black hole and Unruh radiation detected by the observer which is moving on the
surface of the embedding corresponding to this black hole. This correspondence was checked for
Fronsdal embedding of the Schwarzschild metric and for similar (hyperbolic) embeddings of RN
and S-(A)dS metrics.

By the time of the publication of [24] there was only one type of embedding which smoothly
covers the horizon of the black hole, namely the hyperbolic one, whereas now three additional



Embeddings of the black holes in a flat space Sheykin, A. A.

types of such embedding is known [19, 17]. Thus it is interesting to check the mapping between
the Hawking and Unruh radiation when these types of embeddings are used.

Since the Unruh temperature is usually related to the acceleration of a test particle, we can
calculate first the acceleration of a particle moving on the embedding surface in ambient space.
Consider the three Schwarzchild metric embeddings which contain translations. The corresponding
«six-dimensional» accelerations ag of the particle which is rest at the distance r have the form

B m. §
R N

-
for spiral (asymptotically flat), Davidson-Paz and cubic embeddings respestively. Here 8, ¥ and &

(3.1)

are the parameters of the corresponding embeddings, see [22]. For comparison the «six-dimensional»
acceleration ag for the Fronsdal (hyperbolic) embedding has the form

1

—
amy[1- 2
r

In the Fronsdal embedding the trajectory of the particle in the ambient space is a hyperbola,

3.2)

ag —

which corresponds to the uniformly accelerated motion. In this case the Unruh radiation with the
thermal spectrum and temperature 7 = a/(27) is detected. It is easy to see that in this case Tolman’s
law T',/goo = const = Ty is satisfied and Ty = 1/(87m) matches the Hawking temperature.

For new embeddings which involve translations in the ambient space the trajectories are no
longer hyperbolae, although they remain stationary (they are studied in [21]) so for such embed-
dings the Unruh radiation is modified and is no longer thermal [21, 25]. Even if the spectrum of
this radiation is approximately thermal and it is possible to use the same relation between the ac-
celeration and the temperature (see [26]), one can see from (3.1) that in this case the Tolman’s law
is violated and the mapping between Hawking and Unruh radiation is absent.

Thus the mapping discovered in [24] turns out to be non-universal; it holds only for hyperbolic
embeddings. The reason of this uniqueness remains unknown. Possibly it is due the fact that
embeddings with translations cannot cover all the regions corresponding to maximal analytical
extension of the metric, whereas the Fronsdal-like embedding covers the whole manifold. This
question requires additional study.
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