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Abstract

We show that the empty five-dimensional solutions of Davidson-Sonnenschtein-Vozmediano, Phys. Rev. D32
(1985)1330, in the “old” Kaluza-Klein gravity, under appropriate interpretation can generate an ample variety of
cosmological models in 4D, which include the higher-dimensional modifications to general relativity predicted by
“modern” versions of noncompactified 5D gravity as, e.g., induced-matter and braneworld theories. This is the
first time that these solutions are investigated in a systematic way as embeddings for cosmological models in 4D.
They provide a different formulation, which is complementary to the approaches used in current versions of 5D
relativity.

PACS: 04.50.+h; 04.20.Cv
Keywords: Cosmological models; 5D Models; Kaluza-Klein gravity; Braneworld theory; Induced-matter theory;
Exact solutions; General relativity.

*E-Mail: jpdel@ltp.upr.clu.edu, jpdell@hotmail.com


http://arXiv.org/abs/0902.2270v1

1 Introduction

The concept that our universe might be a 4-dimensional hypersurface embedded in a higher-dimensional universe
constitutes an extremely provocative idea, from a theoretical, philosophical and practical point of view.

From a theoretical point of view, the well-known Campbell’s theorem [I], [2] serves as a ladder to go between
manifolds whose dimensionality differs by one. This theorem, which is valid in any number of dimensions, implies
that every solution of the 4D Einstein equations with arbitrary energy-momentum tensor can be embedded, at least
locally, in a solution of the 5D Einstein field equations in vacuum. It is the backbone of induced-matter theory (IM)
[3], and brings to fruition the philosophy of geometrodynamics [4] in which “matter and charge may be manifestations
of the topology of spac

From a practical point of view, extensions of general relativity to five and more dimensions seem to provide the
best route to unification of gravity with interactions of particle physics [5]-[§]. Braneworld theory (BW) proposes
a model where our spacetime is a singular hypersurface embedded in an empty (no matter sources) 5-dimensional
anti-de Sitter space [9], which might provide a possible solution to the hierarchy problem between weak and Plank
scales.

One important physical problem in higher-dimensional theories is to develop a full understanding of implications
in 4D. Therefore, it is essential to compare and contrast the effective pictures generated in 4D by different versions
of 5-dimensional relativity, like, e.g., the classical Kaluza-Klein theory with “cylinder condition” (KK) and the two
above-mentioned approaches, where the extra dimension is not assumed to be compactified.

Today, it is well known that IM and BW originate the same effective 4-dimensional world, despite of the fact
that they have different motivation and interpretation [I0]. For example, in cosmological applications, on every 4D
hypersurface orthogonal to the extra dimension IM reproduces, although in different conventions and notation, the
generalized (or modified) Friedmann equation of BW on a Zy—symmetric brane.

The question arises of whether one can establish some connection between cosmological models constructed under
similar conditions in KK, IM, and BW. The aim of this work is to study this question. In particular, we ask whether
models in the “old” Kaluza-Klein theory can be made compatible with IM and BW, i.e., with the concept that our
universe is a 4D hypersurface embedded in a 5-dimensional world.

We will see that the answer to this question is positive. In our discussion we concentrate our attention to a family
of KK cosmological models first discovered by Davidson, Sonnenschtein and Vozmediano [I1]. These models share
with IM and BW the property that they are solutions to the Einstein field equations in an empty 5-dimensional
space

C)Gap = k(25)A(5)7AB, (1)

where A, B =0,1,2,3,4; k(25) is a constant introduced for dimensional considerations, and y4p is the extended 5D
Friedmann-Robertson-Walker (FRW) metric

dS? = yapdz?dz? = dt* — A%(t)dx? — ®%(t)dy>. (2)

Here d¥3? is the metric on the unit three dimensional plane (k = 0), hyperboloid (k = —1) or sphere k = 1, viz.,

dy2 — + 7% (d6* + sin® 0d¢?) . (3)

1—kr?
In our notation, the Davidson-Sonnenschtein-Vozmediano (DSV) solutions are given by

c1coshwt + cosinhwt + 2, for k{)Ais) = se?

A%(t) = —kt> + cit + 2, for k(25)A(5) =0, (4)

c1 coswt + ¢o sinwt — i—';, for k(25)A(5) = —3%2,

1As Feynman put it: “It would indeed be very beautiful to have G = 0 everywhere, so that, in words used recently to describe
geometrodynamics, matter comes from no matter, and charge comes from no charge” [4].
2Some typos in the original paper [I1] are fixed here.



w0 =50 (%), 6

where ¢, co, By are constants of integration with the appropriate dimensiond]. To study the effective 4-dimensional
world, these authors used the Kaluza-Klein ansatz, which consists in assuming that the extra dimension is compact-
ified (rolled up to a small size), and identifying

Juv = (I)’Yuu ) (6)

with the metric of the effective 4-dimensional world [I2]. An observer in 4D, who is not aware of the existence of an

extra dimension, interprets the metric g,, as if it were governed by an effective 4D energy-momentum tensor. For

the DSV solutions, the effective isotropic pressure peff eff

and density p~ satisfy the “equation of state”
k)A)
eff :peﬁ+ (5) (7)

P 17GD

which for A(5) = 0 reduces to the familiar stiff equation.

However, this is not the only way to establish the effective 4-dimensional picture. Other alternatives for di-
mensional reduction are formulated in induced-matter and braneworld theories, where the extra dimension is not
assumed to be compactified. Since the DSV solutions are vacuum solutions, it is of theoretical interest to reanalyze
their 4-dimensional interpretation from the perspective of these theories.

In section 2, we sketch the main features of noncompactified theories. We show that, by means of a simple
transformation ¢ < y, from ([@)-([) one can generate a family of static 5-dimensional solutions. Then, within the
context of IM in the comoving frame, we demonstrate that the DSV solutions and their static counterparts lead to
significantly different scenarios in 4D. In section 3, we study the 4-dimensional picture measured by an observer who,
instead of being at rest, is moving in a DSV universe. We find that such an observer can perceive a rich variety
of cosmological scenarios, including cosmological models where the induced matter satisfies the barotropic equation
of state. In section 4, we show that the static DSV models allow us to reproduce the modified, or generalized,
Friedmann cosmological equation of branewold models [13]-[15].

2 Relaxing the Kaluza-Klein ansatz

Modern theories of gravity in 5D introduce two important new ingredients. First, they do not require the extra
dimension to be compact; in principle it can be infinitely large. Second, a large extra dimension can be either
spacelike or timelike; both are physically admissible (see, e.g., [16] and references therein). In this regard, one should
be careful to discriminate between temporal (spatial) dimensions, which actually have physical units of time (length);
and timelike (spacelike) ones, which merely have timelike (spacelike) signature [17].

2.1 Static solutions

An immediate consequence of these new “ingredients” is that the metric

2
dS? = dt? — A*(t)d%3? + eB? (%) dy?, (8)

with timelike extra dimension (e = +1), is also a physically valid solution of the field equations Gap = k(25)A(5)*yA B-
In this case making the transformation ¢ < y and k — ¢k, from (@)-(B) we obtain the following set of static solutions

d 2
dS? = yopda©dzP = B2 (%) dt? — A%d¥3 + edy?, (9)

3Bg has dimensions of length. In the first and third solutions c¢; and co2 are dimensionless. In the second solution c¢; has dimensions
of (length)~! and cg is dimensionless



where )

c1 coshwy + co sinh wy + 2;—5, k(25)A(5) =

A (y) = —eky? + c1y + ca, for k(25)A(5) =0, (10)

2

€1 Coswy + co sinwy — 2:—2]“ for k A(5 355’
We will show in sections 3 and 4 that these solutions, which we will call static DSV solutions, may be used to
establish a connection between the DSV solutions, the FRW models of conventional 4D relativity, and the modified
Friedmann equation. Although we are not especially promoting timelike extra dimensions, because they can lead
to closed timelike curves (CTC) and hence allow causality Violatiorﬂ, for the sake of generality in our discussion we

keep € = +1.

2.2 Effective gravity in 4D

The effective metric measured by an observer depends on her/his state of motion. The simplest physical scenario
emerges in the rest (also called comoving) frame, which in the present case means (dx’ = dy = 0). In such a frame,
the spacetime is recovered by going onto some hypersurface ¥,, : ¥y = yo = constant, which is orthogonal to the
unit 5D vector iy = ®5% tangent to the extra coordinate. The effective equations for gravity in X, are obtained
from dimensional reduction of the 5-dimensional Einstein field equations, which is based on Campbell’s theorem. It
consists in isolating the 4D part of the relevant 5D geometric quantities and use them to construct the 4D Einstein
tensor (G, 5. For the 5D metric dS? = v, dz"dz” + e®2dy? the result i

1
D@5 = 87G DT,5 = 3k( o | OT s+ (O, - 1OT)gas
€
€ (Ka)\K[)i\ - K))\\Kozﬁ) + igaﬁ (KXPKM - (Kﬁ)z) - EEaﬁv (11)
where (4 Gqop is calculated with the 4D metridd Juv = Vv (4)Tag is the effective energy-momentum tensor (EMT)

measured in X,; ®)T4p is the EMT in 5D; € = +1 depending on whether the extra dimension is spacelike or
timelike; K, is the extrinsic curvature of X,

1 1 Jgap
Kog = =Lagap = =—= ; 12
0= 5kades = 55, (12)
E,., is the projection of the 5D Weyl tensor G)C 4pep orthogonal to 14, i.e., “parallel” to Yyo, Viz.,
1 0K D,
A A af a8
Eap = ®Canppiin” = % oy + KapKf — € o (13)

and @, = 90/9z°. In what follows we denote WTY = peff and W71 = W72 = W73 = —peff,

2.3 Interpretation of DSV solutions on X,

We now apply the above expressions to the original DSV solutions. Since the metric in ({@])-(@) is independent of
Yy, the extrinsic curvature K,g of hypersurfaces y = yo is identically zero. Considering that E,, is traceless, the

41t has been argued that physics can be compatible with CTC [I8], [I9]. For theories with timelike extra dimensions see, e.g., [20]-[28].

5There are five more equations; in the present case they reduce to E“ =0 and (4)T“ =0.

6Various versions of IM can be found in the literature for different deﬁnltlons of the physmal metric in 4D (see, e.g., [29] and references
therein).



effective matter in ¥,, can be interpreted as a mixture of vacuum fluid and (Weyl) radiation. For future purposes
we give the explicit form of the induced matter quantities in ¥,:

eff A off Ay 3eaw? p
P P + 87TG7 p b 87TG7 (4) 4 ) 37 ( )
where ep = (1,0, 1) for A5y > 0, A5y = 0 and A5y < 0, respectively, and
w2 [4k? —wi(cd = 3)], Ap) >0,
8rGp= 10 = G+ dkes, A =0 (15)
4A4(t)7 ) )

w2 [w4(c% + C%) — 4/€2] , A(5) < 0.

In cosmological applications, this interpretation seems to be more satisfactory than the one given by the equation
of state (@), derived from the Kaluza-Klein ansatz. We note that, in general, p is not necessarily positive, except for
k =0 and A5 < 0. However, if we add the initial condition A(0) = 0 then p > 0 in all three cases, regardless of the
choice of k.

Let us now turn our attention to the static solutions (@)-(I0). On every hypersurface ¥,, the metric functions in
@) are constants, and the line element is Minkowskian. However, the components of the extrinsic curvature (I2) are
not zero, and the matter variables do not vanish in general. In fact, in all three cases, the effective matter induced
in 3, is given by

eff
eff P eff 3k
30 SO By 1o
Thus, the relationship between the effective quantities is similar to the equation of state p = —3p for “nongravitating

matter”, which has been discussed in a number of different contexts [5], [30]-[33]. The nonvanishing components of
the Riemann tensor on this hypersurface are

1—kr? kA2 (yo)r? sin® 0
Rizis = Rizizsin?6 = Rasos = ———————. 17

1313 1212 SIN 2 2323 1 o2 (17)
Thus, on X, the effective spacetime is empty and Riemann-flat only for £ = 0. A similar, but not identical,
non-vacuum Minkowskian spacetime is discussed in [34].

3 Generating spacetime on a dynamical hypersurface

Thus, when we identify our spacetime with some hypersurface y = yo = constant in a DSV universe, the effective
matter in X, is restricted to behave either as a radiation-like fluid or as nongravitating matter. Both scenarios are
unsatisfactory if we desire to obtain more general cosmologies. The problem is that the embedding y = yo is too
rigid.

A more “flexible” approach, that respects the spatial homogeneity and isotropy of FRW models, is to consider
that 4D observers are at rest only in 3D (dz® = 0), but moving in 5D. That is we relax the condition dy = 0 of
section 2.2 and assume that y = y(t), or in parametric form

t=5(), y=Y(1), (18)

where 7 is the proper time. In this approach our spacetime is recovered on a dynamical 4D hypersurface, which we
will denote as Xy (;y, with local coordinates (7,7,6,#). In this section we will see that an observer living in Xy (;),
who is unaware of the motion through an empty 5D-dimensional universe, will interpret the expansion or contraction
of the universe as if it were governed by an effective matter satisfying some equation of state, which is not necessarily
restricted to be p = 3p or p = —3p.



We consider a foliation of the 5D-dimensional manifold such that (I8) is itself a hypersurface of the foliation.
Then, for the 5D cosmological line element

dS? = N?(t,y)dt* — A*(t,y)dS} + e*(t,y)dy?, (19)
the metric induced on every hypersurface of the foliation is (hereafter X =dX /dr; Xy = dX/dt; X' = dX/dy)

ds® = [Nz(t, y)$? + ed?(t, y)Yﬂ dr? — a?(7)dz2. (20)
On Yy (7 this metric has to take the usual FRW form. Therefore we require

N?(t,y)5% + e®°(t, y)Yz} =1 a(r) = ALY | sry v (21)

t=S(71),y=Y (1)

which ensures that 7 is the proper time. It also shows that the functions S and Y are not independent, meaning
that the state of movement of ¥y (;) is parameterized just by one function of the proper time 7. The unit vector nA
normal to the foliation, and the four-velocity vector u* tangent to the foliation can be written as

S s \% €
fia = ———(~VN,0,0,0,®), at'=—"~-(-=—,0,0,0,— |,
4 T ) VItev2 < N <I>>
1 1 1 %
uy = ————(N,0,0,0,edV), uA—i(—,O,O,O,—). 22
4 \/1+€V2( ) V1+eVZ \N @ (22)
Here fian® = € ugu® = 1; ngqu? = 0; s = £1 determines the orientation of the normaﬂ, and V is the coordinate

velocity of Xy (). This follows from the fact that the displacement 7 adz® must vanish on every hypersurface of the
foliation. Therefore, . .
_ ®dy Y Y

T Ndt T NS \/1_cp2y2

where we have used [2I]) and assumed S > 0.

(23)

3.1 Interpretation of DSV solutions on Xy ()

We now apply the above general formulate to elucidate what kind of 4D cosmological models can be obtained as
projections of DSV solutions on a moving hypersurface Xy ().

3.1.1 Time-dependent DSV solutions

First, let us show that the effective matter induced on ¥y (;y is no longer pure Weyl radiation as it occurs on X,
(I)-{H). In fact, the extrinsic curvature of the surface Xy (,y is in general non-zero, because 7’ ~ V # 0. In
particular, for the DSV solutions (@)- (&)

Y  AuY

— + _
S Ay

K§ = —sByA, Ki=K3=K3}=— T (24)

3

Kos and Ky4 are obtained from K 4pn® = 0. Substituting in (1)) we find that, apart from the Weyl radiation given
by E,., there are a number of additional terms which do not cancel out, but vanish when Y = 0 (V = 0). This is
a general result valid for any 5D metric with no-dependence of the extra y coordinate. It uncovers the misleading
nature of the notion, frequently found in the literature, that “radiation is the only kind of matter one can obtain in
the induced-matter interpretation as long as the cylinder condition is in place.”

"For s =1 (s = —1) the displacement n 4dz?, for fixed ¢, is in the increasing (decreasing) direction of y.
8Kaluza’s cylinder condition sets the derivatives with respect to the additional coordinate to zero.



We now proceed to develop a general expression for the energy density induced on Xy (). To this end we use
(1), which in the present case reads

§2 - B§A§Y2] =1, a(r) = A(S(1)); (25)

It:S(-r)

obtain S as a function of a(r) from [@); calculate S = a(dS/da), and substitute 4> = SWGpeﬁaQ/?) — k. The result is

87Gpelt — 3eaw?/4]at (1) — 31

BIA?y? =6%_1= 4l 35, , A >0, (26)
where €5 and fa are the coefficients defined in ([4)-(T3]), and
fa — 4ka® + w?a?, kisyAis) = %,
o = fa —4ka®, Ap) =0, (27)

2

fA - 4ka2 - w2a4, k(5)A(5) = —3%.
The condition d5 > 0 is necessary to ensure that S(7) is a real function. In principle, fa can have either sign, but
models where a can reach a = 0 require fj > 0. Finally, from (&), (23)) and (28) we get the desired formula, viz.,

3fa V2 (35A)

ff
8rGp™t = Ay + 1t + T2 \ 12 (28)

We note that when V = 0 we recover (Id)-(I5). The last term is always positive because |V| < 1 (Y2 > 0), and in
general is not radiation-like because d, is a function of a.

In principle, one can find the motion of Xy () for any given equation of state. The algorithm is as follows: from
the field equations find a(7); use @) to get S as a function of a(7); substitute into (28] to obtain V(7) and Y (7);
finally, the range of applicability of the model is set by the condition Y2 > 0.

As an illustration, let us consider the equation of state peff = wpeff with w = constant, which implies p ~
1/a*(+®) | Substituting this into (28] we find that Y2 > 0 is satisfied, in the whole range of a, if (As) = 0,w =1/3)
or (As) < 0,w > 1/3); in any other case the applicability is restricted to certain portions of the evolution. For
example, in the case of spatially flat models with A4y = 0 for which a(r) ~ 7%/3(“*1 we find S = Cr#/3(w+1), andd

9(’(0 + 1)27_2(3w71)/3(w+1)
16C2

Vi=1- (29)
The model works well (0 < V2 < 1) either in the very early universe (1/3 < w < 1) or at “late” times (0 < w < 1/3).
An interesting by-product of the discussion is that V' = constant for w = 1/3. Namely, V = 0 for pure Weyl
(geometric) radiation, while V' = constant # 0 for a mixture of Weyl radiation, photons and ultra-relativistic matter.

Another approach for constructing 4D cosmological models from (@)-(E) consists in prescribing the motion of
Yy (). The problem with this is that we have no physical arguments in support of any particular choice. The only
criterion seems to be “mathematical simplicity”. Here we just show an interesting representative example, which
arises from the assumption

S(r)y=71+ 074/3(“’“), (30)

with 0 < 7 < oo and C' = constant > 0. In this case Y2 > 0 (V| < 1) in the whole range of 7, for all w € (—1,1].
In particular, for w = 0, S’\Tﬂo — 1 in the early universe, which by virtue of (28] implies Y|r—o — constant, i.e.,
in the early universe ¥y ;) — X,,. Consequently, at early times the model reduces to a radiation filled universe
analogous to the one considered in (I4)), while at late times the effective matter on ¥y () behaves like cosmological
dust. Similar cosmologies can be generated on Xy (;y from the other solutions in (4.

9Please note that V is not the speed of light ¢. Thus V = 1 does not mean that Ly (r) is light-like.



3.1.2 Static DSV solutions

We now consider the case where our spacetime is a dynamical hypersurface moving in the static background (@)- (0.
Here, in addition to the freedom in the choice of Y (1) (or S(7)), we also have a freedom in the signature of the extra
dimension. In this case the functions S and Y must satisfy

B2A?S? 4 ev? =1, a(r) = A(Y (7)), (31)

which follow from (21IJ), and assure that the spacetime metric induced in ¥y () has the usual FRW form. The matter
induced on Xy (;) is determined by the Einstein equations, namely

87G o A?Y? &k
ERAr
eff "y 2 A,
Y Y
4nG <peﬁ+ %) = —AA - AA . (32)

The last equation shows that peff = —3peff, when Y = constant. However, there is a another solution, namely

A(Y (7)) ~ 7, which generates Milne’s universe (the corresponding ¥ and S are obtained from (I0) and (BI),
respectively). For any other choice the effective matter in Xy (;y behaves as “regular” gravitating matter.

Again, we can derive a general expression for peff analogous to (28)). Although we omit the formulae, for all three
solutions in (I0) we find that the matter induced on a dynamical hypersurface is compatible with the barotropic
equation of state, in the whole range of 7, and w # 1/3, provided A5y < 0, which is equivalent to e = —1 and € = 1
in the hyperbolic and trigonometric solution, respectively. For w = 1/3, the extra dimension can be either spacelike
or timelike. As an illustration, let us consider spatially flat models with A¢5) = 0. In this case

a%(1) = 1Y (1) + ¢a = (Cy7 + Cp) /3D (33)

where Cy and Cy are constants of integration. Substituting into [BI) we get

Bic? 2 166012(13(1—1:)' (34)
4 9(1 + w)?cs
Since S2 > 0, and 0 < a(7) < oo, this expression shows that the extra dimension must be spacelike (e = —1) for any

w # 1/3. For w =1/3, it can be either spacelike or timelike, depending on the choice of the constants.

Another simple example that demonstrates the diversity of cosmological scenarios, arises from the observation
that setting S =1in @8) requires Y = Y), which gives back the conventional models with radiation-like effective
matter (Id). In static DSV solutions the assumption S =1 is inconsistent with Y = Y, but generates an ample
variety of collapsing and bouncing cosmological models. In fact, the scale factor resulting from the integration of
@I) can be written in the parametric form

Byc B¢ 1
a="2Lsing, T—1="2L(n—Zsin2p), for e=—1, (35)

2 4 2
where 79 is a constant of integration, which can be set equal to zero. Thus, despite the fact that the universe is
spatially flat, for e = —1 it recollapses in a finite proper time: a(7) grows from zero at 7 = 0 (n = 0) to a maximum

value a = Bycy /2, which is reached when 7 = BZcim/8 (n = 7/2), and decreases again to zero at 7 = B3cym/4. For
small values of a, we assume 17 < 1. Then a ~ 1, 7 ~ 13, so that a ~ 7/3, which corresponds to a fluid with a stiff
equation of state, i.e., peff = peff.

In a similar way, for e = 1 the solution can be written as

Bgcl
4

Bocy
a=— coshn, 7—19=

1
(77 + B sinh 277) , for e=1. (36)



Here the scale factor changes monotonically, increasing from a = Byc1/2, at 7 = 0 (n = 0), to infinity for 7 — oo
(n — o0). For large values of 7 we find a ~ 71/2 which corresponds to radiation, peff = 3p°i.

To sum up, in this section we have shown that an observer riding in a hypersurface ¥y ;) can perceive a rich
variety of cosmological scenarios, including cosmological models where the induced matter satisfies the barotropic

equation of state, not only radiation-like or nongravitating matter.

4 QOwur universe as a moving brane in a static DSV universe

In the last section, within the context of IM, we have obtained cosmological models in 4D as projections of the
5-dimensional DSV solutions on a moving hypersurface ¥y ;). The aim of this section is to extend the discussion
to embrace the so-called braneworld cosmological models. In these models gravity propagates in all 5-dimensions,
whereas particles and fields are confined to a singular 4D hypersurface (the brane), thereby accounting for their
relatively greater strength.

The metric g4p induced on the hypersurfaces of the foliation, which is defined by the orthonormal vectors ([22]),
is given by

gAB =VAB — €hahp, gaph® =0. (37)
Thus, using ([I9) and [22) we obtain
N2
goo = Trev2 Gij = Yig»
v vV?
goa = € (N) 900, 944 = (N) 9005 (38)
where, from ()
dA
N=By|—]. 39
(%) (39)

The extrinsic curvature is

K _ eN? ﬂ' 3 eVV!
o= (1+ev2)*2 [N 1+eV2]’
A/
Kl = K}=FKj=s ——,
1 2 3 A 1 ¥ €V2
1% V\?
K04 = € (N) KOO, K44 — (N) KOOu (40)

with trace
(41)

S€ N’ n 3A 74%
ViteV2 | N A 14+€eV2|’

In the present case the coordinate velocity ([23) reduces to V =Y /v/1 — Y2, Therefore, in the above equations

Jiteavie 2 oy Y (42)
V1= eV?2 (1 —€Y?)?

where we have used that V' = VY [34].



4.1 Matter on the brane

The metric g p is continuous across the brane but there is a jump in the extrinsic curvature (Kapjs—1 = —KAB‘S:,l).
Israel’s boundary conditions [35] relate this jump to the brane energy-momentum tensor, viz.,
2¢
Tap +0gap = ——— (Kap — gapK), (43)

2
k(s)

where K p = KAB\S:H; o is the tension of the brane, which is interpreted as the vacuum energy density, and Tap
represents the energy-momentum tensor of ordinary matter in the brane. For perfect fluid it is

Tap = (p+ p)uaup — pgas, (44)

where p and p are the energy density and isotropic pressure measured by an observer with velocity u?.

If we substitute (I0), B9), [@2) into @3)-@4), and set y = Y (7), then we obtain the braneworld matter in terms
of the embedding function Y'(7), and its first and second derivatives. However, in cosmological models, what we need
is to find explicit expressions relating the matter in 4D to the dynamics of the scale factor a(7). To accomplish this
goal we have to specify Y as a function of a(r).

1. From the first solution in (I0) we obtain
c1[w?a®(T) — 2ke] — ca Ay,

coshwY =
¢ (G =) ’

(45)

with Ay, = v/[w2a?(7) — 2ke]2 — wi(c? — c2). The expression for sinhwY is obtained by changing ¢; < ¢ in
{H), but keeping Aj,. We note that coshwY and sinhwY remain finite for ¢; = co.

2. From the second solution in (I0) we get

Y(r) = 2_€k {61 - \/C% + 4ek[cy — GQ(T)]} , k#0. (46)
For k=0, Y(7) = [a®(7) — ca]/c1.

3. Finally, we note that the third solution in (I0) is formally obtained from the first one under the substitution
w — iw, ¢g — icg. Therefore we have

c1{w?a® (1) + 2ke] — calA;
Wi (et +¢3)

where Ay = y/wi(c} + c2) — [w2a®(7) + 2ke]2. The expression for sinwY is obtained from this equation by

changing ¢; — ¢g, co — —cy.

coswY = , (47)

Substituting [@3])-(@T) into the original equations for braneworld matter in terms of Y'(7), we obtain (to simplify the
presentation we omit cumbersome intermediate calculations)

ew? ek? 3[4k —(? —c2)w? cw?
- Pt - %+ : 4¢£21a4 22l for k(25)A(5) = 3%,
N2
a ekis) 2 3k, 3 (¢ 2
3 P —T52(p+o0) =5+ % (I + ech) , for k(5)A(5) =0, (48)
cw? Ek4‘ 3e[dk? — (2 +c2)w? ew?
5 SR (o - 3 - MDD for i) = —25

By means of direct calculation we have checked that the three models satisfy the conservation equation
S a
(p+a)+3a(p+p):0, (49)

so we need not to have an explicit expression for (p—o). However, it may be worth emphasizing that this conservation
equation holds regardless of the choice of functional dependence of o(7), although it is usually taken as o = o¢ =
constant.
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4.1.1 The generalized Friedmann equation

Following a notation that now is standard, the above solutions can be written as

L\ 2 4
a 3k 6k(5) 5 C
where
€ sz
% [wQ — %ké)oﬂ , for k(25)A(5) = BT,
eké)a K o2
87TG = —T, A(4) = — %7 for k(25)A(5) — O7 (51)
2
—3 WP+ LG 02| for KAy = — 252
and
3e[dak? —(c2—c2)w?
MDA o k2 A = 252,
€ C2 ERC
C= Seletlehes) - for k2 Ay =0, (52)
3e[4k? — 62+02 w? cw
— [ £w12 2) ]7 for k(25)A(5):—322.

The first three terms in the r.h.s. of (B0) give the standard cosmology, while the fourth and fifth terms are local
and non-local higher dimensional modifications to general relativity, respectively. In particular, the term C/a* can
be interpreted as an effective (Weyl) radiation coming from the bulk to the brane. The first solution in (G0)-(EI)
with € = —1 is in agreement with the well-known generalized Friedmann equation [I3]-[15], which has widely been
used and discussed in the braneworld literature. In this equation one can always fine-tune the parameters w and o
is such a way as to set the 4D effective cosmological constant A4 equal to zero.

However, this is not so for the second and third solutions in (B0)-(5I). For the solution with A5y = 0 this is not
surprising. But, in the third solution A4y cannot be set equal to zero either, despite of the fact that Ay # 0.

4.2 Consistency relations for the embedding

First, we have to verify the positivity of $2. In fact, from B4) we have learned that 52 is not automatically positive;
in principle the requirement $2 > ( may lead to some specific physical restrictions. In the present case one can show
that S2 > 0, for all three solutions, without imposing restrictions whatsoever.
Indeed, from (BI) it follows that B2A*S$2 = (1 — eY'2). Now we use ([@3), [{@6), @7) to obtain Y in terms of a
and @. Next, we eliminate @ in Y by utilizing [@8]). After a long but straightforward calculation we get
k2
BIA'S? = =2 (p+ 0)” a*(r), (53)
for the three cases, regardless of the choice of €, k and C.
Second, we have to make sure that Y (7) is a real function for all values of 7. This requires the quantities under
the roots in (@), {@d) and {T) to be non-negative. Using (B2)), this condition can be expressed as

4eC 3ew?
4
w?a* — dkea® + = >0 , for k(25)A(5) = 5
e[C—3ka®] >0 , for kijAi) =0,
4 2
w?a® + dkea® — %C <0, for k{pAe) =- 36; (54)
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These equations, impose geometrical constraints on the evolution of the scale factor a, for every given set (e, k,C).
They indicate what kind of braneworld cosmological models are, in principle, compatible with the embeddings under
consideration. However, physical requirements, as the energy conditions on p and p and 4> > 0, demand more
stringent constraints on the evolution of the scale factor.

4.2.1 Possible cosmological scenarios

We now proceed to examine, in some detail, the 4D cosmological models allowed by (54) when the extra dimension
is spacelike (e = —1).

The models with k(25)A(5) = —3w?/2 are specially interesting because, as we mentioned above, they correspond
to the generalized Friedmann equation discussed in braneworld cosmologies [I3]-[I5]. In this case the inequality
w?a* + 4ka® — 4C/3 > 0 has several solutions corresponding to the various values of C and k:

1. k= —1: For —o00 < C < —3/w?, there are no restrictions on a, i.e., the above inequality is satisfied for all
values of a. For —3/w? < C < 0, the allowed range of a is (assuming a positive) either

0<a(r) < ITﬁI (1 V1 +w26/3)1/2, or a(r) > g (1 +/1 +w26/3)1/2. (55)

For C > 0, a is restricted to the region defined by the second inequality.

2. k=1(0,1): For C <0, there are no restrictions on a. For C > 0 we obtain

a(r) > (46/3(”2)1/47 and a(r) > |7\/§| (\/1 +w?C/3 — 1)1/27 (56)

for k = 0 and k = 1, respectively. We note that a(7) can never reach zero, i.e. there is no big-bang, unless
C=0.

Summing-up, the case where k(24)A(5) = —3w?/2 allows recollapsing, bouncing and ever-expanding cosmological

models. Tt is not difficult to see that similar scenarios are possible when A(5) = 0. However, for k(24)A(5) = 3w?/2 all
the models are recollapsing.

Let us now examine the physics in the bulk. A simple inspection of ([@)-(I0) shows that g«(y) = oo at A(y) = 0.
To analyze this in more detail we calculate the Kretschmann scalar I = Rapc pRABCD  We obtain

723>
I = 400” + Aﬁg : (57)
where 2 2 4.C 4( 2 2) 4k2 4k 2 4( 2 2) 4k2
w w w(cy —c5) — Co —C w(cy +¢5) —
— (X 0 X = = 172 Lo L2 58
“ (4” 4)’6 3 { 12 VI 12 ’ (58)

for k(25)A(5) = —3w?/2; k(25)A(5) =0 and k(25)A(5) = 3w?/2, respectively. The above suggests the introduction of the
dimensionless coordinate z, viz.,

z=A. (59)
In terms of z the static DSV solutions ([@)-({0), with e = —1, become

dz>
(k+ az?2 — (/22)

— 22452, (60)

ds? = Bg (k+az2 — %) dt® —
z

which is the five-dimensional analogue of the Schwarzschild-de Sitter spacetime. It shows that for 3 =0 (C = 0) the
bulk is singularity-free; it is either dS5 or AdSs, depending on whether o < 0 or o > 0. However, for 3 # 0 the bulk
is singular at z = 0. For several values of the constants, the singularity is covered by a horizon located at z = zj,.
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For o > 0

VE —c2—-2/0? k=1,

22 = 2—c3, k=0, (61)

Ve —cad+2/w? k=1

Alternative formulas for z7 can be obtained by using (G8) for expressing /c? — ¢ in terms of C. We find that 2z > 0
requires C > 0 for k = (0,1) and C > —(3/4w?) for k = —1. For these parameters the scale factor a(r) can never
vanish because it is bounded from bellow. A similar situation occurs for « = 0 and k = 1.

Our analysis shows that ever-expanding big-bang cosmological models on the effective 4D brane require o > 0
(Asy <0)and C = 0 (8 = 0), which in turn, by virtue of (57), demand the bulk to be free of singularities (not
a black hole in 5D). In this context, the singularity in 4D can be interpreted as a consequence of the topological
separation of our universe from the 5D bulk [36].

5 Summary

We have studied the classical Davidson-Sonnenschtein-Vozmediano cosmological solutions, originally obtained and
interpreted in the context of 5-dimensional Kaluza-Klein theory with cilindricity, where the effective metric in 4D is
constructed by a factorization technique (@l). Nowadays, such a factorization is not required and the extra dimension
is not assumed to be compactified. The two versions of 5D relativity in vogue, namely induced matter theory and
membrane theory, employ a 5D Kaluza-Klein type of metric but identify our spacetime with some 4D hypersurface
embedded in 5D.

In section 2, by employing Campbell’s theorem, which is the fundamental mathematical support of induced-matter
theories, we analyzed the physics induced on a 4D hypersurface y = yo = constant. Also, exploiting the symmetry
of the 5D metrics, we constructed the static counterpart to Davidson-Sonnenschtein-Vozmediano solutions. The
equations of state of the matter induced in 4D is p = 3p in the FRW case, and p = —3p in the static case,
corresponding to radiation-like and nongravitating matter, respectively.

In section 3 we considered the most general embedding compatible with spatial homogeneity and isotropy. The
spacetime was identified with a dynamical hypersurface ¥y ;) defined by one function of the proper time. We found
that, an observer living in Xy (;), who is unaware of her/his motion through an empty 5-dimensional universe, will
interpret the scale factor a(7) as if it were governed by an effective matter satisfying some equation of state, which
is not necessarily restricted to be radiation-like or nongravitating. In fact, we discussed a number of cosmological
scenarios, which include ever-expanding, collapsing and bouncing models, with different equations of state including
the barotropic one.

In section 4 we used the braneworld paradigm to embed our spacetime as a dynamical 4D hypersurface in a static
DSV universe. We considered three possible cases, viz., k(24)A(5) = 3ew?/2, Ay =0, k(24)A(5) = —3ew?/2, which
require different consistency relations for the embedding. As a consequence, although the generalized Friedmann
equation in 4D, looks the same in all cases, they represent distinct physical scenarios. The most notorious difference
is between the cases with k(24)A(5) = 3ew?/2 and k(24)A(5) = —3ew?/2. The first case, which for ¢ = —1 gives back
previous results in the literature [13]-[I5], is compatible with a wide range of cosmological and A4 can be set equal
to zero. The second case, however, is compatible only with recollapsing models and A4 cannot be set equal to zero.

In conclusion, here we have obtained a number of 4D cosmological models as projections of DSV cosmological
solutions on some 4-dimensional hypersurface. This is the first time in the literature that these solutions are used in
a systematic way to provide a different formulation of 4D cosmologies. Therefore, our approach is complementary
to the usual formalism employed in IM [3] and BW [13]-[15], and shows that Davidson-Sonnenschtein-Vozmediano
solutions are compatible with the notion that our universe can be an evolving 4D hypersurface embedded in a
5-dimensional world.
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