A THREE-DIMENSIONAL BRANE UNIVERSE IN
A FOUR-DIMENSIONAL SPACETIME WITH A BIG BANG.

RUSLAN SHARIPOV

ABSTRACT. Arguments for the universe being a 3D brane in a 4D bulk are given.
Einstein’s gravity equations are rewritten as dynamical equations for a 3D metric on
a 3D brane travelling in a 4D spacetime with a Big Bang.

1. INTRODUCTION.

The idea that our real universe is a 4D structure has deeply penetrated the brains
of scientists and ordinary people. However, is it true that this 4D structure as a
whole has its material being at each particular moment of time? Let’s study this

question on the basis of the principles of

Ob, Ob, general relativity and cosmology.
In Fig. 1.1 we see two observers in a 4D
B’ spacetime and their trajectories, which
are called world lines (see [1] and §6 in
Chapter II of [2]). Let’s call them Ob;
A - and Oby. The observer Ob;, when pass-
</j H A ing through the point A of his life, can
\/j think as follows: “I am at the point A and
I do exist. Therefore, the point A does ex-
C ist. The points B and C' do not exist right
c’ now, since B is my future, while C' is my
past. I know that I am not a unique ob-
Fig. 1.1 server in the universe and the point A is
not a unique point of the universe. There
must be another observer, say Oby, who coexists with me at some definite point A’
of his trajectory. The points B' and C' cannot coexist with me right now, since the

point A’ does and since B’ is the future of A’, while C' is its past.”

The train of thoughts of the observer Ob; leads to the conclusion that the 4D
spacetime is subdivided into mutually non-overlapping coexistence classes. How-
ever, these thoughts do not describe the classes completely, though they yield some
restrictions for them. The coexistence classes could be

B

1) smooth structures;
2) partially smooth structures;
3) fractal structures;
4) non-structured formations.
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We choose the option 2 and assume the coexistence classes to form a smooth foli-
ation of 3D hypersurfaces in the 4D spacetime (see [3]). The smoothness of them
can be broken at the points corresponding to black holes.

The coexistence classes in the form of 3D hypersurfaces represent successive
stages in the evolution of the universe. Only one of them comes to physical being
at each particular moment of time. This particular hypersurface, being the present
state of the 3D universe, is called the evolution front. All observers and all ma-
terial bodies and fields are enclosed in this evolution front and move together with
it along 4D spacetime, though each observer lives with its own pace of time accord-
ing to laws of Einstein’s relativity. As for the 4D spacetime, it is a mathematical
abstraction rather than a real physical structure.

The main goal of the present paper is to promote 4 = 3+1 approach in cosmology
as something more than just a mathematical trick for solving equations.

2. LIGHT CONE RESTRICTION FOR COEXISTENCE CLASSES.

Let A be some point of the 4D spacetime and let H be its coexistence class (see
Fig. 1.1). Each point A of the spacetime is associated with two light cones. Their
walls are formed by light rays passing through the point A. Their interior can be
filled with world lines of massive particles passing through the point A. Therefore
none of the point from the interior and from the walls of these light cones can belong
to the class H. Thus we conclude that each coexistence class H is completely in
the exterior of light cones associated with each its point A. This is the light cone
restriction for coexistence classes.

According to our choice above, coexistence classes are smooth 3D hypersurfaces
at most points of them. At each of those points they have a normal vector n.
From the light cone restriction one easily derive that the normal vector n is in the
interior of the light cones. Hence the metric induced to coexistence hypersurfaces
is non-degenerate. We take it to be Riemannian (see [4]) and define two matrices

11 12 13

gi1 gi2 gi3 g q
Gij = ||g21 g2z gos||s g7 =||g*t ¢** ¢* (2.1)
gs1 932 933 gt g3 ¢33

that correspond to direct and inverse metric tensors.

3. NORMAL SHIFT AND COMOVING
COORDINATES. THE CONCEPT OF COSMIC TIME.

Let’s consider our foliation of 3D hy-

persurfaces (coexistence classes). They

B’ are rendered as green lines in Fig. 3.1.

‘\Q\Q Actually they form a dense family filling

A the whole spacetime. Let’s mark normal

\QC vectors of the unit length at each point of

each hypersurface. As a result we get a

?Q\Q smooth vector field n of unit vectors. In-
A tegral curves of this vector field are ren-

dered in black in Fig. 3.1. These integral

Fig. 5.1
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curves are perpendicular to hypersurfaces. Therefore we see the picture of a nor-
mal shift. This is the normal shift along integral curves of a first order dynamical
system. Other sorts of normal shift are considered in [5].

Integral curves of a vector field are parametric curves with some numeric param-
eter (see [6]). Let 7 be such a numeric parameter for integral curves in Fig. 3.1.
If we choose some curvilinear coordinates x', x2, 3 on some initial hypersurface
and complement them with one more coordinate z° = 7, then we get a curvilin-
ear coordinate system in some neighborhood of the initial hypersurface in the 4D
spacetime. Coordinates constructed in such a way are called comoving coordi-
nates. An observer whose world line coincides with one of the integral curves of
the normal shift in Fig. 3.1 is called a comoving observer (see [7]).

Two points A and B of two hypersurfaces in Fig. 3.1 are connected by an integral
curve of the vector field n. The arc length of the segment [AB] of this curve is called
the orthogonal distance between two hypersurfaces at the point A (or at the point
B). In comoving coordinates we have

Mm:#b—#h (3.1)

A similar formula can be written for the points A’ and B’:

|Amzﬂ|—ﬂ. (3.2)
B/

The normal shift in Fig. 3.1 is called an equidistant normal shift if for any
two hypersurfaces the orthogonal distances (3.1) and (3.2) are equal to each other
for any two points A and A’ of one of them. Mathematically, not any normal
shift determined by a foliation of hypersurfaces is equidistant. However, here we
introduce a new physical postulate.

Postulate 3.1. Watches of any two comoving observers can be synchronized.

The normal shift in Fig. 3.1 occurs in the time direction. Indeed, normal vectors
to hypersurfaces, which are tangent to integral curves, are in the interior of light
cones. Therefore we can divide the distances (3.1) and (3.2) by the speed of light
and thus get time intervals for two comoving observers A and A’:

AB A'B
_ |AB] Aty = 2B (3.3)

C C

yAN )

Postulate 3.1 means that the time intervals (3.3) should be equal: Aty = Atar.
Hence we get |AB| = |A’B’| thus proving the following theorem.

Theorem 3.1. The normal shift associated with coexistence classes in cosmology
is always equidistant.

Using comoving coordinates z°, z!, z2, 23, one can introduce the time variable
0
x

p= (3.4)
c

In the case of an equidistant normal shift the time variable (3.4) characterizes each
hypersurface as a whole. It is known as the cosmic time (see [8]).
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4. THE ROLE OF THE Bi1G BANG.

For defining the normal shift in Fig. 3.1 we used some initial hypersurface.
Therefore the time variable (3.4) is relative one. It is defined up to our choice
of an initial hypersurface. However, in many cosmological models the evolution

of the universe starts not from a hyper-
surface, but from a point. This point is

B called the Big Bang (see [9]). If we in-
A clude the Big Bang into our concept of
coexistence classes, then we would have

the initial coexistence class in the form
A of one point of Big Bang. Other classes
would arise through the normal blow-
up of this point (see Fig. 4.1).
Like the normal shift in Fig. 3.1, the
Fig. 4.1 normal blow-up in Fig. 4.1 is a normal
shift along integral curves of a first order
dynamical system. Other sorts of normal blow-up are considered in [10].

The use of the Big Bang as a reference point in defining the time variable (3.4)
makes its choice absolute. The value of this variable for the current epoch is known
as the current age of the universe. It is approximately 13.8 billion years ac-
cording to our present knowledge (see [11]).

5. EINSTEIN’S EQUATIONS OF GRAVITY IN 3 + 1 PRESENTATION.

FEinstein’s equations of gravity are derived for the four-dimensional spacetime
(see §2 in Chapter V of [2]). They are written as follows:

T 8wy
T’LJ_§G’LJ_AG'LJ:C—4EJ (51)
Here v is Newton’s gravitational constant (see [12]):
vy 6.674-107% cm?® - gt - 572

and c is the speed of light. Now, as a result of redefining other standard units in
2019, the speed of light ¢ is defined as an exact physical constant (see [13]):

¢ =2.99792458 - 10'° em - 571,

The constant A in (5.1) is the cosmological constant. It is associated with the dark
energy (see [14]). Its value is quite uncertain, but very close to zero (see [15]):

A=~ 107% em™2.

The term T;; in the right hand side of (5.1) stands for the matter including the
dark matter (see [16]) and the regular matter. It represent the components of a
symmetric tensor which is called the energy-momentum tensor (see [17]).

The term r;; corresponds to the components of the Ricci tensor and r is the scalar
curvature! (see §8 in Chapter IV of [18]). Both of these two terms are expressed

1 We used lower case letters for ri; and r in order to reserve capital letters for 3D Ricci tensor
and for 3D scalar curvature.



A THREE-DIMENSIONAL BRANE UNIVERSE ... 5

through the components of the four-dimensional metric tensor G;;. In order to
express the equations (5.1) in 3 + 1 presentation we use comoving coordinates
20, o', 2%, 3 with the cosmic time (3.4). In these coordinates the components of
the metric tensor G;; and the components of the inverse metric tensor G/ are given

by the following two matrices:

1 0 0 0 1 0 0 0
o 0 —g11 —g12 —¢13 - 0 —g" —g" —g¢" 5o
Y0 —ga1 —g22 —ga3|’ S0 =g —g*2 —g* (5:2)
0 —gs1 —g3s2 —gs3 0 —g*t —g** —g¢*

The quantities g;; and g% are taken from (2.1). The metric (2.1) is assumed to be
Riemannian. Therefore the metric (5.2) is pseudo-Riemannian with the signature

(+ — — —). This metric produce the metric connection with the components
3
1 0Gs;  0G; 0G,;
k ks sJ 18 ij
n= = G . = — . 5.3
T T g ; ( ot | Bad ox* > (5:3)
It is easy to derive that
v =T% for 1<i,5,k <3, (5.4)

where I'}; are the components of the metric connection for the metric (2.1):

3
kIS ke (9955 09is  09i
N =32 B T o o) (5:5)

s=1

The rest of the components (5.3) are distributed as follows:

- B R R SRR .
Vi T 990 T 2¢ ot 2¢ " LS 3, (5.6)
1 09 5
W= =320 o5 =2 g% for 1<k j<3, (5.7)
s=1 s=1
Vo = Vgo =0y =0 for 0< g <3. (5.8)

The formulas (5.4), (5.6), (5.7), and (5.8) are easily derived from (5.3) with the use
of the formulas (5.2) and (5.5).

Note that the quantities (5.6), when restricted to a 3D hypersurface representing
some coexistence class, constitute the components of a symmetric tensor field. This
tensor field is usually denoted through b and is called the second quadratic form
of a hypersurface (see § 5 in Chapter IV of [18]). Its components are denoted through
bi;. Raising one of two indices of the second quadratic form, we get

3
=" g" by (5.9)
s=1

The quantities (5.9) are also the components of a tensor field. This tensor field
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is denoted through the same letter b as the second quadratic form. Using the
quantities b;; and bf, we can rewrite the formulas (5.6) and (5.7) as follows:

FYin = bij for 1 g ’L,j g 3, (510)
Yo; = V5o ="bj for 1<k, j<3. (5.11)

The Ricci tensor in Einstein’s equations (5.1) is calculated through the curvature
tensor by means of the following formula (see § 8 in Chapter IV of [18]):

3
=> ks (5.12)
k=0

where the components of the curvature tensor are

k k 3 3
isj] ors Oxi OFYSq FYJz Yiq Vsi- .
q= =

Due to (5.12) in (5.13) we need only those terms where s = k:

ok Al
k Ji ki
'ij a‘rk oxi +Z quYJ'L ZFYJQFYIC'L (514)

Applying (5.4), (5.10), and (5.11) to (5.14), we derive
i = RE +bE by — bl by for 1<4,5,k < 3. (5.15)

Here RF ; are the components of the 3D curvature tensor. They are given by a
formula similar to (5.13) upon setting s = k in it:

ork,  ark,
Riy =52 — 55 +Zr’;qr§1 Zrk re. (5.16)

The 3D Ricci tensor is derived from (5.16) by means of the formula

'LJ - ZRzkja (517)

which is the 3D version of the formula (5.12).
Now let’s consider the case k =0 and 1 < ¢,7 < 3in (5.14). In this case we have

o Je 01
Tioj = o9r0  Oxi +Z "oq ,-YN Zﬁyjq FYOz (5.18)

Applying (5.8), (5.10), and (5.11) to (5.18), we reduce this formula to

0, = meb for 1<4,j<3. (5.19)
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The next step is ¢ = 0 and 1 < j,k < 3. in (5.14). In this case we have

k by b} - k & k
_ q q
TOkj = Pk T Ppi Zrkq i~ erq by.- (5.20)
g=1 g=1
We add two terms to (5.20) and rearrange the terms in it:
obE 3 3 P 3 3
ko 9Y k k k k k
Tokj = Ok + Zrkqbg o ZFZJ' by — ori erqbz + ngk by
q=1 q=1 q=1 q=1

Due to the symmetry I'f ;= qu two extra terms that was added do cancel each
other. But they let us apply the concept of covariant derivatives to the above
formula (see § 6 in Chapter IV of [18]). As a result we obtain

rhr; = Vb =V bf for 1<k,j<3. (5.21)
The case j =0and 1 <4,k < 3. in (5.14) is treated similarly:
rho = Vibf = Vb for 1<k, j<3. (5.22)

Now we consider the cases i =0and k =0with 1 <j<3and j =0with k=0
and 1 <7 < 3in (5.14). In these cases we have

700; = 0, 900 = 0. (5.23)
The next case is ¢ = 0 and j = 0 with 1 <k <3 in (5.14). In this case we have

b &
Toro = 76— D by bi for 1<k <3, (5.24)
q=1
The last case is the case where : =0, j =0, and k = 0 in (5.14):
7600 = 0. (5.25)

Let’s apply (5.15) and (5.19) in order to calculate the components of the Ricci
tensor in (5.12). Taking into account (5.17) and the symmetry b;; = bj;, we derive

3

by, >
Tij = 873 + Rij+ > bEbi— > (bribf + by bf) for 1<, j <3. (5.26)
k=1 k=1

Then we apply (5.21), (5.22), and (5.23) to (5.12). This yields

3 3
Tiozzvkbf—zvibﬁ for 1<i<3,
k=1 k=1
) ; (5.27)
roj =3 Vibh = Vibf for 1<5<3.
k=1 k=1

Note that the formulas (5.27) are consistent with the symmetry r;; = rj;.
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Finally we apply (5.24) and (5.25) to (5.12). As a result we get

3. abk 3 3
oo = — a_:c]f) =0 vk (5.28)
k=1

k=1q=1

The four-dimensional scalar curvature r is calculated through the Ricci tensor
(5.12) by means of the formula

3 3
r=> 3 r;GY, (5.29)
i=0 j=0

see §8 in Chapter IV of [18]. Applying (5.2), (5.26), and (5.28) to (5.29), we derive
(%k 3 3 3 3
:—22 —R=)CO>THEB =) hpbd. (5.30)
k=1 qg=1 k=1q=1
Here R is the 3D scalar curvature given by a formula analogous to (5.29):
R=>"> Rijg". (5.31)
i=0 j=0

Through R;; in the formula (5.31) we denote the components of the 3D Ricci tensor
given by the formula (5.17).

Now we are ready to rewrite Einstein’s equations (5.1) in 3 + 1 presentation.
They are subdivided into three groups. The first group is written as

3

oby; k _ Y kaa _
- Zaogw D (busbj + b by ZZb by
k=1 k=1g¢=1 (5.32)
i R 8
-5 ZZbkbq+Zb’“bw + Rij = 5 9+ Agij = 1 Ty,
k=1q9=1
where 1 < 4,5 < 3. The second group is written as
> > 8wy
ka bf—z;vj b= =5 Ty, (5.33)
where 1 < j < 3. The third group consists of one equation:
13,3
522 by bl + 5 ZZbkqur——A_ (5.34)
k=1g¢=1 2= g=1

The equations (5.32), (5.33), and (5.34) are derived by substituting (5.26), (5.27),
(5.28), and (5.30) into (5.1). Due to the symmetry of the tensors r;;, G;j, and T;;
two expressions from (5.27) lead to the same equations (5.33).
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If we remember the relationship (3.4), then we can rewrite the equations (5.32)
in terms of the time derivatives with respect to the cosmic time:

3

b’L bk [
S g S - %55 -
k=1 k=1 k=1gq=1
(5.35)
J LA > k R 8777
_TZZ +Zbkbz‘j+Rz‘j—§gzj+Agz‘j Ty,
k=1q=1 k=1

The equations (5.35) should be complemented with the following equations derived
from the equations (5.6) and (5.10):

i
52 =bi. (5.36)

The equations (5.35) and (5.36) constitute a system of two evolution equations for
two matrices g;; (2!, 2%, 2%,t) and b;j(z*, 22, 2°, ). The equations (5.33) and (5.34)
are treated as auxiliary restrictions for solutions of the equations (5.35) and (5.36).

6. CONCLUSIONS.

The equations (5.35), (5.36), (5.33), (5.34) are derived in comoving coordinates
20 = ct, 2!, 22, 23. The matter is that they are not new. Similar calculations are
performed in § 97 of Chapter XTI in [19], though the ultimate result is presented in a
form somewhat different from the equations (5.35), (5.36), (5.33), (5.34). In place
of comoving coordinates there the term synchronous reference system is used.

The main issue of the present paper is not in calculations, but in their interpre-
tation. The synchronous coordinates in [19] are treated as just coordinates only,
ones among many others. In contrast, comoving coordinates in the present paper
are associated with a 3D brane representing the state of physical being of the uni-
verse. The change of this state is described internally as the evolution of a 3D
metric according to the equations (5.35), (5.36), (5.33), (5.34). Externally it can be
understood as a motion of a 3D brane in a 4D spacetime. However the spacetime
should be considered as a theoretical construction, not a physical entity. Otherwise
it would mean fatalism since, being a physical entity, the spacetime would comprise
our past, our present, and our future simultaneously.
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