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Introduction

Harada[12], in 2021, formulated a new theory of gravity: the Cotton
gravity. This theory extends Einstein’s equations, adding a term to the
gravitational potential that becomes relevant at great distances, thus
describing the rotational motion of several galaxies without the dark
matter contribution.

In this new paper, the energy-momentum tensor is expressed as a func-
tion of a Codazzi tensor. It is a (0,2)-symmetric tensor with the covariant
property V;Cj, = V;Cj;. In this work the properties and applications of
Codazzi tensors, both in the theory of general relativity and in Cotton’s
gravity, are therefore explored.

In the first chapter, their definition and application in the differential
geometry, in particular in embedding theory, is presented. In fact, by
using the Gauss-Codazzi equations, they describe the curvature tensor
of a hypersurface (class 1 embedding) as a function of a Codazzi tensor.
Examples are then given in peculiar manifolds, and two theorems are
demonstrated, the Goenner theorem and the extension of the Derdzinski-
Shen theorem.

In the second chapter, the work of Stephani[32] is presented. He utilizes
the embedding class 1 equations to find exact solutions to Einstein’s
equations. Imposing the Codazzi condition to a perfect and imperfect
fluid tensor, he characterizes the embedded spaces-times and makes their
metrics explicit.

In the third chapter, we weaken Stephani’s assumptions by no longer
considering the immersion of space-time. Just using Codazzi equation
applied to the perfect fluid tensor, and the current flow tensor, we de-
termine wider solutions than Stephani’s, finding a more general met-
ric.

In the last chapter, Harada’s theory is presented, together with one of
its solution and application. Using the same method as in the previous
chapter, solutions of Cotton’s gravity are found, explicating the new field
source as a function of a Codazzi perfect fluid and Codazzi imperfect fluid
tensor.



Chapter 1

Codazzi tensors theory
and proprieties

1.1 Embedding Manifolds
and Hypersurfaces

Let V,, and V,, be two different manifolds and ¢ : V,,, — V,, a map
between these two manifolds. If ¢.y, : T, Vi, — Ty, Vi, is injective for all
x in V;,, then ¢ is called an immersion, where 7,V;, is the tangent space
to p.

Moreover, if ¢ is also homeomorphic, it is more accurately called an
embedding. Obviously, to admit the existence of an embedding ¢ we
must have n > m.

Let 2% and y“ be two coordinate systems of V,, and V,, respectively
(a=0,1..m a =0, 1...n), then each point p in V,, is described by the
parametric equations:

y* = y*(z?) (1.1)

Thus it is possible to define the m tangent vectors which span the tangent
space to V,,, at x:

o
po_

= 1.2
=L (12)

From this relation, it is possible to define the metric and metric tensor
of the space V,,, starting from those of V,,, as follows:

ds® = Gapdy“dy’ = §ogBSB) da'da’? (1.3)

9ij = JapBEBY (1.4)
where g is the metric tensor of V,.

The minimum number of extra-dimensions required for embedding is
called embedding class p. Later on, a Euclidean space will be used as the
embedding space, making it useful to state the following:
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Theorem 1.1.1. Let V, (s, t) be a Riemannian space with s-spacelike
and t-timelike directions, and E,, (S, T) the pseudo-FEuclidean embedding
space. Then V,, (s, t) can be embedded in E, (S, T) with s +t = m,
S+ T=nm<n<mm+1)/2, s < S, t < T. Therefore, the
embedding class p in a 4-dimensional space-time is between 0 < p < 6.

Definition 1.1.2. When the embedding class p is equal to one, namely
dimV,, = m + 1, the manifold V,, is a hypersurface.

1.2 Gauss-Codazzi equations

From this point going forward, let us restrict to hypersurfaces. We can
thus define N as the only vector orthogonal to the hypersurface, so
that

GapBENP = 0. (1.5)

By imposing the condition that the metric be covariantly constant, and
using the equation (1.4):

Vidij = VildasBEBY) = Gas[(ViBY)BY + BX(ViB)] =0 (1.6)

Now subtracting the above with all three indices rotated (from (kij) to
(1jk) and (jik)) from (1.6) gives:

GagBEV;B) =0 (1.7)

By comparing with (1.5), it can be seen that VjB? is proportional to
N, i.e. it can be written as:

V,B = £N°Cy; (1.8)

where the coefficients C;; are a (0,2)-symmetric tensor.

In order to meet the integrability conditions of the system and using
the equations on B as defined above, starting from the definition of the
Riemann tensor, in [16](pag. 279) we read:

Rij = RagysBSBY Bl B + (Cir.Cji — CaCl) (1.9)
ViCjk — V;Ci, = N’ Rop5 BS B BY (1.10)

where Ramg is the Riemann tensor of Vj,;41 and R;j is the Riemann
of V,,. These are referred to as Gauss equation and Codazzi equation
respectively.



The two equations are the fundamental equations of embedding theory.
They indeed allow the definition of the curvature tensor of the embedded
manifold V},, using the curvature tensor of the embedding manifold V1.
As can be noted, the equations are not completely independent. In fact
considering Bianchi’s second identity' we can find restrictions on Cjy (a
particular case is treated in section 1.3.2).

If the manifold has constant curvature, then the equation (1.9) can be
simplified as :

R
(1 1) 9kt = 9ug) & (CiCin = CuCi) (1.11)

Rijr =
Furthermore, if the embedding manifold is pseudo-Euclidean, the term
containing R disappears, thus obtaining:

Riji = CaCji — CiCliy (1.12)

ViCir — V;Ci = 0 (1.13)

Definition 1.2.1. Every (0,2)-symmetric tensor which satisfies (1.13)
is called Codazzi tensor.

Using embedding theory, Hans Stephani derived the metrics of certain
space-times [32] by comparing Einstein’s equation of general relativity
with the equation (1.12):

1
Rij = Tij = 59T = Ci5Cl = CaC (1.14)

where T;; is the energy-momentum tensor and R;; is the Ricci tensor.
Ricci is a (0,2) symmetric tensor, derived from the contraction of two
indices of the Riemann tensor Rijil = Rj;, which describes the curvature
of a space-time

Throughout the discussion, Stephani proves the following theorem, which
states that the Gauss-Codazzi equations, written in the form (1.12) and
(1.13), guarantee class one immersion:

Theorem 1.2.2. If there exists a symmetric tensor C;; which satisfies
(1.12), then the embedding is of class one.

"W Rijkl + ViRijmk + Vi Rijim = 0



1.3 Codazzi tensors theorems and proper-
ties

This section briefly summarizes some specific theorems and properties
of Codazzi tensors. With the birth of General Relativity (1915) and the
subsequent surge of interest in the field of differential geometry, such
tensors were given attention for their connection with the curvature ten-
sor. An excellent compilation of all the results obtained throughout the
twentieth century is found in Besse’s book [4].

1.3.1 Examples of Codazzi Tensors

Some brief examples of Codazzi’s tensors emerging from the study of
manifolds are summarized here. The following tensors are non-trivial,
i.e. not constant multiples of the metric.

(i) Let V;, be a conformally flat manifold (Weyl tensor? = 0) with n > 4.
Then the tensor
Cij = Rij — 3,59
is a Codazzi tensor, since the divergence of the Weyl tensor is given
by the formula:

ViCiji' = "=3(ViCjr — V,;Cix)
(ii) A Riemannian manifold has harmonic curvature if V;R;;.! = 0. This
occurs if and only if the Ricci tensor is a Codazzi tensor.

(iii) Let V,, be a manifold with constant sectional curvature®* K and a
smooth function f :V,, — R. Then the tensor

Ciy = V0 + K [gi

is Codazzi. Furthermore, in 1981 Ferus [8] showed how in any space
with constant sectional curvature every Codazzi tensor is, at least
locally, of this type.

2Weyl tensor is the traceless component of the Riemann tensor. If it vanishes, then
metric is locally conformally flat: for each point of the space-time has a neighborhood
that can be mapped to flat space by a conformal transformation.

3Sectional curvature is one of the ways to describe the curvature of a manifold, in
particular it depends on a 2-dimensional subspace of the space tangent to a point of
the manifold.



1.3.2 Goenner’s theorem

As mentioned in section (1.2), the Gauss and Codazzi equations describ-
ing the embedded hypersurface are not completely independent. In his
book, Hans Stephani states how the properties of the Riemann tensor
impose specific conditions on the Codazzi tensors.

Reconsidering equations (1.12) and (1.13), Goenner [9] shows that by
adding the hypothesis of the invertibility of the symmetric tensor Cj;, it
results to be Codazzi. This is achieved by narrowing down the discussion
to the particular case in which V,,,; is pseudo-Euclidean. Thus the

equation (1.13) is a direct implication, under those assumptions, of (1.12)
[24].

Theorem 1.3.1. Let R;ji be a Riemann tensor of the form (1.12) and
Cij be invertible, then Cj; is a Codazzi tensor.

Proof. Using Bianchi’s second identity, we obtain:

Vi (CitCji — CiClx) + Vi(CimCii — CitCji) + Vi (CitClm, — CiCj1) =

= ik(Vijl — Vlem) + le(VmCik - chzm) + Cil(vkcjm - vmojk) +
Cie(ViCim — Vi Cit) + Cinn(ViCit, — Vi,Ci1) +

Cin(ViCil — ViCik) = 0

Multiplying by (C~')7 and knowing that (C~")¥Cj; = 61,

(n— 3)(VmCZ~k — chim) + (C‘l)jl(Cik(Vijl — Vlem) ++Cim(Vlek —
kajl) =0

Multiplying once again by (C~1)7:
2(n — 2)(0_1)"’“(Vm0ik — chlm) =0

And finally plugging this result into the previous expression we actually
find Codazzi’s definition: V,,,Cir. — Vi.Cin = 0 ]

1.3.3 Extension of the Derdzinski-Shen theorem

One of the most interesting developments on the relationship between
Codazzi tensors and the curvature tensor of their manifold is certainly
the Derdzinski-Shen Theorem [6]. It exposes which conditions are im-
posed by the existence of non-trivial Codazzi tensors on the structure of
the curvature tensor. The theorem states that

Theorem 1.3.2. Let C’ij be a Codazzi tensor defined on a Riemannian
manifold (Vy,,q). Let X and p be two eigenvalues of that tensor, with



eigenspaces Vy and V, in T,V respectively. Then the subspace V\x ANV, is
invariant under the curvature operator R,.

The previous theorem leverages Codazzi condition to prove the thesis.
In 2012 Mantica and Molinari [21] showed that this condition is suffi-
cient but not necessary, in fact it can be replaced by a weaker algebraic
condition, and despite this, the theorem holds.

Proposition 1.3.3. Any Codazzi tensors is Riemann-compatible:

Proof. Using (1.13), it can be stated:
[Vj, Vk]CZJ + [Vk, Vi]Clj -+ [VZ, Vj]Ckl =0 (1.16)

where each commutator, expressing the definition of the Riemann tensor,
is:

[Vi, VjlCl = Rij" Crt + Rij" Cra (1.17)

Substituting (1.16) and through Bianchi’s first identity we obtain (1.15)
[

The Derdzinski-Shen theorem can be extended, replacing the Codazzi
tensor with a generic tensor B;; that is Riemann-compatible.

To prove this we must first define the generalized curvature tensor:

Definition 1.3.4. A generalized curvature tensor is a tensor W which
satisfies the Riemann proprieties:

(i) Wijke = —Wijie = —Wii
(i) Wijki = Wik
(111) Wijkr + Wiiji + Wik = 0 ( Bianchi’s first identity)

Proposition 1.3.5. If B;; is Riemann compatible, then Wi = RijmnB" B;"
is a generalized curvature tensor.

Then the extended version of the theorem for the Riemann curvature
follows:

Theorem 1.3.6. Let a symmetric tensor B;; satisfying (1.15) be defined
on a Riemannian manifold V,,. Let X, Y and Z be three eigenvectors
with X\, p and v their eigenvalues respectively, with X and p necessarily
different from v. Then we can declare that



Ry X'YiZF =0 (1.18)
Proof. The following matrix equation :

1 1 1] [RupXYIZF 0
AN ou v | |RyXYIZE| =0
)\,UJ AV jv2% leininZk 0

expresses, respectively, Bianchi’s first identity for the Riemann tensor,
the (1.15) for the symmetric tensor B;;, and Bianchi’s first identity for
the tensor Wi 1, = RlimnB;”B,Z}, being a generalized curvature tensor.

Since the determinant is (A — u)(A — v)(u — v), if the eigenvalues are all
distinct, it is immediate to see that RliijinZk = 0. If on the other
hand A = p # v, unwinding the system again we find Ry, XY ZF =
0. Due to all the symmetries of the Riemann tensor, it can be stated
that the theorem is true for any contraction of three indices out of the
four. O

Concluding the extension, Mantica and Molinari showed, by a similar
procedure, that this theorem can be applied to a generalized curvature
tensor W, defining the tensor B;; as W-compatible.

Definition 1.3.7. Let W be a generalized curvature tensor, a symmetric
(0-2) tensor B;; is called W -compatible if

Theorem 1.3.8. Let W be a generalized curvature tensor and a sym-
metric tensor By satisfying (1.19) be defined on a Riemannian manifold
Vin. Let X, Y and Z be three eigenvectors and A\, p and v their eigenval-
ues respectively, with X\ and p necessarily different from v. Then we can
declare that

Wiim XY ZF =0 (1.20)

Proof. Equivalent to proof (1.3.6). ]



Chapter 2

Stephani exact solutions

This chapter discusses various forms of Codazzi tensors applied to the
theory of general relativity. Indeed, certain forms of tensors, such as per-
fect fluid or current flow, arise from geometrical considerations. These
were utilised by Hans Stephani, using embedding formulas, to solve Ein-
stein’s equations and calculate their metrics.

From now on we set ourselves in an n-dimensional Lorentzian manifold,
with signature (-,4...4). The Greek indices range over the (n—1) spatial
components, the Latin ones over all n components.

2.1 Segre type (0,2) symmetric tensors

Given a n-manifold Lorentzian with signature (1, n-1), let
A = (ui,ai(2),a;(3), ...a;(n))

be the orthonormal frame, where v; is an unit time-like vector, i.e. uw'u; =
—1, orthogonal to the unit space-like vectors a(m);, which satisfy the
condition a(m);a(j)" = 6m;-

Thus the metric can be described as follows:

Gij = —uju; + Zn: a;(m)a;(m) (2.1)

m=2

or, by changing variables:

o uita(2) o ui—a(2)
l; = NGl k;, = ¥
where [; and k; are null vector, i.e. [;I' = k;k' = 0, orthogonal to the
vectors a(m);. Furthermore, it can be easily found that [;k* = —1. So
the metric comes to be:
m=3

A (0,2)-tensor S, always defines a linear map which takes a vector a to
another vector b. To classify S it is useful to start with the eigenvalues

9



equation

Shyt = A? (2.3)

Indeed every matrix can be rewritten as a block matrix in the canoni-
cal form of Jordan(JCF), i.e. as a quasi-diagonal matrix[28]. Thus, in
general, a complex matrix A is similar to:

Jp
J = 72
In
A1
s=| N
1
Ai

where J; is called Jordan block of A.

Classifying the Ricci-like tensor by applying the equation to the eigen-
values and Jordan’s theorem in a 4-dimensional space, Petrov fixed 4
different forms, called Segre Type:

L. Sij = —Auguj + 35,5 pmai(m)a;(m)

2. gij = a(uia;(2)+uza;(2))+8(uius—ai(2)a;(2))+35,25 pmai(m)aj(m) o #

3. Sij = Oé(ll‘kj + ljkb) + lle + Z%:3 pmai(m>aj(m)
4. Sap = a(likj+liki+ai(3)a;(3))+(lia;(3)+1;a:(3))+20,—4 pmai(m)a;(m)

We analyze which ones are the simplest tensor forms that emerge from
the study of individual Segre Type

2.1.1 Segre Type 1

Three cases are distinguished.

a) Complete degeneration: A = p,, Vm = 2,...n. The Ricci-like tensor
can be described as S;; = Ag;j. So, for example, if S;; = Ry, it is
an Einstein space.

If S;; satisfies the Codazzi condition , then it is a trivial Codazzi
tensor with V,; A = 0.

10



b) Degeneration (1,n-1): p,, = pr = p  Vm,k = 2,..n. It is locally
invertible if p # 0. Using the metric again yields S;; = (p— \)uu; +
pgij. This expression carries interesting implications, indeed if S;; =
R;; it is a quasi-Einstein space. If S;; = Tj; it is the well-known
perfect fluid source T;; = (p + p)u;u; + pgij(see Appendix A).

If S;; satisfies the Codazzi condition, then it is the perfect fluid
Codazzi tensor, and is revealed as the simplest form of a Codazzi
for a Segre Type 1 tensor.

c¢) Degeneration (1,1,n-2): py # p3 = py = ... = p, = p. Analogously,
using the metric S;; = (p — Nwu; + (p — p2)ai(2)a;(2) + pgij. If
Sij = Tij = (u+pr)uiv; —p1gij+ (pr —p1)ai(2)a;(2) (see Appendix
A).
If S;; = Cjj;, and @;(2) = \%, where 4; = u*Vu; and n = @*u, the

Codazzi tensor becomes the imperfect fluid tensor:
Ciy = (p = Nzt + E20;(2)a;(2) + pgys.

2.1.2 Segre Type 2

The simplest non-trivial tensor of this form is S;; = a(w;a;(2)+uja;(2)),
where a # 0. Again, if 5;; fulfills the Codazzi condition, and choosing
m;(2) = :}%, we come to: Sj; = %(uzuj + u;j4;), which is the relativistic

expression of current flow.

2.1.3 Segre Type 3 and 4
The straightforward form of class 3 is
Sij = £l + pa;(2)a;(2)
while, for the 4 class, is
Sij = lia;(2) + 1jai(2)

Both of them describe, in the theory of relativity, a pure radiation source.
They are two analogous forms.

2.2 Stephani solutions to
General Relativity equations
In this section, we will analyse how Stephani[32] in his work uses the

formulas of embedding and immersion theory to solve Einstein’s problem.
Stephani starts from the simplest forms of the Segre Type, those listed

11



above, and considering the equation (1.14), finds the metrics that solve
the Einstein equation.

This section will be conducted entirely in 4 dimensions.

2.2.1 Perfect fluid

The first example makes use of a Codazzi Segre Type 1 tensor. If C;; =
Auju; + Bg;j, where A and B are scalar fields, then, following from
(1.12), we can obtain the Riemann and the Ricci tensors and the scalar
curvature:

Rijin = B*(girgji—9ugjr) + AB(giruju+gjiug — gaujup— gjruiug) (2.4)
R = B(3B — A)gij + 2ABuin (2.5)
R =12B* - 6AB (2.6)

Thanks to these results, we can affirm that the source of this space-time
will be a perfect fluid:

Tij = (p + p)ujuj + pgij
p=3B2 p=B(2A - 3B)

Proposition 2.2.1. The space-time with the Riemann (2.4) and the
Ricci tensor (2.5) is conformally flat, i.e. the Weyl tensor Cijp = 0

Proof. The Weyl tensor is

_ gl —guRi+9;Rau—gi Ry gitgjk—9gjigik
Cijkl — Rijkl + J J 5 J gl R%

Considering only the last two terms, we get that:

gLk — g Rix + gjpla — gl Y19k — GitJik
2 6
= (3B% — AB)(gagjk — gjgir) + AB(ujurgi — wiuggs + wiigr — wtigir)
— (2B* — AB)(gagjk — 9j19ik)
= Bz(gilgjk - gjlgik) + AB(Ujukgil — UUEg 1 + WU Gk — Ujulgik)
= —Riju
]

If the tensor Cj; is invertible, namely A # B, thanks to (1.2.2) and
Goenner theorem, then Cj; is also Codazzi. If B = 0, the space-time is
flat.

The first solution is almost trivial; by imposing

12



A=0 T = BB2gij B? =cost.

we find a space with constant curvature, which corresponds to the de
Sitter space.

From this point going forward, we will make use of the standard decom-
position for a time-like unit vector, discussed in Appendix B:

Viuj = ¢(gij — wing) + wij + 045 — ut; (2.7)

Starting from (2.4), applying to the expression Bianchi’s identities, we
find:

Viu]' = —ui’dj + (;5(9”' — Uiu]') (2.8)
B = B(t) V.B=¢Aug (2.9)
¢ =) (2.10)

which means that the velocity field is shear-free and vorticity-free. Fur-
thermore, B and ¢ depend solely on time.

Now we need to distinguish two cases: if the speed is expansion-free or
not.

Expansion-free solution

Being expansion-free means that ¢ = 0. Moreover, the three dimensional
space, defined by the orthogonal projector g,, + u,u,, is a space on
constant curvature. The final result is the metric[31]:

dr?

2 __
ds 1 — B22

+ r2dQ? — (ug)?dt? (2.12)

up = rf1(t)sindsing+r fao(t)sinbcosp+r f3(t)cosd+ f4(t)\/1 — (Br)? — [13

where f;(t) are four arbitrary functions of time.

We can notice that the expansion-free solution of the conformally flat
space-time is a generalization of the interior Schwarzschild solution (f; =
fa = f3=0and f; =const).*

4The Schwarzschild metric describes space-time where the source is a massive, non-
rotating, spherically symmetric object. The metric is:

ds? = r2dQ? + dr?(1 — 25)71 — (a — by /1 — (%)2)2d¢?

13



Cosmologically, this space-time does not allow dust solutions p = 0: this
implies that the vector field u is covariantly constant, which is compatible
with the curvature tensor if and only if A = B = 0, i.e. the space-time
is flat.

If A= B, we obtain the Einstein universe:

dr?

2 _
ds 1 — B22

+ r2dQ? — dt? (2.13)

Non-vanishing expansion solution

In this case, where ¢ # 0, the spatial part g,, +u,u, of the metric tensor
is not time independent, so, using the equation derived from Bianchi’s
identities and the Riemann (2.4), we get that the hypersurface ¢ =const
has constant curvature, but the metric is time-dependent. Thus, after a
rescaling, the metric is obtained[31]:

ds® = V7 2(da* + dy* + dz*) — ((bgﬂa‘t/vf dt? (2.14)
V(z,y,zt) = Vo(t) + BY) — () ((:U —20)’ + (y —yo)* + (2 — 20)2)

4V
(2.15)

where V and g, yo, 2o are arbitrary functions of time.

This metric express the generalizations of the Robertson-Walker cosmo-
logical models, and describes the well-known Stephani Universe.

The characterisation of Stephani universes is that, unlike RW universes,
they consider space-time to be anisotropic, due to a spatial variation of
the Hubble constant.

Dust solutions can be obtained considering 2A = 3C'; this implies the
Friedmann dust models.

2.2.2 Codazzi tensor- imperfect fluid

The second type of solutions gathered by Stephani are calculated from
Segre type 1 of the form Cj; = Ag;; + 2Auu; + Bz;zj, where 22" = 1,
zu' = 0 and AC # 0.

The Riemann and the Ricci tensors and the scalar curvature are:
Riji = CiCji — CyCli (2.16)

14



R=2AB (2.18)
The energy-momentum tensor will be:
Tij = (pu + p)uiuj + pgij (2.19)
p=2A(B+2A) p=A?
It is interesting to note, although we initially have an imperfect fluid

Codazzi tensor, via the equation (1.14), the source of the gravitational
field turns out to be a perfect fluid tensor.

We now demonstrate that Weyl tensor is different to 0.
Proposition 2.2.2. The Weyl tensor is:
Cijrt = CixCji — CuCyr + (A* — AB)(gugik — gi9ir)
+ (4A% + 2AB)(giujur — giuiuk + giguivg — gigujug)  (2.20)

Proof. We start again with the Weyl tensor equation and calculate its
different terms:

gLty — gk + gjnltn — gl
2
= (gjugi — gingj1)(A* + AB)
+ (4A% + 2AB) (gaujuy — gjuitg + gipuay — girljur)

Rgilgjk — 919ik

= 3AB(9u9jk — 9;19ik)

6
Therefore, adding up all the various addends, we find Weyl in the form(2.20)
]
If A= —2C, the Codazzi condition (1.13) implies:
Viu]' = ZjPi (221)
VZ‘Z]' = U;P; (222)

where p is a generic vector orthogonal both at u and at z

The Ricci identity ViViu; — ViViu; = uiRijkl, and the Gauss equation
(1.12) imply C' = 0, i.e. the space-time has null curvature. So we can
single out when A # —2C.

As above, two cases must be separated: when the acceleration vector
field vanishes or not (we recall that @; = w/V;u;).
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Vanishing acceleration solution

Adding this further hypothesis, the calculations lead to:

Viuj = a1ziz; + as(gi; + wiuj — 225) (2.23)
Vizj = a1uizj + iz piut =pizt =0 (2.24)
ViA=u;((2B+ A)a; — 2Bay) + asz; + Ap; (2.25)
VB = 2Basu; (2.26)

Proposition 2.2.3. The velocity field u is vorticity-free, but not shear-
free

Proof. We utilise the definitions of vorticity and shear given in Appendix
B

Wij = Ufij] + Uty =0
thus the acceleration vanishes.

Oij = U(i;j) + u(luj) — (b(gij -+ UZ‘Uj)

V,u™

= a12i2j + az(gij + uiu; — 2i25) — T(sz + uuy)
a1 + 2ay

= a1ziz; + ag(gij + uuy; — zizj) — T(gzj + uiuj)

1
= zizj(ar — az) + g(al + az)(gij + uiu;)

]

It turns out that the metric depends on two further cases, namely if
the two dimensional subspace x-y, which turns out to have constant
curvature, is flat or not.

The two metrics are presented here[30]. They describe flat space and
non-flat space, respectively.

ds® = t(dr? + r?d¢?) + V3dz* — di? (2.27)

V(r, ¢, z,t) = t\/fGl(z) + \/Z(GQ(Z)T‘COSgb + G3(z)rsing + iGl(z)TQ
+ Ga(2)) + Gs(2)

Again G;(z) are arbitrary functions, dependent on z this time.
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dr?
142

ds* = F2(t) ( + r2d¢2> + V3 — dt? (2.28)

V(r,¢,z,t) = G1(2) / Fdt + Go(2) + F(G3(2)rcosg + Gy(2)rsing
+ G5(2)V1£12)

Non-vanishing acceleration solution

instead, in this case the equations are:

Viuj = ar1zju; + aszizj + ag(gij + uivg — 2i2;) (2.29)
Vizj = auju; + agu;z; + B—‘_BZAal(gij — 2% + uiu;) (2.30)
VA =2Aazu; + (2A+ Clay z; (2.31)
V.B = (2A+ B)ay — 2Aagu; + aqz; (2.32)

Proposition 2.2.4. The vorticity is:
w = ai(uiz; — u;jz) (2.33)

and the shear is:
1

oij = a1(wiz; + ujz) + zizi(a2 — ag) + g(ag + as)(gij + uiuj)  (2.34)

Proof. Following the same calculations as in the above proof, the two
equations of the proposition are obtained. O

Not in all conditions are general solutions found: indeed, in this case the
solution is only known when the u-field is shear-free: if it vanishes, the
metric is static, and in this setting, spherically symmetric[31]. For the
purpose of completeness it is given here but will be of little interest in
our discussion:

ge? — k(a + 26r2)dr2 2 ( dp?

272\ _ 2\ 7,2
P 1_kp2—l—pdgb> (a+br*)dt* (2.35)

These were the two Codazzi tensors mainly studied by Stephani: they
give rise via the embedding equations to an energy-momentum tensor
T;; of perfect fluid type. This is the reason why he does not investigate
a Codazzi tensor of the Segre Type 2 (current flow), since the source of
the space-time cannot be traced back to a perfect fluid.

17



Chapter 3

Codazzi tensors
in General relativity

In opposition to Hans Stephani, who related a Codazzi tensor to the
geometry of space-time through the hypersurfaces equations, Mantica
and Molinari’s work[19] shows that even just the fulfilment of the Codazzi
condition (1.13) imposes restrictions on the Ricci tensor.

In fact, as proposition (1.15) states, any Codazzi tensor is Riemann-
compatible, and therefore, contracting with the metric tensor g%, we

obtain: . .
CZJR]g = ijRiJ (31)

namely it commutes with the Ricci tensor.

By investigating two forms of tensors (perfect fluid and current flow),
we find out which are the conditions for these tensors to be Codazzi.
Then we will derive the Ricci tensor, without imposing any conditions
on the Riemann tensor, such as the equation (1.9). This tensor will then
determine which space-time hosts this Codazzi tensor.

3.1 Perfect fluid tensor

The most immediate tensor to study is obviously the perfect fluid C;; =
Auju;+ Bgi; with u;, as always, an unit time-like vector field, and A # 0
and B two scalar fields.

Theorem 3.1.1. The perfect fluid tensor Ci; = Auju; + Bg;; is Codazzi
if and only if:

Viuj = &(gij + uiu;) — wit; (3:2)
Vi = —u;d (3.3)

VA =—uA—1uA (3.4)
V,B = —u;B (3.5)

18



¢=-= (3.6)

; is the acceleration vector field, which is space-like and orthogonal to
the velocity.Its module is the scalar function n = u,;u".

Proof. We have to demonstrate that V;Cj, — V;Cy, = 0
We start by explicating Codazzi condition:
0= uk(ujva — uNjA) -+ (gjkViB — giijB) (37)
+ Auk(Vzu] — V]uz) + A(U]vzuk — uzvjuk)

Contracting with «*, and remembering that u'Vju; = 0 (acceleration is
orthogonal to velocity):

0= —Ujvi<A — B) + UZV](A — B) — A(VZU] — VJUZ) (38)
Contracting again with u/:

0= Vi(A—B)+u(A— B)+ Au (3.9)
and, putting it inside the (3.8), being A # 0:
0= UJUZ — uzu] — vin + Vjui

By considering the standard decomposition (see Appendix B), we find
that the perfect fluid is vorticity-free w;; = 0

Then, by multiplying by the metric tensor ¢/* the equation (3.7), we get:

0= —VZA — "LLZA + (n - l)sz — Aul — Aulvkuk (310)
Contraction with u’: (n — 1)B + AV, uF = 0, by explicating Awu; from
(3.9) reduces the previous equation to:

0= —Vi(A—(n—1)B) —u(A— (n—1)B) + Vi(A — B) + wi(A— B)

=V,B+u;B (3-11)
Using this result in (3.9) we find the (3.4).

Contraction with u’ of (3.10), and expressing the decomposition, gives:

¢ =—= (3.12)



Using the results we have just come up with, the expression of Codazzi
condition (3.7) simply reduces to:

UjOik = UiOjk (3.13)
which means that the vector field u is also shear-free (3.2).

In order to find the last equation of the theorem, we evaluate the covari-
ant derivative of ¢:

ViB VA
Vlgb = — A + B 12
o A u+ B AQ .
. _UZB — UZB 1 B—UZA — UZA
N A A2
_ . (AB_B
I PR
= —u; (3.14)

We have derived all the equations of the theorem; the opposite implica-
tion also holds, i.e. if a perfect fluid tensor solves the equations (3.2-3.6),
then it is Codazzi. O

A remarkable result to point out is that these equations are the same
as those found by Stephani (2.8-2.11), but without imposing the Gauss
equation on the Riemann tensor. This leads us to think that we will find
ourselves in a more general space-time than the universe of Stephani;
this statement will be confirmed when we derive the metric.

3.1.1 Ricci and Energy-momentum tensors
We now deduce the Ricci tensor by means of some propositions.

Proposition 3.1.2. If Cj. perfect fluid tensor is Codazzi, then wu; is
Riemann-compatible, and it is an eigenvector of the Ricci tensor Riju! =
yui with v = (n —1)(¢ + ¢?) — Vi

Proof. The Riemann compatibility is a directly consequence of (1.15)
and Bianchi’s identities.

Rjklmum = Vjvkul — Vkvjul
= V;lo(gm + urwr) — upiu] — Vi[d(gu + ujur) — wjiy)
= — (0 + &) (gruy — giun) — 2upjig(du — i) — 2upV iy
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Contraction with g;; gives:
Rpju™ = (n — 1)(¢ + (bQ)uk + QU — upn — 2u[kvj}itj

= [(n = 1)+ ¢*) = V& Juy
= Tug

having replaced through the equation (3.2) —/Vyu; = —gig + ugn.

One can also obtain a useful identity regarding acceleration: subtracting
the same expression from the symmetric tensor

ujRjklmum = (gr + uluk)(gb + %) 4 g (puy — ) — ugily — Viiy (3.15)
with the indices k,l exchanged gives:

2V ity = (@i, + g )wg — ug (@i + ) (3.16)

O

It is now possible to obtain the Ricci tensor of the space-time which
hosts a perfect fluid Codazzi tensor.

Theorem 3.1.3. The Ricci tensor is:

R—n R —
fyuk;ul + ngl + 11, (3.17)
n—1 n—1

T, =;(n — 2)[ug (i — i) + (P — i) — (Vi + Viag)  (3.18)

o n—2 .
+ (n — 2) [ty + By + ﬁ(g’“l + upuy) V,aP

Ry =

I, is symmetric and traceless and Iu! = 0.

Ey; = wu™Clipgm 1S the electric tensor, which is symmetric, traceless and
J ) Y )
Epul = 0.

Proof. Recalling the generic expression on the Weyl tensor:

GimBri — gem Rji + g Ljm — gjilem R Jimdk — Gr.9jt

Cikim = Rjkim + n—9 (n—1)(n—2)

the double contraction with «/ and u™ yields, substituting (3.15):

By =(gi + wug) (6 + ¢2) + (o — ) — upiyy — Viiy
Ry + 2vupuy + vgm Gkl + Ry
- +R
n—2 (n—1)(n—2)

21



Thus it is found, as the thesis states, that Ricci tensor is:

R —nvy R—~
U U +
—1 n—1

where we use the identity (3.16). O

Ry =

g1 + gy

To fully describe a space-time, the energy-momentum tensor must be
made explicit. It is linked to the Ricci tensor via the Einstein equa-
tion.

Proposition 3.1.4. The energy-momentum tensor is:

R —nvy (3—n)R — 2y
n—1 T T

Ty = gr1 + Ik (3.19)

The field source is therefore an imperfect fluid, with II;; being the dis-
persion and anistotropy term, while perpendicular pressure and density

= (gm0 ) -
(B, oo

3.1.2 Metric of the space-time

From the above equations, in particular from (3.2), which describes the
derivative of the velocity vector field, we have restrictions on space-time.
In fact, since the velocity is vorticity-free, we know that it will be doubly
twisted, i.e. the metric is[20]:

ds* = —b*(t,x)dt* + a*(t, x) G dzt dz” (3.22)

The vector x denotes the spatial coordinates, e g,, is a Riemann metric
tensor.

The Christoffels symbols are:
Ob b

0o _ 0o _ 0 _ v v
Po=7" Two="p" T =gpaw Tou =70
Comparing with the equations (3.2):
. . , 0,b(t,x) Oa(t, x)
— _b t = O e 0 — H ’ — )
tho = —b{t,x) o e W= T b x)alt %)



We can state that the scalar function ¢ only depends on time; defining

1 - :
Vi) the metric becomes:

a =

V> Gy (X)dxtda”
ds* = — <¢tv> dt? + 2~ 2 (3.23)

As we can observe, this metric is a general case of the metric found by
Stephani and describes in equation (2.14). This space-time is denomi-
nated Generalized Stephani universe.

Proposition 3.1.5. If the acceleration field is close (Vii; — Vi;) =0,
then b(t,x) can be factorized in b(t,x) = b(t)b(x). It also holds that

Uy = Nuk — Pug

Proof. 1f u is closed, then
0= Vou, — V, 1
= Oy, — I tnu + Tty
= 0¢(0,logb)
i.e. it is independent on time, thus it can be factorized. Furthermore,

equation (3.16) reduces to (¢ug + g )u; — uk(pty + ;) = 0. Contraction
with u! gives iy, = nui, — . ]

By setting additional conditions on the variables, two special cases can
be obtained, which are interesting to investigate:

e If 4y, = 0, V;,A = —ui A, then b(t,x) depends only on time. Con-
dition (3.3) state that d,¢ = 0, so a is only a function of time. It
suggests a warped metric, which describes an Generalized Robertson-
Walker space-time[22]:

ds* = —dt* + a*(t) G, da"dz” (3.24)

The theorem proved by Merton[26], which states that a perfect fluid
Codazzi tensor such that h”V;C™ = 0 is a necessary and sufficient
condition for the metric to be warped, is in total agreement with
the results obtained.

o If B =0, Vyu; = —u;4t;. The function a is not dependent on time
since ¢ = 0 (3.6), so it can be absorbed in the Riemann metric:
ds* = —b*(t,x)dt* + g, datdz” (3.25)

It is the same of (2.12), the generalization of the interior Schwarzschild
solution. Also here, we can obtain a static universe, as in (2.13),
imposing the acceleration to be closed:

ds* = —b(x)dt* + §,datdz” (3.26)
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3.2 Current flow Codazzi tensor

In this section we investigate, by analogy with the previous section, a
particular form of the symmetric tensor Cj, = A(u;1,+uit;) and impose
the Codazzi condition on it. We then study which space-time hosts such
a tensor, and some special examples, also known from literature.

The tensor Cj = A ujuy + ug;) is the relativistic expression of the
current-flow, A is a scalar vector field, u; is the velocity vector field, and
u; is the acceleration, which is closed.

Theorem 3.2.1. The current fluid tensor Cjy, is Codazzi if and only if:

Vjuk = — )\77 — Ujllk (3.27)
. A , UV
Vit = —nujug, — X(ukuj + djuy) + ujukzq?Qn (3.28)
: .
Vid = —uh — i (2 + 2 ot ") (3.29)

Proof. As above, we explicit the Codazzi condition V;Cj; — V,;Cy, = 0,
and then we contract with g7*:

= ui (WX + AVtF) 4 (N + AVu®) + Ny + MV

Contraction with u’ gives:
WV A + AVLAE + An =0
Contraction with 4 gives:
A+ AVt =0
Using these two relations in the previous equation:

—nu; + i + 0FVu; = 0 (3.30)

Contracting the Codazzi condition with u*:

0= V;(u"Cj) — CppViu* — V;(u*Ciy,) + CiV ju*
= VZ(—)\u]) - )\u]ukvluk - VJ(—/\’LLZ> - )\ulukvjuk
= —(VZ)\)uj + )\Uj’lli + (V])\)uz — )\Uiﬂj

24



Contracting again with u’:
)\ﬂj = )\u] + )\nuj
Using this in the preceding expression, it gives:

(3.31)

We are now rewriting Codazzi condition, including the equations found
so far:

WV A

0= (UZUJ — ulu])()\uk + Uy ) + QA(V[ZU]])’LLk
+ )\(ujvzuk — ulv]uk) + A(ujvzuk — uZV]uk) (332)
Contracting with u':

(A VISP

(VLA VSN

+ 2)\> — A\pujug — AN(Gjug +uiy)  (3.33)

AV jity, = — i (

Then, contracting first with @*, and then with @7, we obtain:

WV

uVm)\:_Q)\_)\ 2

n 2n

(3.34)

Utilizing this relation in (3.31) and (3.33), we achieve the (3.28) and
(3.2).

In order to find out the last equation of the theorem we contract with
u¥ the (3.32), specifying then i, and V;n:

0=

~—

Uity — wity ) (" Vi) + 20V

+ =(u; Vin — w; Vjm) + @i — il;)

DO >~

= —(iLin — uluj) —+ (VZUJ — V]ul)

This relation means that the velocity is vorticity-free, i.e. w;; =0
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We still contract the (3.32), but this time with .

0 = wj(Anuy, + W™V, \) + Mujiy,
+ M u ' Vil + a0V g — 0V jug)

Knowing that &/'Vyi' = Y47 = — iy — 1y, (2 + ©=2) and (3.30):

AV jug, = w; (U™ VX + Mpitg) — wjig(20\ + u" Vi X) + Mgy,

Nijity, = —Anujiy
N1y, ,
Vjuk = — /\]77 — UjUf (335)

We have obtained all the equations presented in the theorem. By simply
carrying out the calculations, it is easy to prove the way back.

]

Even if Stephani did not study the current flow tensor, there are many
examples in literature to compare it with. To begin with, we find the
metric of such a space-time.

3.2.1 Metric of the space-time

Since the velocity is not shear-free

_ A Gjk +uju  wjty
Ojk = 3 ( —1 p (3.36)

the metric structure is as follows|[7]:

ds® = —b(t,x)dt* + G (t,x)da"dz” (3.37)
The Christoffel symbols are:

;b B, .
T = % Tho = b Ity = §""b0,b
OrQ at*P o, ~
0 t9uv o g tJvp .
F;u/ 2b2 Fgl/ 2 F/pu/ - FZZ/



Comparing the Christoffel symbols with the theorem (3.2.1), the equa-
tions for u and @ becomes:

0,0

up = —b(t,x) wu,=0 Up=0 1u,= e (3.38)
Furthermore, explicating these relations V,u, = —’\%“” and Vou, =

—%, we obtain important results, as a starting point for analysing

specific cases:
b3, b0, u
A1)

300Gy _ bl

5 | (3.39)

_batguv =

Oty — Uy

3.2.2 Static space-time

We impose an important condition: A = 0. The equation (3.39) tells
us that both g,, and %, are time independent. Thus, we can factorize
the function b(t,x) = b1(t)b2(x); we obtain again the static metric (3.26)
and the new Codazzi equations for the current flow tensor are:

Vjuk = —Ujibk (340)
) . u™V,,
V iy, = —nujug + ujuk2n2n (3.41)
, "V n
Vj)\ = —)\Uj (2 —+ 2772 > (342)

Ricci and energy-momentum tensor

In this situation, the Ricci tensor can be easily derived, as the vector
fields v and @ are bound to it by the following statement:

Proposition 3.2.2. In a static space-times, the vector fields u and u,
with w closed, are eigenvectors of the Ricci tensor with the same eigen-
value

Proof. For convenience we call € = u™V,,,n.

In the proof of theorem (3.2.1), we have obtained an useful relation
Vin= —2% + % In the static metric , it becomes V;n? = 2e¢1;.
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0= ViVn? = V; Vi
= 20, Ve + 2eVitj — (204, V je + 2V 1)
- Ujvke - kaVje
"V €

= Vk;G - Uk (343)

Now, utilizing the definition of Riemann tensor and the equation (3.40)
and (3.41), it gives:

Rjklmum = V]Vkul — kajul
= (Ujl'bk — ukd]’)ul —urV 'ul + Ujvkul
= iLl(UjiLk - ukibj)(l + 2772)

Contracting with g/':
€

Then we find the eigenvalue of  :

Rjklmum = V]Vkul - Vkv]‘ibl

.. €
= V,(—nwuy, + uluk2—772) — Vi(—nuju + u]u12n2)
= —u(upV;n — u;Vin) + nu(u,iy, — ukuj)
€ ' €
+ %(ukv = Vi) + (V= 2772 Ujkang)
. , € € _
ul(ujuk - ukuj)(n + 5) + — 277 (ukV U — uJVkul)
Contracting with g/':
€
Ry, = — | 7 3.45
km W (77 + 277> Uy, ( )
L]
Theorem 3.2.3. The Ricci tensor is:
R R
Ry = 7+2€+ upuy + 7+€+ 9kl
—1 n —1 277
—(n—2) FE e |1 3.46
Calnenneg)) e
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where Ey; is the electric tensor, and it holds

Byt = (n}_z = (n—4) (77 + 26?7)) i (3.47)

Proof. In (3.2.2) we found that Rjpmu™ = t(ujin — uri;)(1 + 7).

Since w/u™ Ryjp = —tyty (1 + ﬁ), contracting the Weyl expression with
wul, we get:
€ ) — Ry — (g + 2upw) (7 + €/ (2n))
2n? n—2
Gkl + Uk
+R
(n—1)(n—2)

ujuijklm =Fy = —ﬂkﬂl(l +

Therefore, as we aimed to prove, we have found such a Ricci tensor. Uti-
lizing the Ricci eigenvalue equation (3.45) with !, we find the eigenvalue
of 4! with respect to Ej. O

As in the previous section, we intend to fully describe the Einstein equa-
tion, so we calculate the momentum-energy tensor below.
Proposition 3.2.4. The energy-momentum tensor is:

(3—n)R e)
+ €+ — | gk

1 B gy € +
=|—— — | ugu —
M n—1'° n I 2(n—1) 2n

—(n—2) (Ekl + ity <1 + 2;)) (3.48)

The third Codazzi condition (3.42) with ¢ = 0 was obtained by Rao and
Rao[29] in order to describe the relativistic generalisation of the uniform
Newton force onto a spatial hypersurface in a static universe.

3.2.3 Spherically symmetrical static space

We analyze the static space with the condition of spherical symmetry
and then list some examples of this space-time. The metric is:

ds® = —b*(r)dt* + fE(r)dr* + f2(r)dQ, o (3.49)

Due to symmetry, @ is radial and i, = b (prime indicates a derivative
inr).

1) = i (3:50)



kfi(r)

M )

(3.51)

k is a constant.

Since 4 is radial vector. the angular component are V1, = 0, where
a;, a; enumerate the n-2 angles. Thus nga,ur =0.

Therefore, the metric of a static, spherically symmetric space-time, which
hosts a Codazzi current flow tensor, is reduced by the condition given in
the appendix in [23] %? = 0:

ds® = —b*(r)dt® + fE(r)dr® + K*(r)dS,_» (3.52)
where K is a positive constant.

Again, in [23] the electric tensor and the scalar curvature of the space
manifold are found:

. n-3 2 vf b (i g+ ujug
B et ) (520 e
—2)(n—3
re- (™ [){(f ) (3.54)

Below are some examples of such metrics. They have the same Ricci

tensor (3.46) and electric tensor (3.53) and a current flow Codazzi tensor

with non-zero components Cp, = k?flg()r)

(i) Bertotti-Robinson space-times are conformally flat of the source-free
Einstein-Maxwell equations with non null e.m. fields. The metric
and the Ricci tensor are:

2
ds? = :g(—dtz +dr? + r2dQ_s) (3.55)
2uup + g, o
Rj, = J’;ggj’“ — g (3.56)

Equations (3.40) and (3.41) imply that Ricci is also Codazzi. Hence,
in the Bertotti-Robinson space-time exist two Codazzi tensor: the

Ricci tensor and
2

r . .
Cjk = —kﬁ(ujuk + Uku]')
0

In [25], through to a coordinate change, the metric becomes, with
b(p) =1+ p*/1
1

ds®> = —bdr? + ;

dp® + r5dQy
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(ii) Metin Gurses, in 1992, calculated[11] the metric of black holes their
outer horizons, using a string correction. It describes an non-singular
and homogeneous space-time. It is also solution of Einstein-Maxwell
equations.

2

ds®* = —(ar® + br + ¢)dt* + + K2dQ, (3.57)

ar? 4+ br +c

(iii) In [17] the Bertotti-Robinson black holes, namely black hole static
and homogeneous, in which the curvature is uniform, are described
by the metric

2 g2 2 g2 -1
ds® = — (T +—M>dt2+<r +— M) dr? + K?dQy, o

12 2
(3.58)
M is the mass, J the angular momentum and [? is proportional to
cosmological constant.

3.3 Yang Pure space-times

We conclude the chapter by describing a brief example known in litera-
ture where Codazzi condition has a great deal of relevance: Yang Pure
space-times[10].

The Yang Pure space-time (YPS) must satisfy the following equation
ViR, = VR, (3.59)

or, equivalently,
V'Riju =0 (3.60)
From these last two equations, we can immediately state:
Proposition 3.3.1. Every Lorentzian manifold (V,g), which is
e an Einstein space
o conformally flat with constant curvature

is a Yang Pure space-times.

Proof. The proof is a direct implication of the Weyl tensor gradient equa-

tion:: .
Vi€ = ViR, + g(gj[zvk]R) (3.61)

]
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The Yang equation is not a replacement of the Einstein equation, but
rather an additional condition that determines peculiar solutions. Thus
combining Tj; = R;; — $g;;R with the equation (3.59):

ViTjr =0 (3.62)

Applying the conservation law V'T;; = 0, the scalar tensor 7' = ¢g"T};
will be constant.

Considering again the perfect fluid as source Tj; = (1 + p)usu; + pgij;

with w;u’ = —1, straightforwards calculations give:
1
p=H +c (3.63)
Viui = ¢(gij + uiuj) (3.64)
;=0 (3.65)
Vi = 36+ p)u; (3.66)

assuming i+ p # 0 (c is a constant). In fact, if g+ p = 0, then p and p
are constant, giving a Einstein space.

Conditions (3.64) and (3.65) mean that the velocity is geodesic, vorticity-
free and shear-free. As already pointed out, these are necessary and
sufficient conditions for Robertson-Walker geometry [15].

The result can be summarized by the following theorem:

Theorem 3.3.2. A perfect fluid space-time (V, g) with u+p # 0 is a YPS
if and only if (V,g) is a Robertson-Walker space-time with p = %p& + c.
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Chapter 4

Cotton gravity

4.1 Harada’s Theory

Recently, Harada published an article[12] in which he outlined a new the-
ory of gravity, extending Einstein’s. He denominated it Cotton Gravity
since the Einstein tensor G, = R — %jok is replaced by the Cotton
tensor.

The Cotton tensor Cjy; is a (0-3) tensor [5] describing the curvature of a
manifold, in particular Cji; = 0 is a necessary condition for a space with
more than 4 dimensions to be conformally flat (but not sufficient).

The general expression of the Cotton tensor is:

g ViR — giViR

o (4.1)

Cjkl = Vijl - Vl<:le -

Furthermore, three proprieties of Cotton tensor are:
¢ Cjii = —Ciy; and therefore, Cpjpy = 0
« ¢"Citi =0
o It is related to the Weyl tensor Cj; = —Z—:éva’jmm

The fundamental equation of Cotton gravity, replacing Einstein’s is:

Cir = 167GV Ty, (4.2)

where the tensor Tjy, is

1 1
Tikim = §(gﬂTkm—glejm—gjmTkthkaﬂ)—§(gjzgkm—gkzgjm)T (4.3)

It can be easily shown that every solution that satisfies Einstein equa-
tion, also with cosmological constant, G i + Agji = T}, satisfies also the
(4.2)

The equation (4.2) can be derived from Einstein equations. Indeed, this
is a criticism that has been raised against Harada’s theory, as it would
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make it merely a different formulation, rather than an extension of the
theory of relativity [2].

We consider the well-known decomposition of the Riemann tensor

R
Rjtim = Cjgim + Ejrim + 1o Jikim

where Cjp, is the Weyl tensor, Fjp, = gjkp[lSpm] SP = RP  — %(V’m

and gjkim = 29ik9m); Applying the Bianchi identities V'™ Ry, = 0 and
using Einstein’s field equations, it gives:

- VTR

V"Citim = Ejgim + Gikim ™5
1

Ciwr = (Tjka — 59506T)

which is exactly the (4.2).

Actually, Harada demonstrated how his equations are not a derived iden-
tity of the equations of general relativity, but rather they are a new class
of equations obtained from a variational principle of action[12][14]. This
specific action is composed by Weyl’s action and the analogue of the
source term of Maxwell’s theory.:

1 ‘ |
I=T,+TL = [ dtey=gCm Crpgy — [ d'oy/=gTM" Ripyy, (4.4)

We now explicate the variational principle, emphasising that we vary the
action with respect to the derivative of the metric, namely the connec-
tion, keeping the metric itself fixed.

0 =07 = 6T, + 6T, = / d*2/—gCoM ST 51y — / &4/ =gV TIF™GT iy
Thus we obtain exactly the equation of Cotton gravity.

In the same paper, Harada finds exact solutions in vacuum, described by
Cji = 0, a generalisation of Rj; = 0 of general relativity; every solution
in Einstein’s vacuum will also be a solution for Harada, as is obvious
from (4.1).
The resulting metric is:
2M 1 2M 1,5\
ds? = — (1 — =4 yr — —Ar? | dt*+ (1 — “— +yr — A dri4r?dQ;
r 3 r 3
(4.5)
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It adds the term vr to the Schwarzschild metric.

It is remarkable the similarity of this metric with another result, again
of vacuum solution, obtained in conformal gravity[18] [27]:

—B(2—-367)
r

ds® = (1 — 38y — + T — Kr2> dt?

—B(2 - 3By
T

-1
- <1 — 30y — ) +yr — Kr2> dr® +r%dQ3  (4.6)

The conformal gravity is an alternative theory of gravitation, an alterna-
tive to Einstein’s theory. It refers to those theories which are invariant
under conformal transformations of the type g;; — Q%(x)g;;, where Q(z)
is a function on space-time. Its action is the same action used by Harada,
the Weyl action (4.4) , with the distinction that the variation is made
with respect to the metric, thus leading to the equations:

Ty = —4(2V1Vm0jklm + ijcjklm) (4'7)

By = 2VINV"Cligim + R™Cjpirm is the Bach tensor [1]. Tt is symmetric,
traceless, its divergence is V¥ By, = 0, thus the conservation of energy is
geometrically respected V!Tj; = 0. Furthermore, most relevantly, under
conformal transformation, it is proportional to

By =Q?By (4.8)

Therefore it is called conformal gravity, because the Bach tensor does
not depend on further terms under conformal transformation [3].

While the Cotton tensor, as shown in [12] (equation 36), under conformal
transformation depends on:

Cirt = Cjr + Q7' 0, W™, (4.9)

Thus, the Cotton tensor is conformally invariant if and only if the Weyl
tensor vanishes. This is one of the main differences between the two
alternative theories of gravity, even though they derive from the same
action.

The first application of the Cotton gravity developed by Harada was
the description of the rotational motion of 84 galaxies: using the new
gravitational potential derived from the vacuum metric (4.5), the rota-
tion curves were fitted with good results, and with an interesting devel-
opment: in fact, the yr term allowed an accurate description without
having to use dark matter[13].
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The utilized potential is ¢ = —GX + 272, where the factor 7% cannot
be obtain from general relativity, and becomes very relevant at large
distances: it is this additional term that replaces the contribution of dark
matter. This is one of the reasons why Harada’s theory is so intriguing.
M and ~ are two physical integration constants that are determined for
each specific galaxy.

4.2 Codazzi tensor describing

Cotton Gravity
In the development of the Cotton gravity, Codazzi tensors naturally
emerge. They characterise space-time, as shown in the previous section,

and allow us to derive the Ricci tensor and thus obtain the energy-
momentum tensor.

By expressing the equation (4.2) through the (4.3):
gV T — gpViT

il = Vil — VT 4.10
Citi = VT — VT (n—1) (4.10)
and subtracting the (4.1) gives the following system:
R -2T
b= Rt — Tit — gjpor— 4.11
Cir = Rjr, — T, 9]k2(n =) (4.11)
V.iCjr = V,;Ci (4.12)

These two equations are equivalent to the Harada’s descriptions of Cot-
ton gravity (4.2). The third-order character in Cotton’s tensor is replaced
in this new formulation, reducing it to second order, by an additional ten-
sor Cj, which can be interpreted as either a modification of space-time
or a modification of the source of the gravitational field. If it is equal to
0, or Cj; = Bgj, the equations of general relativity are re-established,
with the addition of a cosmological constant. If instead Cj, # Bgj,
we obtain a new expression of the Ricci tensor (or momentum energy
tensor):

1
Rji, = T + Ci — g1 C"), + Egij (4.13)
1
Tir = Rjr, — Cji + gjxC"),, — §9ij (4.14)
These two new equations can be interpreted as a generalization of Ein-

stein’s equations, with a new formulation of the energy-momentum ten-
sor (or Ricci tensor) adding the Codazzi term Cj;.
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Based on the study of hypersurfaces, and having analysed Stephani’s
solution methods, we can state the theorem:

Theorem 4.2.1. Every solution of embedding class 1 is also solution of
Cotton gravity

Proof. A solution of embedding class 1 satisfies the Gauss-Codazzi equa-
tion (1.12) and (1.13). Thus, constructing the energy-momentum tensor
of the form (4.14), and substituting the Gauss equation:

1
Tjk = Rj — Cjk -+ gjkam — iR — ijC”,;
1
= jk(cmm o 1) + gjk<cmm o iR) o ijcmi

and the condition (4.12) is precisely the Codazzi condition (1.13). [

Perfect Fluid

The process is similar to the one shown in the previous section. We
impose the Codazzi condition on the symmetric tensor C}j;, in the formula
(4.14). It imposes certain restrictions on space-time, from which we can
then derive the Ricci tensor. Finally, the Harada energy-momentum
tensor (4.14) is made explicit.

We shall start with the perfect fluid Cj, = Aujur, + Bgj,. Obviously,
Codazzi condition is satisfied by the same equations (3.2-3.6). The met-
ric of the space-time and the Ricci tensor are respectively (3.22) and

(3.17).

Proposition 4.2.2. The energy-momentum tensor, considering the Cot-
ton gravity, 1S:

R —ny (3—n)R — 2y
Tir = —A ; —1)B—A)gir+11L;
ik <n_1 )uku]—l—< 2(n—1) + (n ) gjk + 1Lk
(4.15)

The term IIj; denotes dissipation and anisotropy and is the same as
in the analogous case (3.19), while the pressure terms p; and energy
density p are:

pL= <(3 ;X:fl_)% + (n — 1)B—A> (4.16)
p= (i__nf - A) —pL (4.17)

Harada’s theory in this case simply leads to a modification of the char-
acteristic terms of the field source, but without substantially changing
its nature.
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Imperfect fluid

The last case studied is the imperfect fluid Cj;, = Agji+2Auju,+ Bzjzy,.
We compare the results with Stephani’s solutions (section 2.2.2.).

The Ricci tensor and the curvature scalar, since they express the curva-
ture of space-time, will still be of the form (2.17) and (2.18).

Proposition 4.2.3. The energy-momentum tensor, considering the Cot-
ton gravity, 1S:

Tix = (A + A+ B)gjx + (442 + 2AB — 2A)ujuy, — Bzjz,  (4.18)

The pressure and energy density terms are:

pp=A*+A+B (4.19)
p=3A*+2AB —3A—- B (4.20)

It is very interesting to compare this solution with Stephani’s solution
(2.19): not only do the pressure and energy density terms change, as
in the previous case of perfect fluid, but the nature of the field source
itself is different. In fact, in Stephani the field source is a perfect fluid,
while with Harada’s solutions, the field source has an anisotropy term
—Bzjz,. Therefore we can conclude that in the two cases the geometry
of the universe itself will change: in one case it will be isotropic, in the
other it will not.
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Appendix A
Relativistic fluid tensors

Fluids are frequently used models in relativity and cosmology because
they allow the radiation-matter contribution in the universe to be de-
scribed. Assuming the universe to be homogeneous and isotropic, the
energy-momentum tensor is described as a perfect fluid, i.e. a continuous
distribution of matter of the form:

Ti; = (p + p)uiu; + pgij (A.1)

where p is the mass-energy density, p is the pressure. These two phys-
ical quantities are often related to each other by an equation of state
(the most well-known is p(u) = §).The fluid is called perfect because is
viscosity-free.

When we add a term of viscosity, we obtain the so-called imperfect fluid.
it is written in the form:

Tij = (1 + po)uguy + prgij + uiq; + ujqi + (pr — pL)XGXi (A.2)

The different terms express:

e 4 is the mass-energy density

p. is the pressure perpendicular to the direction of fluid propagation

pr is the pressure along the radial direction

X; is a space-like vector, perpendicular to u
o u;zj + u;z; expresses the current flow of the fluid in motion.

If T}y is the field source, then since it has anistotropy terms, the assump-
tion of isotropy of the FW universe will fall.
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Appendix B
Expansion of unit time-like vector

In differential geometry and General relativity, a congruence is a family
of integral curves, defined by a vector field. A congruence can be time-
like, null-like or space-like: it depends on whether the tangent vectors
to such curves are everywhere time-type, light-type or space-type.

We focus ourselves on time-like unit vector field w;, u'u; = —1; it can be
physically interpreted as a family of particles having a time-like velocity

field u.

On a Lorentzian manifold, given the vector field u, we can define the
orthogonal projector h;; = gi; + u;u;, or rather the metric tensor of
the hypersurface spanned by tangent vectors orthognonal to u. Thus,
any vector can be separated into its parallel and orthogonal part to the
vector u; this definition can also be applied to the covariant derivative,
decomposing in irreducible parts:

Viuj = qb(gij + uin) + wij + 045 — uiaj (B.l)

Now we explain each component:

o u; = u"Vu; is the acceleration: it represents the rate of variation
of velocity in unit of time.

e ¢ is the expansion parameter: it represents the rate of variation of
volume on the hypersurface, for unit volume.

o wjj = U ] + Uuy) is the vorticity: it is the relativistic extension of
classical vorticity, which express the rotation of fluid streamlines.

o 0y = U@y + Uguj) — ¢(gi; + wiuy) is the shear It represents the
deformation of spatial hypersurfaces, or rather the tendency of a
sphere to become an ellipsoid of the same measure.
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