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Abstract In this work, we extend for the first time the
spherically symmetric Schwarzschild and Schwarzschild—
De Sitter solutions with a Finsler—Randers-type perturbation
which is generated by a covector A,. This gives a locally
anisotropic character to the metric and induces a deviation
from the Riemannian models of gravity. A natural framework
for this study is the Lorentz tangent bundle of a spacetime
manifold. We apply the generalized field equations to the
perturbed metric and derive the dynamics for the covector
A, . Finally, we find the timelike, spacelike and null paths on
the Schwarzschild—Randers spacetime, we solve the time-
like ones numerically and we compare them with the classic
geodesics of general relativity. The obtained solutions are
new and they enrich the corresponding literature.

1 Introduction

In the context of research on generalized metric spaces,
Finsler, Lagrange and Finsler-like geometries have played
an important role in modified theories of gravity, general
relativity and cosmology. In the last two decades, a devel-
opment of these promising topics of research has extended
the limits of general relativity and cosmology by including
locally-anisotropic approaches. Over the last two decades
field equations have been thoroughly studied in the con-
text of Finsler, Lagrange, generalized Finsler and Finsler-
like geometries as well as in scalar—tensor theories. The
basic feature of these theories is the presence of extra terms
in the equations of motion due to the intrinsic geometrical
spacetime anisotropy. In this framework the term “spacetime
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anisotropy” is related to the Lorentz violation feature of the
geometry. This approach may provide the necessary platform
in understanding one of the most crucial problems in cos-
mology which is related with the underlying mechanism of
cosmic acceleration and thus of dark energy. There is a lot of
work in the literature on “spacetime anisotropic” geometries
and below we briefly present some relevant works.

Generalized Einstein field equations have been studied in
the Finsler, Lagrange, generalized Finsler and Finsler-like
spaces, for an osculating gravitational approach in which the
second variable y(x) is a tangent/vector field [1-3] and in
Finsler cosmology [4-8]. Different sets of generalized Ein-
stein field equations were derived for the aforementioned
spaces in the framework of a tangent bundle [9-17] and
for the momentum space on the cotangent bundle [18-23].
Additionally, Lorentz invariance violation in Finsler/Finsler-
like spacetime and in Finsler cosmology in very special
relativity has also been studied in a large series of papers
[5,24-27]. Investigations on generalized scalar—tensor the-
ories with Finsler-like structure modeled on a vector bun-
dle with two-internal fibers have also been done [28-30].
Also, the causality problem and light cones for different types
of Finsler spaces have been investigated in [31-34]. In this
context the Raychaudhuri equations with locally anisotropic
internal variables which are providing extra effective terms
have been derived in [16,18,35-37]. Investigations of the
extended Friedmann equations in Finsler spaces with extra
internal degrees of freedom [4] and dynamical analysis (crit-
ical points) [38,39] provide a better understanding of the
dynamical properties of the Finsler—Randers cosmological
models. To this end, articles in the framework of the weak
field and pp-waves in Finsler spacetime can be found in
[16,35,40] and potentially they can be used in order to test
the performance of the Finslerian gravitational theory against
current observations of gravitational waves.
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It is well known in gravitation and cosmology that the
Schwarzschild metric constitutes a fundamental ingredient
of general relativity. This metric describes the most general
spherical symmetric solution of the Einstein field equations
in a region of spacetime where the energy—momentum tensor
vanishes.

In the context of a Finsler/generalized Finsler space, an
extension of a locally anisotropic perturbation of a Finsler
type Schwarzschild metric has been studied by different
authors. In some of these works, possible observational pre-
dictions are given based on the direction-dependent struc-
ture of spacetime. We would like to point out that our study
is realized in a Schwarzschild—Randers model which is dif-
ferent from the works of other researchers on the Finslerian
extensions of a classic Schwarzschild metric [41-51]. In our
approach, we use sufficiently generalized Einstein field equa-
tions on a Lorentz tangent bundle of a spacetime manifold.

In Sect. 2 we introduce the basic framework and geometric
structures of our model.

In Sect. 3 we study a Schwarzschild metric in a spe-
cial Finsler-like spacetime of Randers type. This study
provides a locally anisotropic perturbation of the classical
Schwarzschild metric of the Riemannian structure in a nat-
ural way, induced by a covector field of the base manifold.
In addition, the geometrical setting that we use, namely the
framework of a Lorentz tangent bundle of a Riemannian
spacetime, contains additional degrees of freedom compared
to classic gravity. The generalized field equations which have
been derived in [17] are applied on the perturbed metric of
our Schwarzschild—Randers spacetime and are solved for the
covector field.

In Sect. 4, we study particle paths for our generalized
spacetime. We follow the approach in [17] which takes into
account the effect of internal degrees of freedom on the point
particle dynamics. We apply the solution of the covector
derived in the previous sections and we obtain an explicit
form for the path equations which is an extension of classi-
cal geodesics of general relativity. Finally, as an application,
we solve the timelike paths numerically and compare them
with the geodesics of general relativity.

2 Preliminaries

The natural background space for a locally anisotropic grav-
ity is the tangent bundle of a differentiable Lorentzian space-
time manifold called a Lorentz Tangent Bundle (we will refer
toitas 7'M hereafter) [15,22]. T M is itself an 8-dimensional
differentiable manifold, so we can define coordinate charts
and tensors on it in the usual way. We briefly present the
basics for this structure, for more details see Sect. 2.

The Lorentz tangent bundle 7M is locally covered by
a coordinate map {x*, y*} where the range of values for

@ Springer

the indices of the x variables is «, A, u,v,... = 0,...,3
and the range of values for the indices of the y vari-
ablesis o, 8,...,0 = 4,...,7. An adapted basis on TM

is {8“ = axiﬂ — N,’fa}%, éa = d)ia} and its dual basis is
{dx“, Sy* =dy* + Nl‘j‘dx"}.
The bundle 7'M is equipped with a Sasaki-type metric G:

G = guv(x, ) dx" @ dx" + vgp(x, y) 8y* ® 8yP (1

where the metric of the horizontal space (h-space) g, and
the metric of the vertical space (v-space) vyp are defined
to be of Lorentzian signature (—, +, +, +). In the rest of
this work, the following homogeneity conditions will be
assumed: g, (x, ky) = guv(x, y), vag(x, ky) = vop(x, y),
k > 0. These conditions are met when the following relations
hold:

+1 O°Fy 2

1 32F?
=+= 3
vaﬁ B 8yaayﬁ ( )

where the functions Fg, F, satisfy the following conditions:

1. %m = g, v, is continuous on M and smooth on
TM = TM \ {0} i.e. the tangent bundle minus the null
set {(x,y) € TM|F;(x,y) =0}

2. F,, is positively homogeneous of first degree on its sec-
ond argument:

Fm(-xuvkya)szm(xus )’a), k>0 (4)
3. The form
I*F?
m
=5 5
fap(e. ) = 35 23 8)
defines a non-degenerate matrix:
det [ fup] #0 (6)

with gog = (Séf(%gw and the sign in the rhs of (2), (3) is
chosen so that the resulting metric has the corrrect signature.

When the above conditions are met, our metric is called
a (pseudo-)Finsler metric. Details about the connection, cur-
vature and torsion structures can be found in Sect. 2.

3 Field equations
In this chapter we consider a general metric (1) on the tan-

gent bundle of a spacetime manifold constituted from a hor-
izontal and a vertical part. In this consideration, we set the
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horizontal part to be the classical Schwarzschild metric and
the vertical part to be a Randers-type perturbation of the
Schwarzschild metric, so the form of our metric will be a
Schwarzschild—Randers metric. We also consider a similar
case for a Schwarzschild—De Sitter—Randers metric. This is a
different type of metric than the Finsler—-Randers one which
has been considered in the framework of cosmological study
by different authors [4,8,37,39,52-56]. In these cases, the
horizontal part is a Friedmann—Robertson—Walker model. In
both models the velocity and the vertical part play the role of
intrinsic anisotropic perturbation of the traditional metrics.
We already know the form of the Schwarzschild metric, so
we need to find an explicit form for the Randers-type per-
turbation which contains the additional information of local
anisotropy.

3.1 Field equations on the Lorentz tangent bundle

In this paragraph, we present a set of field equations for
the dynamic variables of our generalized framework. These
equations are:

— 1 —
Ry — E(R +5) guv
+ (608 — g% DTy — T Th) =Ty (D)
1 —
Saﬁ - E(R + S) Vap

+ (W vap — 89 85)(D, Clis — CL Cly) = kYap  (8)

né
k3 7l B ulc K
gﬂ KBaLW + Z%ﬁgﬂ KC)»O[ = EZ‘I; (9)
with
;o 2 AWGILy) 2 A(V=8Lwm)
TOVIGT Ag J=8  Agh
(10)
v 2 AWMIGILn) 2 A(V-vLnu)
o= JIGT  AveP Vv AP
(1
A(VIGI L
ZE=— 2_ A/l M)z—zAﬁM (12)
VIGI  AN¢ AN¢

where £ is the Lagrangian of the matter fields, 8} and §%
are the Kronecker symbols, |G| is the absolute value of the
determinant of the total metric (1), and

V(;; = aﬁNg - %U (13)

are torsion components, where L‘;U isdefinedin (A.14). From
the form of (1) it follows that /|G| = /—g+/—v, with g, v
the determinants of the metrics g, vop respectively. This
relation was used in (10)—(12).

Equations (7)—(9) are derived from an extension of the
Hilbert-Einstein action on the eight-dimensional Lorentz tan-
gent bundle and constitute a generalization of the Einstein
field equations of general relativity. They are appropriate for
the study of locally anisotropic models of gravity with inter-
nal degrees of freedom. For details on their derivation from
a Hilbert-like action on the Lorentz tangent bundle see [17].

We will make some comments in order to give a physi-
cal interpretation in relation to the Egs. (10)—(12). Lorentz
violations produce anisotropies in the space and the matter
sector. These act as a source of local anisotropy and can con-
tribute to the torsion, connection, curvature components and
to the energy—momentum tensors of the horizontal and verti-
cal space T),,, and Y,g. As aresult, the curvatures E,w and R
as well as the energy—momentum tensor 7},,, contain the addi-
tional information of local anisotropy of the metric and the
matter fields. Syg, S and Y,g, on the other hand, are objects
with no equivalent in Riemannian gravity. They contain more
information about local anisotropy which is produced from
the metric vyg which includes additional internal structure of
spacetime. Finally, the nonlinear connection N7, a structure
which induces an interaction between internal and external
spaces [29], can also contribute to all the above-mentioned
objects, while the energy—momentum tensor Z5 shows the
variation of £y with respect to N7 and it reflects the depen-
dence of matter fields on the nonlinear connection [17]. This
is different from 7}, and Y,g which depend on just the exter-
nal or internal structure respectively.

Notice that the field equations (7)—(9) reduce to the usual
Einstein field equations of general relativity (GR) in the limit:

gu(x,y) = gu(x) (14)

Vap (X, ¥) = ap(x) = 888, (x) (15)
1

N, y) = 5378 dugpy . (16)

We observe that when the metric g, (x, y) is reduced to a
Riemannian one according to (14) then the connection coef-
ficients Lff 5 (x, y) (eq. (A.13)) reduce to the Christoffel sym-
bols:

13 1 j7aY;
Ver(X) = Eg (O gua + 0 guie — v gkr) (I7)
and the Cartan torsion tensor (A.15) vanishes:
Cck, =0. (18)

From (15) it becomes clear that the internal structure (y
variable) of spacetime doesn’t provide additional informa-
tion about the geometry, since the metric vyg of the internal
structure reduces to the metric g, (x) of base spacetime (x
variable).

Moreover, we see that the Cartan-type [22] nonlinear con-
nection (16) ensures that 7%, = 0. Indeed, from Eq. (13) and

@ Springer
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from the conditions (14—16) we get
o A o 1 aff
7:)01 = 805Nv - Eg 811801/3

1 1
= =8 3ugup — 58" dugap = 0. (19)
2 2

Now, as long as conditions (14) and (15) are satisfied, the
metric tensor (1) takes the Sasaki form [57]

G = g,0(x) dx* @ dx" + gap(x) 8y% @ 8yP (20)

Based on (20), it is straightforward to calculate the curva-
tures ﬁuv and R from (A.29) and (A.30) respectively in the
GR limit of the Lorentz tangent bundle gravity and we find
that they reduce to the Ricci tensor Ry, and Ricci scalar R
of general relativity for the metric g,,,. As expected, the cur-
vatures Syg and S (Eqgs. (A.26) and (A.28)) both vanish in
this limit.

From the above relations (14-20) it follows that, in the
GR limit, the corresponding field equations (7-9) boil down
to

1
Ry — ERg,w =Kk Ty 21
1
_ERgaﬂ =kYop (22)
Z:; =0 (23)

where R, and R are the Ricci tensor and scalar of gen-
eral relativity for the metric g,,, as we mentioned above.
Of course in Eq. (21) G denotes the Newton’s constant and
K = S’Z—4G, while the energy momentum tensor 7}, is given
by (10). From the the trace of Eq. (21) we obtain R = —« T,

hence Eq. (22) gives
1
Yop = ETgalg. (24)

This is the GR limit for the energy—momentum tensor Yyg.

Finally, from (12) and (23) we conclude that in the GR
limit the matter fields have no direct dependence on the non-
linear connection.

3.2 Schwarzschild—Randers spacetime

As we mentioned above, the horizontal part g,,, of the metric
(1) will be taken to be the Schwarzschild metric so that

R dr?
guvdxtdx? = — <1 - TY) dr’® + &
-

+r2d0* + r?sin® 0 d¢p? (25)

where Ry, = 2G M is the Schwarzschild radius (we have set
the speed of light constant ¢ = 1).

@ Springer

In the following, we assume a function F;, of Randers type
from which we will derive vyg by using (3):

Fy =/ —8ap(X)y*yP + A, (x)y” (26)

where g5 = gw,géf SE is the Schwarzschild metric and
A, (x) is a covector which will be determined by the equa-
tions. We focus on the timelike subspace of the internal y-
space with respect to the Schwarzschild metric (g4 (x) y* yP <
0) hence the minus sign under the square root. We take A, (x)
tobeaweak term (]A, (x)| < 1), hence we neglect high order
terms from the calculations. In addition, we consider as the
appropriate form for the nonlinear connection the one given
in (16) i.e. its GR limit value on the tangent bundle:

1
N% = Eyﬂgw 3,88y (27)

This choice will give us a locally anisotropic gravitational
model which deviates minimally from general relativity due
to the extra Randers term A, y” in (26).

We calculate the metric tensor veg of (26) from (3):

1 9%F? 28)
Vg = ——
P =70 gyagyp
and we find

1
Vap = 8ap(X) + E(Aﬂgayyy + Ay gupy’ + Augpyy?)

1 Y 1,0.,€
+ ;Aygaegﬁsy yy©, (29)

where we have seta = ,/—gqpy®yP. From (29) we see that

the metric vyg takes the form

Ve (X, y) = gap(X) + wepg(x, y) (30)

where we have set

1
Wop = E(Aﬁgayyy + Aygaﬁyy + Aozgﬂyyy)
1
+ a—3Ay8a58ﬂ5yyy8ye 31)

Its inverse is v#7 = g7 —whY so that Vo VP = gaﬂgﬂy =
8Y to first order in wyg. The total metric over the tangent
bundle is then written as

G = g (x) dx" @ dx" + [gep (x) + weps(x, ¥)]18y* @ 8y”
(32)

We remark that, as we can see from (30), the metric vy (x, y)
is a Finslerian perturbation of the Riemannian metric g, (x).
We observe that if we let wgg — 0 then the field equations
(7)—(9) reduce to the Einstein field equations of general rel-
ativity.
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Next we will calculate the terms for (7) and (8). From
the definitions (A.29) and (A.30) we see that when g, has
no explicit dependence on y then ﬁ/w and R reduce to the
classical Ricci tensor and scalar of general relativity. Addi-
tionally, since g;,, (x) is the Schwarzschild metric, both E,w
and R are zero. Here we have assumed vacuum solutions, so
the energy momentum tensors are zero and the Eqgs. (7) and
(8) become

1
588 + 68} — 8" 8) (DT — T Tiy) = 0

Ky “AB
(33)

1
Saﬂ — ES Vap

+" vap — 8 8)))(D, Cliy — €L, Cli) =0 (34)

Field equation (9) gives us no additional information since
all three terms vanish identically in our case. We can simplify
Eq. (34) by calculating Cl’fa from (A.15) and we find that it is
zero since the metric g, depends only on x. Then by taking
the trace of the remaining terms in (34) we can show that Sy
and § are also zero, so the field equation (33) becomes

(8‘())\5;2) _ gkkglw> (DK,T)\% _

We substitute (A.14) and (27) in (13) and after some calcu-
lations we get

P
TKVmi) —0. (35)

1
Ty = —50w (36)

withw = gqg w*? . The above relation (36) shows us that the

torsion is of first order on wyg so the terms 7});, ’];fs from (35)
are omitted. Then by taking the trace of the remaining terms
in (35) we have the equation that follows:

gD, Ty =0 (37)
Substituting the latter equation to (35) we find

DTS

v)a

=0 (38)

By the definition of the covariant derivative in (A.10), Eq.
(38) becomes

8T8, — L, TS =0 (39)

V)a ny “ka

Using Eqgs. (31) and (36) we get 7% in terms of Ag:

5 yP

T2 = —55 (Aﬁ;> : (40)
It is straightforward to show that

B

Y\ oy
Su <7> = —EﬁM; 41)
with
1

E}, () = 58" dugap 42)

Using (40) and (41) we get

5 yY
Toa = =5 Koy — (43)
with
Kyy(x) = 8,A, — AgED . (44)
from relation (43) we can calculate (39):
yV
(8(MKV)), —EP Kup - LﬁvK,W> = —o. 45)

Relation (45) must hold for every y. Since the expression in
parentheses does not depend on y, we conclude that it must
identically vanish:

0Ky — ED Kiyp — Lh Ky =0 (46)

Remark. By comparing (A.14) and (42) we get a relation of
the form L%M = Egu + O(A). If we use this in (44) and (46)
we get the equation D, D)y A,, = 0, which is equivalent to
the system of Egs. (44) and (46). Contracting this with g”
gives

A, =0 A7)

with O = ¢g"'D,D,.

In order to fully determine the metric (32) for the respec-
tive subspace of the internal space, we need g,,(x) and
A, (x). The first is already defined in (25), so we need to
solve (46) for A, (x) to get a full expression for the metric in
our space. If we use the definitions (42) and (44) on relation
(46), we get the equation that we need to solve for A(x):

Béy

1 1
0 0vAy — ngangJfauAﬁ - 58 185y AR

1 /1 1
+ 448 (Egﬂegaéavgeﬁaugyf + Egﬂeg‘%augeaaugy;

- augﬂaavgyé - avgﬂaaugyé - Zgﬂsauavgw)

1 M (B giev + Dy g — 9
28 nw8kv V8K e &uv)

1
X (BAAJ, - EAﬂgﬁsa)\gy(;) =0, (48)

where g, (x) is the Schwarzschild metric (25). Once we get
A(x) from (48), we can calculate weg(x, y) from (31) and
then use the result to calculate the full metric (32).

A similar analysis holds for the spatial subspace of the
internal space. In that case, instead of (26) and (28) we have

F, =/ gaﬁyayﬂ +Ayyy (49)
and

1 9°F?
Vo = —
B =0 yagyP

@ Springer
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1
=gap(x) + ;(Aﬂgayyy + A, gapy” + Augpyy”)

1
— ajAygaegﬁsyVy’sye, (50)

where a = /g, y*y" for the spacelike sector of g, taking
into consideration the signature of the metric. Following the

same steps as above, we reach the same equation for A, , i.e.
Eq. (48). Therefore, solving this equation will give us the
metric for both the timelike and spacelike (with respect to
gap) sub-spaces of the internal space.

We will solve (48) analytically with separation of vari-
ables, see Appendix B for more details. After calculations
we find the solution

R
128
p

. 1/2
A, (x) = |:A4 ,0,0, 0} (51)

with 144 a constant. This is a timelike covector since
g“ﬁ AyApg = — (154)2 < 0.Itisinteresting to mention that the
horizon of the Schwarzschild—Randers metric is correlated
with that of Schwarzschild. Practically, the quantity A, can
be seen as a distortion factor which quantifies the deviation
from the pure Schwarzschild solution. Obviously, the solu-
tion (51) on small spherical scales (r ~ R;) tends to zero.
On the other hand, for » > R, the Schwarzschild - Ran-
ders metric tends asymptotically to Minkowski. Finally, we
see that this metric has a singularity in r = 0 similarly with
the classic Schwarzschild one. The Schwarzschild—Randers
model will be further studied for intrinsic singularities and
horizons in a future research.

3.3 Schwarzschild-De Sitter—Randers spacetime

We will follow the same procedure as in the previous para-
graph but for a Schwarzschild-Randers spacetime with a
cosmological horizon, namely a Schwarzschild-De Sitter—
Randers spacetime. In this scenario, we take the horizontal
part of the metric (1) to be:

R A
g,wdx“dx” = — <1 _ s 31,‘2) dt2
r

S+ r2d6* + r’ sin’ 6 d¢?
(52)

while, as before, the metric tensor vyg will be derived from
the Lagrangian (26) and relation (28), where gqp = 8 SE is
now given by (52). The latter is a static spherically symmetric
vacuum solution for the classical Einstein field equations
with a cosmological constant A:

1
Ry — Eg,uvR + g = 0 (53)

@ Springer

with R, and R the Ricci tensor and scalar of general rela-
tivity. In accordance, we introduce a cosmological constant
term to the field equations (7) in vacuum:

— 1 —
R;w - E(R + S) 8pv

+ (8085 — g4 g (DTS — T TH) + g A =0 (54)

The tensors ﬁ,w and R reduce to the standard Ricci tensor
and scalar of general relativity for the metric (52) since the
latter has no direct dependence on y. Additionally, from (8)
in vacuum we get § = 0 the same way as in the previous
paragraph. Therefore, using (53) in Eq. (54) we get relation
(35) again. It is obvious that the procedure is the same as
before and only the explicit form of g, (x) changes. As such,
we reach the same equation for A, , namely relation (48) with
guv givenby (52). Again, by separation of variables, one finds
(see Appendix B):

R A
I R
r 3

Ay(x) = [/h

172
,0,0, 0} (55)

4 Paths in the Schwarzschild-Randers spacetime

Now that we have A, and hence the full metric, we can study
particle trajectories in 7 M. A Lagrangian for point particles
in the total space of the Lorentz tangent bundle has been
proposed in [17]:

L(x,x,y) = (agux"x" + szvalg)'c“yﬂ + cvalgy"‘y‘g)l/2
(56)

with a, b, ¢ constants. The associated equations of motion
are

(8w + 28288 vap) ¥ + (Yo + 200 )X = 0 (57)
and
Y=t (58)
with

1o e - -
Ovs, = E(sgafakvaﬁ + 8988 B vap — 528P 0,vap)  (59)

and z = —b?/4ac is a constant. The Christoffel symbols of
the first kind for the metric g, (x) are

1
Yoer = 5(8Kgm + 918vec — v 8in) (60)
The term S,‘j‘g’f vgp is the metric of the v-space lowered

down to the h-space via the generalized Kronecker symbols
which are defined as 8% = Sﬁ = | fora = u+4 and equal to
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zero otherwise.! We will write for convenience S,‘j‘ 55 Vg =
Uy and similarly S,‘j‘g\’,g Wep = Wicp-

We define g,, = gcv + zVcy and we observe that its
inverse is " = (1 4+ z)72(g"” + zv*") in the sense that

2v8"" = 8k to first orderin w wv- Contracting (57) with g"”
gives

88 F + @ voo + 28" one)F T = 0
& i+ (1+2) 2yl + 20l
+ 20" (oen + 200) 1H X = 0 (61)
where ¥, = gy and o), = g" oy, After some
straightforward calculations, eq. (61) gives

z
4 )/K“Ax’(xA 12

G5 — ' yua) A i (62)

with

L
o = =87 (Bewyn + O wye — Jywier) (63)

2

The horizontal part of the tangent vector on the paths is
x* = dx"/ds with s an affine parameter along the path
defined as [17]:

M dx* dxV
S_SO+/ \/:l:g,uv(x )’) dn d)\, (64)

with s, Lo and 1| constants and X is an arbitrary parameter of
the path. The sign of g,,,,(x, y) is determined by the tangent
vector of the path, specifically if dx"/dA is timelike with
respect to g,,,,(x, y) (8, (x, y)d;/\ ‘% < 0) then we get
“—7_ likewise for a spacelike tangent vector with respect to
T (0, ) (B0 (2, )L L > 0) we get “+7.

The paths (62) will play the role for our model that the
geodesics play for general relativity. As is the case for the
latter, we need a classification of path segments with respect

to their character i.e. timelike, null and spacelike. We define:

— Timelike segment: g, (x)x*x" < 0 at every point
— Null segment: g,,, (x)x*x" = 0 at every point
— Spacelike segment: g, (x)X*x"” > 0 at every point

Therefore, the character of the path is determined by the
metric tensor g, (x) of the horizontal subspace. We define
the proper time t as

n /‘)‘1\/ ( )dx“ dx” 65)
T = T ’
A R T

1 In general, 5° In general, (SZ and 8; can be used to lift an object from the horizontal
to the vertical subspace of 7T M or lower down one from the vertical to
the horizontal subspace. This allows us to perform algebraic operations
between components of tensors belonging to different sub-spaces of
TTM.

where 1 is constant. By comparing relations (64) and (65)
we see that the parameter s on the paths (62) cannot be written
as an affine transformation of the proper time in general.

We remark that Eq. (62) reduces to the classic geodesics
equation of general relativity when the perturbation weg goes
to zero, as it should.

4.1 Timelike paths

To begin, we rewrite the perturbation (31) as

Wy = gkpAvup + gvakup + (gun + gvagkruUuT)Apup
(66)

with

<

uU

8=

(67)

where a = \/—g,,,y*y" and we have lowered down A,, and
y? using the generalized Kronecker deltas. It is straightfor-
ward to show

1
duu’ = —EBMgK;LuKu)‘uV (68)

Using (63), (66) and (68) we calculate

3
,ﬁl)hyky)L _azgﬂv{<gkaaxAv +28v5 0 Ap — Eg)\oauAK

+2A50c8vx + Ay &ro — )

3

—Aaavg,d)u“u’(u)‘
1

+ z(_Avg)LpaKgar + A8upOk&or

+2A,80008vo + 28v0 811 Ap — Ak &ipdv8or

- glcog)»ravAp)MUI/lrl/t'oI/tKI,t)L
3
_ZAp(ngagkraAggn
—gmguavggn)u“uru"u"u’\ugu”} (69)
Now, if we take into account that g,,,u*u" = —1, the above

relation gives

Gl Y =

{ my (0vAx — 0 Ay) u®
wv 3
+8 8uo O Aj), + Ag O gua + EAvakng
1 oK, A
- ZA/cavgak u uu

+ AABKthu”ufu“uKu)‘}. (70)

@ Springer
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Substituting the relations (58), (60), (66) and (70) into (62)
we get

+ V,f}hxl{xk

—__= B (3, Ac — 9 Ay) 5
1+Z{ag (0, A, i Ay) X

1 1
+ _|:AU <3ngA - Eavgl()») + 81(AA)C|).CM).CK-’.C)L
a

1/1 co ks
+ ; (ZguUAkavga}» + gh A 03800 + A'ua/(g)uf)xdxkx)L

2 (71)

1
+ =5 Axdc ggrfc”)'cr)'c“fc"fc)‘}
This is the generalized path equation for the timelike sector
of the metric g, (x).
Remark. If we set a = 1 at some fixed point then (71) can be
written as

.. k- e .
KM 4yl R — —FHREK
KA m K

1
= i{[z‘\” <8Kgll)n - —3vg,<x> + 0 Ax]x” <
m 2

1 Co k.
+ (ZglwAKavgak + glwAKaAgav + AMBKgAJ)xgxkx)L

+ A3 0 gor X XTXM X X )‘} (72)

with F,., = 9, A, — 9 A, the field strength tensor of A, and
we have set ]7? := — where e the electric charge and m
the mass of the particle. If we ignore the r.h.s of the above
equation then (72) will have the same form as the equation of
a charged particle subject to the Lorentz force with an elec-
tromagnetic vector potential A, in the Riemannian setting.
A similar equation which is derived from a Finsler—Randers
Lagrangian and contains a Lorentz force term has been stud-
ied in [37]. However, in our more generalized setting we also
get the r.h.s. perturbation term which depends on A, and
its first derivatives. Therefore, a possible relation between
our Schwarzschild—Randers metric and the Lorentz force
requires further investigation and goes beyond the scope of
this work.

Now, it is known that we can always approach a time-
like path (geodesic) with a proper time parameter broken
null path with the same endpoints [58]. In this approxima-
tion it is considered that the number of null path segments
with infinitesimal distance between two neighboring points
increases following the timelike path. Therefore, the final
null path of zero length (with respect to g,,) approaches
the timelike path (71), however the parameter along them is
replaced by an appropriate affine one.

@ Springer

Substituting to (71) the solution (51) we get the explicit
form of the timelike paths components for » > R;:

t -
+ f r

1 L2 i
e (e G
I—f
s\
+af r) ;
5 ) ) ..
_ _rf—l/z(iez + sin 0 7 ¢* + %Sin 20604°)
a
1 1 L
n t|:_<_f_3/2+_f—l/2)”;_f
a 2 r
1 1/2:3 3=/
N i i
(-t e

+2f 120 {i767 + sin® 0 17d* + % sin 26 ié¢'>2}>} }

(73)
il “2; Dit - L2 (@ +sint0d?)
_ %f—1/2f25> #

1 . .
+ 5 FPr ({67 4 sin® 0 i)
a

+ r'[l(— 32+ lf‘”)ir'—] =/
a 2

r

1 e iz L= f
I /223 3/2::3\- J
+23< {F120r + %0 -

+ 2120 i6% + sin” 0 i7¢* + %sin 26 iédﬂ})”
(74)
. 2.0 1 .
6 + =67 — = sin 20 ¢°
r 2

11/1 U
- __° A4{ (Zfl/zsin29t¢2+2tf9>

14z ar

[(
ran(

+ 2120 i6% + sin’ 0 i ¢* + %sin 26 iéd}z})”
(75)

1 —
3/2Jr f 1/2)” f

r

(F12537 1 f=34%) 1—f
r

“ 2. ..
¢+ —¢r +2cot0¢
r



Eur. Phys. J. C (2020) 80:1200

Page 9 of 14 1200

1/1., . e
= A4{ (—tr‘qb +cot9t9¢)
a\r

J’_
=on %fm)i,-ﬁ

[ (-7 :

1/2:3 3/2::3 J
+ _3< {f tr+f tr }_r

+ 2120 {i6% + sin® 0 i7¢* + %sin 260 iédﬂ})”
(76)

with f =1 — %, R the Schwarzschild radius.

4.1.1 Application

As an application for our model we present a numerical solu-
tion (using the differential equation solver of Mathematica)
of the timelike path equations (73-76) for an appropriate
choice of parameters and initial values. For this applica-
tion we consider that & = 7 while ¢, r and ¢ are the vari-
ables. Below we present two figures which clarify the dif-
ference between Schwarzschild—Finsler—Randers (S—F-R)
paths (red line) and general relativity (GR) geodesics (blue
line). Notice, that the full analysis of timelike paths as well
as the applications to Astrophysics will be studied in a forth-
coming paper.

From the figures we observe that in the case of S—-F-R
model the timelike path reaches a higher maximum distance
which is somewhat larger than the path provided by General
Relativity. We notice that the time it takes for the S-F-R
path to reach the Schwarzschild radius is more than in GR
(Fig. 1). From these observations we see that in our model

— S-F-R

— GR

t

100 200 300 400 500

Fig. 1 Thisis an r, t graph of the timelike paths that we find using our
theoretical model Schwarzschild—Finsler—Randers (S—F-R) in compar-
ison to the geodesics of general relativity (GR)

the maximum radial distance of the orbit is greater than that
of GR and also the rate at which the particle falls is slower
(Fig. 2). As expected, this deviation from the GR geodesic is
produced from the right hand side of (73-76), where the extra
terms in the S-F-R model act as a force that opposes gravity.
Since the extra terms of the rhs of (73-76) are taken to be
small the corresponding deviation from the GR geodesic is
relatively small.

4.2 Spacelike paths

For completeness, we will find the spacelike paths from (62)
following the same procedure as above. From (50) we get

Wy) = gk,oAv’/lp + gvakup + (gwn — gvogkruaur)Apup
7

where, as before, we have lowered down wyg to the horizontal
space using the generalized Kronecker symbols and we have
set u” = y¥/a where a = /g, y*y’. Following the same
steps as for the timelike section of g,,,, and taking into account
that g, utu” =1, (62) gives

+ yKl/;LxKx}»

-1 { —agh’ (3, Ax — B Ay) i
+z

+—|aAY (a,{gm vgm)+a Ax]x“xkx*

+

QA= [I= —

1
< Z ,u A0y 800 _|_g/1« A a)»gav>x X x)t

— AABKgUTx XTxMXx )‘} (78)
2a3

]

¢ S-F-R

« GR

Fig. 2 Thisisanr, ¢ polar graph of the timelike paths that we find using
our theoretical Schwarzschild-Finsler—Randers (S-F-R; red curve)
model in comparison to the geodesics of general relativity (GR; blue
line)

@ Springer
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Substituting to (78) the solution (51) we get the explicit form
of the spacelike paths components for r > Rg:

N N
i L
rf
z o~ L 5. Lo .o\ f
3 il -t / — V) —L
- 4{< 2af r+af i .
Il 1 1=
(-t
a 2 r
5 3. eapeen =S
— (e L
+2f1/2r{if92 +sin29fffi'52 + %sinZG t9¢2}>:“
(79)
1—7. 1 - ; j
i+ it > Dip 2rffr'2—rf(92+sin29¢2)
- Uy 1 oapas
1+z 4{( 2 !
_ 3 i\ S
4a r

1 g .
— — 32 (6% +sin* 0 id?)
2a
1 1 1=
+i[—<— 324 —f_l/2>tr'—f
a 2 r

5
2a3

<_ (£ 4 f=32) 1-7f

p
+2f 120 {i76° 4 sin® 0 17> + % sin 26 iédﬂ}ﬂ }
(80)

L2, 1. :9
0+ —0r — —sin260 ¢
r 2

(11 1 . s
< A4{——<—Zfl/zsin29t¢2+2tr'9>

_l—i—z ar
.I1 1 1=
+9[—<— 324 —f_1/2>tr—f
a 2 r
) 17233 penl—f
P — t‘ t —_
2a3< {f r+f r} r

+2f 120 {i76° 4 sin® 0 17> + % sin 26 iédﬂ}ﬂ }
81

.2 ..
¢+ —¢i +2cotf0¢
r

z ~|1/1.. .
= — Agf = =17 to 10
T 4{a<r r¢ +co ¢)

4 q;[l( T %f—l/z)ﬁﬂ
a r

@ Springer

i( _ {f1/2i3i + f_3/2t'i3} 1—f

- 2a3 r
+ 2120 {i6% + sin’ 0 i ¢* + % sin 26 iééz})} }
(82)

5 Conclusion

In this paper we derived for the first time the gravi-
tational field as a solution of the spherically symmet-
ric Schwarzschild—Randers and Schwarzschild-De Sitter—
Randers metric. In this framework we used generalized Ein-
stein field equations on the tangent bundle of a spacetime
with zero horizontal energy—momentum tensor in which we
get more degrees of freedom. In addition, we specified an
appropriate timelike covector which plays a significant role
in this theory differentiating our model from the traditional
Schwarzschild one, giving an intrinsic anisotropic charac-
ter to the ordinary Schwarzschild metric as well as for the
particle paths. Moreover, we studied the correlation of the
Schwarzschild-De Sitter model with the Randers one as
becomes apparent from (55). We also studied the forms
of paths in our spacetime and we obtained more general-
ized forms than the ordinary geodesic paths of the classical
Schwarzschild spacetime. In this context, we provided some
numerical solutions of the timelike paths of our model and
we found small but not negligible deviations from general
relativity. This difference can been seen as a result of the
local anisotropy which creates an effective force that affects
the corresponding geodesics.

Itis obvious that when the covector A, of our theory van-
ishes then we recover the ordinary form of a Schwarzschild
metric and Schwarzschild—-De Sitter metric respectively and
their derived geodesics.

Such an approximation can be considered compati-
ble with some current observational data and parame-
ters with anisotropic character in cosmological models
of Schwarzschild—Randers and Schwarzschild-De Sitter—
Randers spacetimes. These features mean that Finsler—
Randers gravity can be interesting at the astrophysical level.
This study will be the goal of our next work.
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Appendix A: Basic structures on the Lorentz tangent bun-
dle

The eight-dimensional Lorentz tangent bundle 7' M is equipped
with local coordinates {4} = {x*, y*} where x* are the
local coordinates on the base manifold M around 7 (o),
o € TM, and y“* are the coordinates on the fiber. The range
of values for the indices is «, A, u,v,... = 0,...,3 and
o B,...,0=4,...,7.

The adapted basis on the total space 77T M is defined as
{Ea} = {8,., 0o} Where

si= 2= L NGy (A1)
= =— — X, y)— )

B7sxr ™ gxm ut ¥ oy

and

. 0

Oy = e (A.2)

where N} are the components of a nonlinear connection. The
curvature of the nonlinear connection is defined as
o o
« _ SNy ON¢

VO SxK SxV

(A.3)

The nonlinear connection induces a split of the total space
TT M into a horizontal distribution Ty T M and a vertical
distribution 7y T M. The above-mentioned split is expressed
with the Whitney sum:

TTM =TpTM &TyTM. (A4)

The horizontal distribution or h-space is spanned by §,,, while
the vertical distribution or v-space is spanned by dy. Under
a local coordinate transformation on the base manifold, the
adapted basis vectors transform as:

5 dxH
;] = —
122 axﬂ/ 1284 o

;=

(A.5)

with x* = Sl‘jx” .2 The adapted dual basis of the adjoint total
space T*T M is {EA} = {dx", §y*} with the definition

Sy =dy® + NJdx". (A.6)
The transformation rule for {dx*, §y“} is:
’ 8x“/ ’ 3)60/
dx* = ——dxt, &% = Sy“ A7
x o X y o (A7)

The bundle T M

In this work, we consider a distinguished connection (d-
connection) D on T M. This is a linear connection with coef-
ficients {I'f\-} = {Lx, Lg,., Cly, C§,} which preserves by
parallelism the horizontal and vertical distributions:

Ds 8, = Lb (x, y)8, . Déy(Sv = C(jy (x, ¥)8, (A.8)
Ds dp = L (x,Y)0u, Dy 0 = C,(x, )3 (A9)

From these, the definitions for partial covariant differentia-
tion follow as usual, e.g. for X € TT M we have the defini-
tions for covariant h-derivative

Xy =D, X*=5,X" +Lj X8 (A.10)
and covariant v-derivative
X4 p=Dg X" =0pX* + CpgX” (A.11)

A d-connection can be uniquely defined given that the
following conditions are satisfied:

— The d-connection is metric compatible
— Coefficients Lk, Lg,. cly, C§, depend solely on the
quantities gy, Uap and Ny
— Coefficients LY, and ng are symmetric on the lower
. . . I,L _ o _
indices, i.e. L[KU] = C[ﬂy] =0
We use the symbol D instead of D for a connection satisfying
the above conditions, and call it a canonical and distinguished
d-connection. Metric compatibility translates into the condi-
tions:

Dy g =0, Dy veg =0, Dy guv =0, Dy veg = 0.
(A.12)

The coefficients of canonical and distinguished d-connection
are

1
Lllfl( = _gﬂp(skgpv +308ok — 8p8ui)

: (A.13)
. 1 . .
B = 0N + S0 (Bugy — vsy IpNg — vgs 9y N
(A.14)

2 The generalized Kronecker symbols are defined as: 5 = Sﬁ =1 for
a = [t + 4 and equal to zero otherwise.
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1 .
Cffy — Egupaygpv (A.15)
o 1 ad (4 3 A
Cﬂy = —p (ayvg/g + aﬂvgy - 85v5y). (A.16)

2

Curvature and torsion in 7'M can be defined as multi-
linear maps:

R(X,Y)Z =[Dx,DylZ — Dix v1Z (A.17)

and

T(X,Y)=DxY —DyX —[X,Y], (A.18)

where X, Y, Z € TT M. We use the definitions

R(8x, 8)8 = R. 8, (A.19)

R(ds, 3,)p = Sﬁysaa (A.20)
T (8¢, 8) = T8, + T2, (A.21)
T(dy,dp) = T8 + 500 (A.22)

The h-curvature tensor of the d-connection in the adapted
basis and the corresponding h-Ricci tensor have, respectively,
the components

UK)L - (S)L 8KL,;)L + LC)KLZA - Lp Lgk + Cﬁan)\
(A.23)
Ry = R;’iw« = (SKL';N - (SvL';(u« + LZULZK LﬁKLZV
O, (A24)

The v-curvature tensor of the d-connection in the adapted
basis and the corresponding v-Ricci tensor have, respectively,
the components

Shys = 0sCfy, = 9, Chs + Cj, C& = CjsCe,, (A29)
Sup = Sy, = 0, Cly — dCL, + CpCL, — C5, Cly.
(A.26)

The generalized Ricci scalar curvature in the adapted basis
is defined as

R = g" Ryuy +v*P Sy = R+ S. (A.27)
where
R=g""Ryy, S=0v"58y (A.28)

In the main text, we use the more convenient definitions

R = Ruy — C<, Q% = 8,LY, —8,L, + L0, L*,
— LA L5, (A.29)
R=g"Ru (A.30)

@ Springer

Appendix B: Calculation of A,

Appendix B.1: Solution for the Schwarzschild—Randers
spacetime

In order to calculate A, we will give values to u, v,y of
(48) and solve the resulting equations. For © = 0, v = 0 and
y =4 we get:

1 1
9 As+ [ (=1) (81A4 + ﬁmal(—f)) =0, (B31)

where we have set f = 1 — %. After some calculations
and by separation of variables A4 = R4(r)T4(t) we get two
equations:

AT4(t) = —ciyy Tu() (B.32)
1 2
Ra(r) = — ff Ri) =y 5= (B.33)

where c(24) is the separation constant. For ¢ = 0, v = 1 and
y =4 we get

1
9001 A4 + ?81(—f)80A4 =0. (B.34)
After rearranging the terms and again separating variables,
for 0974 # 0 we have

o f
—R
7 4(r)

0 R4(r) = (B.35)
So we get R4(r) = ka4 f (r) with k4 being a constant resulting
from the integration. By substituting this to (B.33) we find
that the separation constant c%4) must be zero. That means that
in order to satisfy (B.32) and (B 33), T4(t) must be constant
and R4(r) = R4 f'/2(r) with R4 a constant. By calculating
the remaining equations for u =2, v =2,y =4 and u =
3,v =3,y = 4 we find that A4 has no dependence on 6 or

¢. Therefore, we end up with
Ag = A4l f1Y2(r) (B.36)

with A4 being a constant. For u = 0,v =0, y = 5 we get
fa—-xrn 1 1
A5 — ———=(81As — ~Asfd =0.
b As > 145 = 5 sfoi(f™)
(B.37)

After calculations and by separating variables like before we
end up with equations

R T5(t) = —cis Ts(1) (B.38)
oiRs(r) = ——— T g 2r B.39
1Rs(r) = 2 f s(r) — C(S)f(l I3 (B.39)

with c(zs) being the separation constant. For © = 0,v =
I,y =5 we get
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1 1
0001 A5 — Efa(f_l)aoAs - 5(—f_1)31(—f)30A5 =0
(B.40)

After calculations we end up with ¢(5y = 0 and by substitu-
tion to (B.38) and (B.39) we find

Rs(r) = ks| £~/ (B.41)

with k5 being a constant. Also, like before, if we calculate
theu =2, v=2,y =5and u =3,v =3,y =5 we get
no dependence on 6 and ¢. Therefore, we find

As = As|fI7V2(r) (B.42)

with As a constant of integration. If we put this solution in
the u = 1, v = 1 equation, we get AS =0.Foru=0,v=
0, y = 6 we separate variables like before Ag = Rg(r)Te(t)
and we get two equations:

R 2
8\ Re(r) = J80) _ c(zﬁ)f(l—if) (B.43)
00 Ts(1) = —c () To (1) (B.44)

with 0(26) the separation constant. For u = 0,v =1,y =6
like before we find that ¢y = 0 and by substitution to (B.43)
we find that Re(r) = I§6r with Iég a constant of integration.
We set Rg to zero to keep our solution finite at infinity, so we
end up with A¢ = 0. For A;wesetu =0,v =0,y =7and
we find the same equations as for Ae. That leads to A7 = 0
as well.

To sum up, we have found the following solution for A,

from Eq. (48):
} Rg[\/?
Ay(x)=|A4|1 — — ,0,0,0 (B.45)
r

with 144 a constant.

Solution for the Schwarzschild-De Sitter—-Randers
spacetime

We will modify the solution (51) and see if it satisfies (48)
for the metric (52). An obvious ansatz is to replace the term
1 — 8 in (51) with 1 — £ — 242, Doing this we get

1/2

Rs 221" 600

Ay(x) = |Ag |1 — = — = (B.46)

which is verified to be a solution of (48) for the metric (52).
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