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Abstract In this article, we study further applications of
the Schwarzschild—Finsler—Randers (SFR) model which was
introduced in a previous work Triantafyllopoulos et al. (Eur
Phys J C 80(12):1200, 2020). In this model, we investigate
curvatures and the generalized Kretschmann invariant which
plays a crucial role for singularities. In addition, the derived
path equations are used for the gravitational redshift of the
SFR-model and these are compared with the GR model.
Finally, we get some results for different values of param-
eters of the generalized photonsphere of the SFR-model and
we find small deviations from the classical results of general
relativity (GR) which may be ought to the possible Lorentz
violation effects.

1 Introduction

The last decade has seen a rapid increase of Finsler and
Finsler-like geometries and their applications to gravitation
and cosmology with appreciable results in the scientific com-
munity. We quote some relevant works which have con-
tributed in the development of applications of Finsler and
Finsler-like geometries to the gravitational field theory and
cosmology [1-49].

Finsler geometry is a dynamical metric geometry depend-
ing on position and direction or dynamical coordinates on
a tangent or fiber bundle of a differentiable manifold. This
type of geometry can also be connected to Lorentz viola-
tion investigations of the standard model extension (SME)
[50,51] and in the context of local anisotropy [4,8,11,19].
Moreover, Finsler-like geometries breaking the local four
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dimensional Lorentz invariance can be considered as a pos-
sible alternative direction for investigating physical models
with both local anisotropy and violation of local spacetime
symmetries [3].

A significant class of Finslerian spacetime is the Finsler—
Randers (FR) spacetime proposed by Randers [52]. An FR
space has a metric function of the form

F(x,y) = (= ()" Y)Y + ug y® (1

where u,, is a covector with ||uy || < 1, y% = %‘, and a,,, (x)
is a Riemannian metric for which the Lorentzian signature
(—, +, 4+, +) has been assumed and the indices i, v, « take
the values 0, 1, 2, 3. The geodesics of this space can be pro-
duced by (1) and the Euler-Lagrange equations. If u,, denotes
a force field f, and y“ is substituted with dx* then f,dx%
represents the spacetime effective energy produced by the
anisotropic force field f,, therefore Eq. (1) is written as

F(x,dx) = (—a,w(x)dx“dx”)l/2 + fodx® 2)

The integral fub F (x, dx) represents the total work that some
particle needs to move along a path.
The length of a curve ¢ in the FR space is given by

1
l(c):/ F(x,x)dt 3)
0

where x = 2—;‘ and t is affine parameter.

An FR cosmological model was introduced and studied
in [2,5]. In this case, by considering the metric of the FRW
cosmological model instead of a,,, (x) in (2) we get

2

auy (x) = diag [—1, a’r?, a%r? sin? 9:| @

1 —«r?’

and we obtain a Finsler—Randers cosmology. From (2) we
can notice that an FR spacetime shows a motion of the FRW
model with a produced work which comes from the second
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term (one-form). This form of metric provides a dynamic
effective structure in spacetime. More investigations about
this model can be found in the following articles [6,15,30,
53-60].

By using a Schwarzschild metric in (1), we obtain a
Schwarzschild—Randers spacetime [40].

s

r\2
F(x,y) = {— (1 - R7> 0 + l(y_—)R +r20")?

r

12
+r2sin20 (y"’)z} + g y® ®)

From (5), we can also see that the Schwarzschild—Randers
metric has a dynamical second term.

Finsler and Finsler—Randers spacetimes can give an effec-
tive description of fermion particles with CPT-odd Lorentz
violating terms in the SME framework [19,55,61].

In this work, we elaborate some fundamental results of
the SFR model and compare them with the corresponding
ones of GR. We prove that the gravitational redshift pre-
dicted from our model remains invariant compared with the
one of GR. Nevertheless, in the case of photon sphere, we
find infinitesimal deviations from GR which may be ought
to the small anisotropic perturbations coming from Lorentz
violation effects. In addition, in our generalized metric space,
we calculate the Kretschmann invariants of the model and we
find that the generalized second Kretschmann invariant Ky
provides more information for singularities with additional
degrees of freedom.

This article is organized as follows: in Sect. 2 we give
some basic elements from the geometry of SFR. In Sect. 3 we
present the curvatures and the field equations. In Sects. 4, 5,6
and 7 we give some applications of the SFR model includ-
ing paths, energy, gravitational redshift and photonsphere.
Finally, in the last Sect. 8 we summarize the results of our
work.

2 Basic structure of the model

In this section, we briefly present the underlying geometry
of the SFR gravitational model, as well as the field equations
for the SFR metric. The solution of these equations for this
metric is presented at the end of the section. An extended
study of this model can be found in [40,44].

The Lorentz tangent bundle T M is a fibered 8-dimensional
manifold with local coordinates {x*, y*} where the indices of
the x variables are «, A, i, v, ... =0, ..., 3 and the indices
of the y variables are o, §,...,0 = 4,...,7. The tangent
space at a point of 7'M is spanned by the so called adapted
basis {Ea} = {8, 0y} With
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where N} are the components of a nonlinear connection N =
Nl‘f(x, y)dx"* ® B

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 ®)

The anholonomy coefficients of the nonlinear connection are
defined as

. SNE SNZ
VE T sxK SxV

)
A Sasaki-type metric G on T M is:
G = guv(x, ) dx" @ dx" + vgp(x, y) 8y* ® 8yP (10)

We define the metrics g, and veg to be pseudo-Finslerian.

A pseudo-Finslerian metric fug(x, y) is defined as one
that has a Lorentzian signature of (—, 4, 4, +) and that also
obeys the following form:

92 F2

2 3y ayP (i

Jap(x,y) ==*
where the function F satisfies the following conditions [12]:

1. F is continuous on TM 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 second
argument:

F(x™, ky*) = kF(x", y*), k>0 (12)
3. The form

faplasy) = 22 2 13)

ap X, y) = 28y°‘8y/3

defines a non-degenerate matrix:

det [ fup] # 0 (14)

where the plus-minus sign in (11) is chosen so that the metric
has the correct signature.
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In this work, we will follow the model presented in [40].
The metric g, is the classic Schwarzschild one:

guvdxtdx”

d 2
— —fdi® + % +r2d6% + 2 sin® 0 dp? (15)

with f =1 — % and Ry = 2G M the Schwarzschild radius
(we assume units where ¢ = 1).

Hereafter, we consider an «-Randers type metric as the
one in Rel. (1) which is distinguished from the S-Randers
type metric that is investigated in the SME [11,19,23,27].

The metric vy is derived from a metric function F, of the

«-Randers type:

Fy = [ —gap)y®yP + 4, )y (16)

where g5 = gwgfj Sg is the Schwarzschild metric and
A, (x) is a covector which expresses a deviation from gen-
eral relativity, with |[A,, (x)| < 1. The nonlinear connection
will take the form:

1
N% = Eyﬁgwaugﬂy (17)
The metric tensor vyg of (16) is derived from (11) after omit-
ting higher order terms O (A?):
Vap (X, ¥) = gap(x) + wep(x, y) (18)

where

1
Wop = 5(14/38(1;/)’]/ + Aygaﬁyy + Aagﬂyyy)

+ &%Aygasg,ssyyyaye (19)
witha = ,/—gaepy*yP. The total metric defined in the previ-
ous steps is called the Schwarzschild-Finsler—Randers (SFR)
metric.

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

Ds 8, = L (x, )8, . Déy 8y, = C{fy (x, ¥)8, (20)
Ds, dp = L%, (x, Y)d D dp = C§, (x, y)da (21)
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

Xt =D, x=8,x4+ L4 X8 (22)

v

and covariant v-derivative

X4 p=Dg X" = 0pX" + CpgX” (23)

The d-connection is metric-compatible when the following
conditions are met:

D¢ gy =0, Diveg=0, Dyguy=0, Dyve=0
(24)

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

— The d-connection is metric compatible
— Coefficients Lk, Lg,. cly, C§, depend solely on the
quantities gy, Uap and Ny
— Coefficients L, 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 satis-
fying the above conditions, and call it a canonical and dis-

tinguished d-connection. The coefficients of canonical and
distinguished d-connection are

1
Llle = Egﬂp ((Skg,ov +8v8ok — ‘Spgwc) (25)

B = 0pNY + SV (8evpy — vsy Dp Ny — vps Oy N)

(26)
1 .
Cly = 58"y 8pv 27)
o 1 ad (4 A A
Cﬁy = EU (ayvafj + dgvsy — 3511/3),) (28)

Curvatures and torsions on 7'M can be defined by the
multilinear maps:

R(X,Y)Z =[Dx,DylZ — Dix,v|Z (29)
and
T(X,Y)=DxY —DyX —[X,Y] (30)

where X, Y, Z € TT M. We use the following definitions for
the curvature components [1,3]:

R(8x, 8)8y = RY .8, (31)
R (8. 8)9p = Rf; 0u (32)
R(3y.8)8, = Pl (33)
R(Dy.8:)dp = Pf,, 0 (34)
R(ds, 9,)8y = S, 584 (35)
R(0s, 0y)0p = S§,50a (36)

In addition, we use the following definitions for the torsion
components:

T (S, 80) = T8, + T2 0y (37)
T (3p,6) = Tygdu + Ty 0 (38)

@ Springer
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Ty . 0p) = T, 0 + T5, b (39)

The h-curvature tensor of the d-connection in the adapted
basis and the corresponding h-Ricci tensor have, respectively,
the components given from (31):

Ry, =8Lb — 8Ly, + LO LY, — L, L+ Cli, Q

VK= pA va S
(40)
Ry = R;ch = (SKLZU - (SVLZK + LZULZK — LZKL’;V
+ O, 41)

The v-curvature tensor of the d-connection in the adapted
basis and the corresponding v-Ricci tensor have, respectively,
the components (36):

Shys = 05Cf, — 9, Chs + Cp C& — ChsCE, (42)
Sap = Sy, = dyClg — 9pCY, + CopCl, — C5, Cly
(43)

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

R =g" Ry +v*PSys =R+ S (44)
where
R=g""Ryy, S=10"5y (45)

A Hilbert-like action on 7 M can be defined as
K =/ d8u‘/|g|7z+2x/ d*U/ |G| Ly (46)
N N

for some closed subspace N' C T M, where |G| is the absolute
value of the metric determinant, £ is the Lagrangian of the
matter fields, « is a constant and

BU=dx"AN- AdPAdy A AdyT (47)
Variation withrespect to g,,,, vgg and N leads to the follow-
ing field equations [44] (see Appendix A for more details):
— 1
R;Lv - E(R +5) 8y

+ (8059 = ¢ g ) (DTl = T3 T ) = kT (48)

1

Saﬂ - E(R +S) vap

+ (v7vap = 8587 ) (D) Cliy = €1, Cli) = kYo

(49)
. K
gM[K 30!LZ]U + zjfﬁgu['f C))::]x = Ezg (50)

@ Springer
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;o2 AWVIGILy) 2 A(V=8Lm)
wy = m Ag/w /_g Agll-v

(5D
v 2 AWIGILn) 2 A(V-vLnu)
=T/l AveP J—v  AvF

(52)
2 AWIGILM) ALy
Z“:_m AN __ZANg (53)

where L) is the Lagrangian of the matter fields, 8F and 8/"3‘
are the Kronecker symbols, |G| is the absolute value of the
determinant of the total metric (10), and

T% = 0Ny — LY (54)

v

are torsion components, where L% is defined in (26). From
the form of (10) it follows that /|G| = \/—g+/—v, with g, v
the determinants of the metrics g,,,, vop respectively.

Solving the above equations to first order in A, (x) in
vacuum (T, = Yo = 2 = 0), we get [40]:

. Ry
Ay (x) = |:A0 1—=
.

1/2
,0,0, 0:| (55)

with /Io a constant.

3 Curvatures and generalized Kretschmann invariants

It is useful to calculate invariants of the metrics g, and vqg
so that we can get a better understanding for the behaviour
of the solution in specific points of 7M. Specifically, any
pointin 7'M where these invariants diverge can be considered
singular, namely, a point where our geometrical model breaks
down.

We consider invariants constructed from contractions of
the curvature tensor on 7M and the metric. The nonvan-
ishing curvature components of the distinguished canonical
connection are given by relations (31)—(36):

R}, =8 Lh — 8Ly, + LO LY, — L, LE + Cl, Q)

VKA T VK= pA
(56)
R§, = &1L, — 8Ly + Ly Ly, — Ly, Ly, + C5, Q0
(57)
P, =d, LY, —D.Ch, +CLTH (58)
N )
Pgey = 0y L — DeChy, + Ciis T, (59)
Svys = 05Cl, — 3, Cls + €y, Coy — CLsCL, (60)
Sys = 05Ch, — 0y Cis + Cg, C& — CCE, (61)
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where D, is the covariant derivative with respect to the con-
nection defined in (25)—(28). An explicit calculation for the
SFR metric yields

R§, = P, = Pf., = 55V5 =0 (62)

Consequently, we cannot construct any non-vanishing invari-
ant of the metrics from these components so they are not
useful for finding singular points. Additionally, we get
g"" R, = 0 so this scalar curvature gives no information
about singular points either.

Next, we calculate the scalar curvature § = v*# Sap to the
lowest non-vanishing order and we find:

¢ _ A {ON? 40 = R [(9)? +5in2 0]}
B 2a* (r — Rs)

with @ = \/—gopy®yP and we have set y* = y',y° =

y",y% =y?, y7 = y?.From (63), we see that the anisotropic
scalar curvature S has a geometrical meaning because of its
dependence on the coordinates.

A straightforward calculation results in the following
cases:

(63)

1. a #0,r = Rg and y" # 0: In this case, we get S = 0
2. a #0,r = Ry and y" = 0: In this case, the fiber scalar
curvature takes the value

_ 543
2R [(v9)% + sin? 0(y?)?]

(64)

3. a = 0: In this case, the fiber scalar curvature diverges:
S — o0

The third case is the most interesting one, where it can be seen
that a = 0 represents a set of singular points for the metric
Vgp. In the next paragraphs, we will identify y* with the 4-
velocity of a free particle, in which case the conditiona = 0
will denote a null path with respect to the metric g, (x).
Taking this argument into account, we reach the conclusion
that such paths can not describe physical trajectories.

Finally, we calculate the nontrivial Kretschmann-like
invariants of the metrics g,, and vyg to the lowest non-
vanishing order:

12R2

Ky = Ry R = r_6S (65)
35\?2

Ky = SupysS*P7° = <?) (66)

The invariant in Eq. (65) coincides with the Kretschmann
invariant of the classic Schwarzschild solution [62] and it
reveals a singularity of the metric g, at the point r = 0.
The second Kretschmann-like invariant contains the same

information as the scalar curvature S, as we can see from
Egs. (63) and (66), so the same conclusions apply for it.

We notice from (65) and (66) that the total Kretschmann
invariant K = Ky + Ky is equal to the classic Schwarzschild
one plus a small correction which comes from the additional
geometrical inner structure of the SFR gravitational model.
Specifically, the scalar curvature of the vertical space (the
space of y—variables) is related to a non-trivial vertical-space
Kretschmann invariant, as one can see from (66), so itinduces
a deviation from classical general relativity.

4 Paths

In this section, we study the paths of a particle in the SFR
model. We consider the Lagrangian of the form [44]:

- 1/2
L(x,x,y)= (—agw)'c“)'c” —szvaﬁfc“yﬁ —cvaﬂy"‘yﬂ)
(67)

with a, b, ¢ constants. Variation of the action with respect to
y% gives the relation:

¥ =x (68)

Furthermore, if we variate the action with respect to x* and
substitute (68), we get the path equations:

S et

Z
= — agh’ (0,Ac — 0. A,) X*
1+Z{ag (0p Ay Ay) X

1 1
+ ?[AU <3ngk - Eavgkk> + akA)L:|)'CM)‘CK).C)V

a

1/1 v v cO =K s A
+ g(zgu A dvgor+8" AKaAgUu+AMaKgAU)x X" X

1
+ ﬁA,\E)KgUT)'c“fcffc“ic"x)‘} (69)

where z = —b?/4ac is a constant and a dot denotes differ-
entiation with respect to the generalized proper time 7, with
the definition

1/2

dt = [~aguvdx"dx’ — (b + c)vepdx®dx”] (70)

which is derived from the Lagrangian (67) if we substitute
y¥ = dx“. The form (69) generalizes the geodesics equa-
tions of general relativity in the SFR model.

In order to solve the Egs. (69) we use the NDSolve com-
mand of Mathematica to obtain a numerical timelike solution.
By assuming different initial values we get two different solu-
tions which are described by a closed path and an open path
respectively and we compare our results with the geodesics of
GR for the same initial values. In our approach, we consider

@ Springer
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Ap=1072

25

20

— S-F-R

— GR

L L " L t
100 200 200 400

Fig. 1 Thisis an r, t graph of the timelike paths that we find using our
theoretical SFR (red curve) model in comparison to the geodesics of
GR (blue line) for E =0.98, L = 1,rg =3 and (a,b,c) = (1,1, 1)

Ap=10"2

- 8-F-R

- GR

-2 2 4 -] 3 10

Fig. 2 This is a polar graph of the timelike paths that we find using
our theoretical SFR (red curve) model in comparison to the geodesics
of GR (blue line) for E =0.98, L = 1,rg =3 and (a,b,c) = (1, 1, 1)

dt
the energy E = (1 — %) Tr and the angular momentum
T

L = rzd—¢.

We notrice from the two graphs (Figs. 1, 2) that the paths in
the SFR model and GR are very similar. However, from the r-t
graph (Fig. 1) we can see that the maximum radial distance in
SFR is lower and the required time to reach the Schwarzschild
radius is also less compared to GR. From the second graph
(Fig. 2) we can see that the two ellipses are similar but the
red ellipse (SFR model) is smaller and it reaches the event

@ Springer

Ap=1072

25|

20

— S-F-R

Fig. 3 Thisis anr, ¢ graph of the timelike paths that we find using our
theoretical SFR (red curve) model in comparison to the geodesics of
GR (blue line) for E = 0.98, L = 1,rg = 3 and (a, b, c) = (1, 10, 10)

Ap=1072

Fig. 4 This is a polar graph of the timelike paths that we find using our
theoretical SFR (red curve) model in comparison to the geodesics of
GR (blue line) for E =0.98, L = 1,r9 = 3 and (a, b, ¢) = (1, 10, 10)

horizon faster than the blue ellipse (GR). We remark that in
the path equations (69) the right hand side is non-zero and
this term acts as a small extra force that influences the paths in
the gravitational field. This correction increases or decreases
the effects of gravity depending on the sign of the term.

In the two figures (Figs. 3,4) we have takena = 1,5 = 10
and ¢ = 10 in (67). In this case, we can see that the red line
(SFR model) takes higher values than the blue line (GR) and
it requires more time to reach the Schwarzschild radius. In
our case, the parameters (/10, a, b, ¢) control the deviation
of the SFR model from General Relativity. In particular, the
values of (a, b, c) can give higher or lower results compared
to GR.
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Ay=1072

8.0

55}

— S-F-R

— GR
5.0

451

t t
5 10 15

Fig. 5 This is an r-t graph of the timelike paths in the SFR model in
comparison to the geodesics in GR for £ = 1.2, L = 4, rp = 5 and
(a,b,c) = (1,10, 10)

Ap=1072

. S-F-R

+ GR

s s L
-15 -10 -5 5

Fig. 6 This is a polar graph of the timelike paths in the SFR model in
comparison to the geodesics in GR for E = 1.2, L =4, r9 = 5 and
(a,b,c) =(1,10,10)

The last two graphs (Figs. 5, 6) represent open paths with
a =1,b =10 and ¢ = 10. In this case, we can see that the
SFR model deviates from GR when we start to move away
from the event horizon and the two paths (red and blue) sepa-
rate. For a small interval, the paths of the SFR model approx-
imate the geodesics of GR. As the radial distance increases,
the paths of our model deviate from GR.

5 Energy

In this section, we give the form of the energy and momentum
of a particle in an SFR spacetime.
We assume a four-velocity vector u® = (u’, u”, u?, u"’),
with
dx®

u® = P (71)
and we require that its norm equals —1, so we have [45]:
ull = u®uy = u“uﬂvalg =-1 (72)
By use of (18) we find!:

Sapt®u® + waﬁu“uﬁ =-1 (73)
and by (19) we get:

1
gapu®uf + a:[(Aﬂuﬁ)(gayu“u’”)
+ (Ap?) (gaptt”uP) + (Aa (85,41

1
+ =5 (A u?) (gacu®u) (gpsu’u’) = —1 (74)
a

where we have set y* = u® and @ = ,/ —gqpu®ub.

After some calculations, we have:
@ +24,u7d—1=0 (75)

By solving (75) we can find a

a=—Aof"?u' +/1+ ALf(u')? (76)

where we have used (55) for A, with f =1 — %.
If we use a Taylor expansion for the second term and omit

higher order terms 0(A~02) we get:
a=1-Aof"%u! (77)

Equation (77) is the condition so that the norm of the four-
velocity equals —1.

If we assume that the particle is at rest, the four-velocity
becomes u® = (u’, 0, 0, 0) and if we substitute this in (77)
we find:

wipp = (1— Ag)f~1/2 (78)
We see from (78) that if Ao — 0 we find the result from GR

ugr = 12 (79)
Consequently, by using (78) and (79) we can write:
wspp = (1= Aougy (80)

' The condition (73) along with relation (70) givea = b+ c = 1 in
this case.

@ Springer
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From Rel. (80) we see that if A( has a positive value then
uspp < Ul and if Ag has a negative value then u’ ., >

U p-
We can find the momentum and energy of the particle:

p* = mu® = (mu', 0,0, 0) (81)

where m is the mass of the particle.
From Rel. (78) we get for p ., and Esrg:

Esrr = pspg = m(1 — Ag) f~1/2. (82)

6 Gravitational redshift

If we take r, 8, ¢ = const in the definition of proper time
(70), we get:

5 57172
dt = [—agoodt — (b + c)vgodt ] (83)
By using Eq. (18), we get:
dt = [—goo — kwool'/*dt’ (84)

where we have set dt’ = «/a + b + cdt and k = afgfrc.

From the definition of the metric perturbation wyg in (19)
foro = 0and g = 0 we get:

— 1 (405005 + Aogooi® + Aogooi®
woo—& 0800X" + Ao&ooX"~ + AogooX

0.0

1 0.0
+ =3 Aogoogoox "1 %%
a

= woo = — 240 f (85)

where a = ,/—gupx®xP = i\/=goo = i/f because we

have taken r, 8, ¢ =const.
If we return to (84) we find:

dt = [—goo — kwool'/*dt’
= dt = [f — k(=240 )]'?dt’

=dt=(1+e)>/=gpdt’ (86)
where we have set € = 2KA~0 with € < 1, goo = —f and

f=1- %. We note that in GR the calculation for the
redshift leads to: dtgr = +/—goo dr.

Now, if we consider two clocks at two different points of
spacetime rq and rp, we will have:

dry = (1 +€)'/2/—goo(1) dt’ (87)
and
dr = (1+ €)%/ —gp(2) dr’ (88)

@ Springer

and thus for the frequencies v and v, we find:

(sm0)" o (22)
V2 = V1 = V]
g00(2) - &

n

%) 1 1
= —-~1-GM|[——-— (89)
Vi n 2

where we have used the Taylor expansion (1 4+ x)!/2 ~ 1 +
1
jx .

From (89) we find:

()
=2 =AU (90)
V1 / SFR

where Av = vy — vy with vy, v the emitter and receiver fre-
quencies and AU = GM (% — %) is the change of potential.

We recall that in general relativity (GR) the gravitational
redshift is given by:

<£) = AU 1)
V1 /GR

We remark that, in the scenario under consideration, the grav-
itational redshift predicted by the SFR gravitational model
is the same as the one predicted in the classic Schwarzschild
spacetime of GR.

7 Photonsphere

In order to calculate the radius of the photonsphere we will
use Eq. (70):

dr — [—ag,wdx“dxv — b+ c)vo(,ga’x"‘dxﬂ]1/2 92)
From (18) we get:

dt’ = (—gwdx“dx” — /cwm,gd)c"‘dxﬁ)1/2 (93)
where k = aiﬁ anddt’ = «ﬂ%'

To calculate the radius of the photonsphere, we take r =
const. , # = % and dt’ = 0 because we want to find the
photon orbits.

Under these conditions, Rel. (93) yields:
(800 + Kwo0)de” + (g33 + kw33)dg” =0 (94)

From the above relation, we find:

do\2
<_¢> _ 800 + K woo 3)

dt 833 + kw33
To calculate wog and w33, we use (19).

— l(A Y + A Y + A )’)
Wap a B8ayy y8aBy a8ByY
1
+ =5 Ay uegpsy” 3" (96)
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where @ = ,/—gqpy®yP and for A, we use (55).

We calculate a:

a= \/—gaﬁy"‘yﬁ = \/—go,,gfc“fcﬂ = m =
a :im =ip (97)

where we used the Leibniz chain rule ¢ = dé dt _ @' ()f

dt dt
and we set p =/ f — r2¢’2.

After some calculations, we find:

Ay i

woo = Ff”( —3a* + f) (98)
A

w3z = =5 322 (99)
p

If we return to (95) and we use wqp and w33z, we get:

2.2 AO 3/2,2 .72 AO 3/2 ~2

reg +Kﬁf reg =f—K?f (f —3a") (100)

From (100) we find:

PP+ acAg 22 — 2 A f1? = 0. (101)

In order to determine the radius of the photonsphere, we need
two equations. The first one is (101) and we find the second
from the path equations. We get the radial path equation by
substituting 4 = 1 in (69) and if we use our assumptions
r =const. and 6 = 5 we find:

f(l_f)iz—rf¢2
2r
N V8 SRSV PR S V-PE RN Sl A S YC RPET)
= AA0[<2af t 4&f f) . +2&f rig
(102)

where A = 1.
Then, by using (97) and after some calculations we find:

4fV2 53 20 Ag(1 —20)pr + 221 =3 f)p

—AAgf(1=3f)=0 (103)

Therefore, the equations we need to solve are (101) and (103).
If we take (101) and set u = f~1/2p we get:

W+ dicAop® — 2k Ag =0 (104)

By giving values to the parameters « and Ao we can solve
(104) numerically and determine the value of . Then, from
the definition of ;& we can find a relation between f and p
which can be substituted in (103) to find the term f and from
this the radius of the photonsphere. The results for different
values of the parameters are shown on the table that follows:
where a, b, ¢ are the starting parameters in the Lagrangian

in (67) and through them we calculate the term x = fr;;j'rc.

(a,b,o) Ap I /Ry

(1,1, 1) 1073 0, 25854 1, 53577
(1,1, 1) 107 0, 16599 1,51416
(1,1, 1) 10~° 0, 06671 1,50224
(1000, 1, 1) 1074 0, 05245 1,50138
(1, 1000, 1) 107 0, 17961 1,51668
(1, 1, 1000) 107 0, 17961 1,51667
(1, 1000, 1000) 1074 0, 17963 1,51668

8 Concluding remarks

In this article, we investigate further properties and applica-
tions of our previous work of the SFR model which general-
izes the classical Schwarzschild spacetime by introducing a
timelike covector A, in the metric structure [40]. This cov-
ector is specified by the solution of the generalized Einstein
equations of the SFR model. It provides the local anisotropy
and may cause Lorentz violating effects.

In addition, we derive the form of S-anisotropic curvature
which takes a geometrical meaning because of its dependence
on coordinates.

The generalized Kretschmann-like curvature invariant
plays a crucial role in our approach since the horizontal Kz,
Rel. (65), coincides with the Kretschmann invariant of the
classical Schwarzschild solution which gives a singularity at
the point » = 0. The second Kretschmann curvature invari-
ant Ky, Rel. (66), provides information for singularities with
more degrees of freedom as we show and it is characterized
by the scalar curvature S, Rel. (63).

In the framework of applications of SFR model we extend
our study of timelike geodesic paths and we compare them
with corresponding paths of GR. We notice that the extra
terms in Rel. (69) act as an extra force that influences the
gravitational field and give a small deviation from the paths
of GR.

In the last sections, we find the form of momentum and
the energy in our approach, Rel. (81) and (82).

By considering the Lagrangian function (Rel. (67)) we cal-
culate the gravitational redshift and the photonsphere for our
case. While in the redshift calculation we find no deviation
from general relativity, in the study of the photonsphere we
find infinitesimal deviations from GR which may be ought
to the small anisotropic perturbations coming from Lorentz
violation effects.
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Appendix A: Variational principle on a Hilbert-like
action

In this section, we present the basic steps of the variation of
the action (46):

K= /N AU 1GI R + 2« /N dSu\ G| Ly

with respect to g,,., Vg and N7 in order to acquire the gen-
eralized field equations (48)—(50), see [44] for the original
derivation. Variating the total action, we get:

(A1)

AK = /NdSU(RJrS)A |Q|+/ dU\/|GI(AR + AS)
N

+ 2 deSU A(\/|g| cM) (A2)
with
1
AVIGl == SV19] (guvAg"” + vap AV*P) (A3)
AR =2g"¥3, L' AN? + R,y Ag" + D Z° (A4)
AS =S, Av*F + D, BY (A.5)
where Ry = R(uv) + ¢, Ch)y and
Z =g ALK, — g AL,
= —DyAg" + g“ng;LAg’”
+ 2(g"Cpy — 8*CY,) ANT (A.6)
BY =v"P AC, — v ACK,
= — Dy AV + v ves Dy Av*P (A7)

Stokes theorem on the Lorentz tangent bundle reads:

@ Springer

fdgu\/|g|DMHﬂ=/ d*u\/\G| T2, H"
N N

+/ ny H"E (A.8)
N
/d8u~/|g|DaW“=—/ d*uy/\g|cll, we
N N
+/ ngWeé (A.9)
IN

where H = H*§, and W = W¢ by are vector fields on T M,
£ is the Levi-Civita tensor on the boundary N, (n,, ny) is
the normal vector on the boundary and T:ﬂ = 3,3 Ni— L% W
Using relation (A.8) and eliminating boundary terms, we get

/ d®*u\/\G| D, 2~
N
- | duvigiTaz:
= /N dgu\/ |g| D\) [7}% (—Ag”’( + gUKgMAAgM)\):I
- fN UG [-DuT, + DT | Ag™

+2 /N d*U1GI T}, (84Cl, — 84 CLL) AN
(A.10)

where we have used the Leibniz rule for the covariant deriva-
tive. Using (A.8) again and eliminating the new boundary
terms, we get

f d3U\/|G| D Z*
N
— /ngu /|g| (5]())»8[/2) _ gK)\gpw)
x (DeTfy - 10, T;) Ag™

+ /ngu,/|g|47;’f;g“[ﬂc§iANg (A.11)

Similarly, using relation (A.9) and eliminating the boundary
terms, we get

f d%u\/|G| Dy B®
N
_ 8 n pb
—— [ auvgicls
= — /nglxl\/ |G| Dy [Cl‘fﬂAv“ﬁ — v“ﬁvngﬁﬂAvy‘s]

—/ d*UVIGI (DaCliy = 1" 0ap Dy Cly ) AV
N
(A.12)

where again we used the Leibniz rule. Applying (A.9) again
and eliminating the new boundary terms, we get


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2021) 81:990

Page 11 of 11 990

/ d*u\/\G| D, B*
N

_ /N dUVIGT (" v =008} ) (D, Clis—Ch, Cly)
(A.13)
The matter part of the action is written as:

/dguA(\/@[,M)

N

_ 8 1 A(«/@EM) Y
B /Ndu\/@«/@ Aghv A
o] i gy

Avep

AWIGI Ly) .,

AN?
AN¢

Finally, combining equations (A.2)—(A.7), (A.11), (A.13),

(A.14) and setting AK = 0, we get the Egs. (48)—(50) and

the energy—momentum tensors (51)—(53).

P

(A.14)
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