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Abstract Simple generic extensions of isotropic Durgapal—
Fuloria stars to the anisotropic domain are presented. These
anisotropic solutions are obtained by guided minimal defor-
mations over the isotropic system. When the anisotropic sec-
tor interacts in a purely gravitational manner, the conditions
to decouple both sectors by means of the minimal geometric
deformation approach are satisfied. Hence the anisotropic
field equations are isolated resulting a more treatable set.
The simplicity of the equations allows one to manipulate the
anisotropies that can be implemented in a systematic way
to obtain different realistic models for anisotropic configu-
rations. Later on, observational effects of such anisotropies
when measuring the surface redshift are discussed. To con-
clude, the consistency of the application of the method over
the obtained anisotropic configurations is shown. In this man-
ner, different anisotropic sectors can be isolated of each other
and modeled in a simple and systematic way.

1 Introduction

The study of analytical solutions of Einstein field equations
plays a crucial role in the discovery and understanding of
relativistic phenomena. Theoretical grounds provide many
exact and not exact isotropic solutions in general relativity;
however most of them have no physical relevance and do
not pass elementary tests of astrophysical observations [1—
4]. Theoretical grounds gives very few isotropic solutions
under static and spherically symmetric assumptions. Worse
yet, even fewer of these solutions have physical relevance
passing elementary tests of astrophysical observations [1-4].
Furthermore, no astronomical object is constituted of perfect
fluids only; hence isotropic approximation is likely to fail.
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Anisotropic configurations have continuously attracted
interest and are still an active field of research. Strong
evidence suggests that a variety of very interesting physi-
cal phenomena gives rise to a quite large number of local
anisotropies, either for low or high density regimes (see
[5] and references therein). For instance, among high den-
sity regimes, there are highly compact astrophysical objects
with core densities ever higher than nuclear density (~
3 x 107 kg/m?) that may exhibit an anisotropic behaviour
[6]. Certainly, the nuclear interactions of these objects must
be treated relativistically. The anisotropic behaviour is pro-
duced when the standard pressure is split in two different
contributions: the radial pressure p, and the transverse pres-
sure p;, which are not likely to coincide.

Anisotropies in fluid pressure usually arise due to the pres-
ence of a mixture of fluids of different types, rotation, vis-
cosity, the existence of a solid core, the presence of a super-
fluid or a magnetic field [7]. Even are produced by some
kind of phase transitions or pion condensation among others
[8,9]. The sources of anisotropies have been widely stud-
ied in the literature, particularly for different highly compact
astrophysical objects such as compact stars or black holes,
either in four dimensions [10,11] as well as in the context of
braneworld solution in higher dimensions [12—14].

The main purpose of the present article is to general-
ize anisotropic analogous solutions of a particular kind of
isotropic compact object by means of the so-called mini-
mal geometric deformation approach [15-17] (MGD here-
inafter). This method was originally proposed in the con-
text of the Randall-Sundrum braneworld [18,19] and was
designed to deform the standard Schwarzschild solution
[20,21]. It describes the effective 4D geometry of a spheri-
cally symmetric stellar distribution with a physically admissi-
ble anisotropic behaviour produced by bulk corrections over
the braneworld. The details of this method will be shown
later, however the main lines goes as follows: let us start with
awell known spherically symmetric gravitational source T;iou)
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This source can be as simple as one would desire; one can
start with any known perfect fluid or even with vacuum itself.
Any classical solution works as a seed for this method. After
this, one switch on a new source of anisotropy

Ty =T +aT). (1)

When the sources are couple via gravity only, i.e. they do not
exchange energy—momentum among each other, the set of
equations is split into two. On one side, the field equations for
the chosen sector which are well known. In order to contribute
to different proposals about anisotropic superdense compact
stars [22,23], we studied a deformation over the Durgapal—
Fuloria solution [24]. On the other side, one is left with a
simpler set of ‘pseudo-Einstein’ equations for the sources
of the anisotropy to be solved. Combining both sectors a
full anisotropic and physically consistent solution of Einstein
field equations is obtained. Of course one can switch on as
many arbitrary sources of anisotropies T;i",)) as desired, as long
as a strategy to solve the new sector can be found. Thus, the
decoupling of many gravitational sources can be done in a
simple and systematic way establishing a new window to
search for new families of anisotropic solutions of Einstein
field equations.

This method for decoupling non-linear differential equa-
tions can be applied in a systematic way and has a vast unex-
plored territory where it could give different novel perspec-
tives. MGD does not only give consistent interior solutions
for different perfect fluids in GR; it could also be conve-
niently exploited in relevant theories such as f(R)—gravity
[25-27], intrinsically anisotropic theories as Horava—aether
gravity [28] or to study the stability of novel proposals of
Black Holes, described by Bose Einstein gravitational con-
densate systems of gravitons [29—-31]. This is arobust method
to extend physical solutions into an anisotropic domain pre-
serving the physical acceptability.

The paper is organized as follows: after this introduction,
we present the Einstein field equations for an anisotropic
fluid. In Sect. 3 we explain how the MGD approach is imple-
mented to generate arbitrary anisotropic solutions. Section
4 is dedicated to apply this method to a particular seed, the
Durgapal—Fuloria model for compact stars. We present some
physical anisotropic solutions and discus possible observa-
tional effects. In Sect. 5 we extend the method to seeds which
are already anisotropic. The last two sections are dedicated
to discuss the main results and summarize our conclusions.

2 Anisotropic effective field equations

The simplest approach to describe compact distributions
modeling stellar structures, is to restrict the metric to be static
and spherically symmetric. In the Schwarzschild-like coor-
dinates the line element takes the standard form

@ Springer
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where the functions v = v(r) and A = A(r) depend on
the radial coordinate only. The encoded metric is a generic
solution of the Einstein field equations

1 ~
R;w - ERg;w = KT;,LVv 3)

describing an anisotropic fluid sphere. The coupling constant
between matter is given by k = 87 G/c*. Along these lines
we will work in relativistic geometrized units, G = ¢ = 1.
The observable features of the object will be determined by
the exterior metric that will describe the geometry of the
outer part. In the present article to maintain the treatment as
simpler as possible, we will suppose a Schwarzschild vacuum
outside.

The corresponding anisotropic effective stress—energy
tensor T}w is characterized by its diagonal components p,
pr and Py, that are related to the geometric functions u, v
through Eq. (3). Explicitly,

I RS B @

Kp=— —e ———,

=0 r2 r

ALY (L s)
—Kpr=— —e -+ —,

P r2 r2r

- 1 /_)\'/
_Kp[=—Ze_)\ (2v”+v’2—k’v/+2v . ) (6)

The prime stand for derivatives w.r.t. 7. There is another equa-
tion consequence of the Bianchi identities: the covariant con-
servation of the stress—energy tensor

V' Ty = 0. (N

Since the discovery of the first interior stellar solution by
Schwarzschild [32] and for several years, stars interior were
supposed to be constituted by perfect fluids. It was not until
1933 when Lemaitre [33] develop that spherically symme-
try do not require the isotropic condition p, = p;, but only
the equality of the two tangential pressures py = pgy = p;.
The system of Eqs. (4)—(7) governs the matter distribution
within the star, which is assumed to be locally anisotropic
(the radial and tangential pressure do not coincide). It is nec-
essary to solve for five unknowns functions: two geometric
functions, v(r) and A(r); and three effective scalar functions,
o(r), pr(r) and p;(r). However there are more unknowns
than equations, hence the system is undetermined and con-
strains must be imposed. Some of them must be chosen by
consistency of regularity, stability and (or) energy conditions
of relativistic models; see for instance [5,7,34].

Throughout this article we will make use of the following
representation for the effective energy—momentum tensor
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Tw =T + a6y (3)

The first term encodes a perfect fluid with isotropic pressure
P = Pr = Dt

T" = (o + p)upy — p guv. )
u, is the normalized four-velocity field that accomplish
uyu,g* = 1. In our case, the perfect fluid will invariably
be given by the Durgapal-Fuloria interior solution. Under
this representation, the anisotropic sector is described by the
0-term. It describes additional gravitational sources responsi-
ble of the anisotropies. These source may contain new fields,
whether scalar, vector or (and) tensor fields, coupled to grav-
ity by means of a free dimensionless and constant parameter
a. One of the simplest and most treated examples in the liter-
ature are the anisotropies that may arise due to extra interac-
tions resulting from the presence of charge [35]; besides there
are plenty of complex treatments of anisotropies generated
by other sophisticated physical fields [36].

The effective stress—energy tensor (8) contributes at the
level of Einstein equations with an effective energy density
0, an effective radial pressure p, and an effective tangential
pressure p; defined as

p=p+ab’, (10)
pr=p—ab’, (11)
Pr=p—ab,?. (12)

Thus, each magnitude is written as a deviation from the GR
solution due to the presence of the 8-term. The additive struc-
ture for the anisotropies allows the theory to have a straight-
forward limit to GR; setting « = 0 the standard Einstein
equations for the perfect fluid are recovered.

Since the Einstein tensor is divergence free, under the rep-
resentation taken in Eq. (8) the covariant conservation equa-
tion (7) yields

/ 1/
p +§v (0 +p)

- a[(err)’ + %v’(ef —6:") + % (6" — egﬂ)} =0.
(13)

This equation is a linear combination of Egs. (4) and (6),
as commonly happens in perfect fluid solutions of Einstein
equations.

As this point let us remark the appearance of the
anisotropy: there is not an a priori restriction for the com-
ponents of 6,,,; however, if 6," # 6,% when solving the
equation system (4)—(6), we will be in the presence of the
pressure anisotropy

0=p—pr=a(6 —6,°). (14)

Therefore, an isotropic stellar distribution (perfect fluid)
becomes anisotropic when the #-term is turned on. In these
lines we will follow a different approach to tackle the equa-
tion system (4)—(6); we will address this system by means of
the MGD method. This theory decouples the Einstein field
equations when deforming the metric of the corresponding
GR solution [15,16,37,38].

3 Minimal geometric deformation approach

With the aim of approaching the system of equations (4)—(6)
in an alternative manner, a briefly review on the MGD pro-
cedure will be presented. This method produces anisotropic
corrections to standard GR solutions providing physically
admissible non-uniform and spherically symmetric stellar
distributions. The input (seed) is a known solution of Ein-
stein equations: for instance the thermodynamic parameters
satisfying Eq. (9), and the corresponding geometric func-
tions A(r) and v(r). When a perfect fluid solution is taken
as a seed, the isotropic condition p, = p, = p is auto-
matically accomplished. The method will produce a drift in
the effective pressures such that p, # p;. For doing so, one
implements the most generic minimal geometric deformation
over the metric without breaking the spherical symmetry of
the initial solution; this is

etV O Lyt (r), (15)

M ur) o ), (16)
with e* and f* generic functions parametrizing the metric
deformation. In Fig. 1 a schematic picture exemplifies how
this method extends GR solutions to anisotropic domains
when releasing «. Even though the theory does not impose

Fig. 1 Any perfect fluid solution can be extended via the MGD
approach [16]. When o = 0 we are in the space of isotropic solution
of Einstein equations, delimited by the red dashed line. This solution
has a smooth extension to the anisotropic domain releasing the « to be
nonnull

@ Springer
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limits for the coupling strength, the physical acceptability of
the new solution does so; if « is increased, the anisotropies
become at some point unstable.

Although nothing prevent us from deforming the temporal
component of the metric, it is general enough to start setting
e* = 0;hence the effects of the 6,,,, source undergo in a defor-
mation over the radial coordinate only. The peculiarity of the
MGD method is that it entails in its formulation a decoupling
of the equations of motion. As a consequence of taking the
0-sector as responsible of the minimal distortion of the met-
ric, the system of Eqs. (4)—(6) results quasi-decoupled: we
obtain the Einstein equations for the chosen perfect fluid; and
an effective ‘pseudo-Einstein’ system of equations govern-
ing the 0-sector. The only parameter that connects the two
sectors is the temporal geometric function v(r). At the same
order as before, the temporal, radial and angular equations
of motion relating the geometry of the spacetime to the ther-
modynamic characteristic of the perfect fluid sector reduce
to

| A
_lor W 17
=TT an
. L (18)
Kp_r2 M }"2 r ’
1 ! 2
—Kp:——I:M (2\1”+v’2+2v—>+,u/ <1/+—):|.
4 r r

(19)

The definition of a perfect fluid entails in itself the covari-
ant conservation of the stress—energy tensor, i.e.

VTR = 0. (20)

The resulting equation is again a linear combination of the
temporal and angular equations, (17) and (19), and yields

1
p/+§v’(p-l—p)=0. (21)

It is worth noting that this system of equations is equivalent
to Egs. (4)—(6) if the coupling between the two sectors is set
to zero; this is if the anisotropic sector vanishes.

The temporal component of the metric must satisfy bind-
ing conditions in the anisotropic sector: these are the remain-
ing ‘pseudo-Einstein’ field equations for the 8-sector

f* f*/

KO = -5 -, (22)
r r
1 /
6 = —f* <_2+”—>, (23)
r r
1 2 2
KQ(/JWZ—— |:f* (21/’+v/2+—v’>+f*' (V/+_>]'
4 r r
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Once again, one has the corresponding conservation equa-
tion that is a consequence of Egs. (7) and (20) satisfying
separately. This equation is

V"6, =0, (25)

and it is explicitly written as
N/ 1 / t r 2 r
O) = Sv O —67) + — (O —6,%) = 0. (26)

This time the latter equation is not necessary linearly depen-
dent of the ‘pseudo-Einstein’ equations, and there is no rea-
son why it should be. At this point it makes explicit that the
interaction between the two sectors is purely gravitational,
this is, from Eqgs. (20) and (25) is clear that each sector is
separately conserved and there is no exchange of energy—
momentum between them.

To conclude this section, let us summarize. First we started
with an indeterminate system of Egs. (4)—(6). Then, we per-
formed a linear mapping of the radial geometric function of
the metric (16) that results in a ‘decoupling’ of the Einstein
field equations. We ended with two sets of equations: a per-
fect fluid sector {p; p; v; wu}, given by Eqgs. (17)—(21) where
everything is known once a perfect solution of GR is chosen;
and a simpler sector of three linearly independent equations
that can be chosen from (22) to (26), for determining four
unknown functions {f*; 6,%; 6,”; 0,%}. Once the second
sector is solved, we can identify directly the effective physi-
cal quantities introduced in (10), (11) and (12). At this point,
is mandatory to recall that the underlying anisotropic effect
which appears as a consequence of breaking the isotropic
condition over the effective pressures, p; # p,, causes the
appearance of the anisotropy /7 («; r) defined in Eq. (14).

4 Anisotropic Durgapal-Fuloria compact star

Let us proceed now to apply the MGD method with the aim
of solving the Einstein field equations for the interior of
anisotropic superdense stars. In the present work we will
take as a seed the well-known Durgapal-Fuloria solution
{v; u; p; p} modeling compact stars. As explained before,
once the MGD method is applied the system of equations (4)—
(6) is decoupled. Half of the decoupled equations (17)—(19)
are already solved once the relativistic perfect fluid is chosen.
For instance, the thermodynamic functions that characterize
the Durgapal—Fuloria solution are

CO+2Cr2+C*rh
p(r) = 73
Ta(l+Cr?)
2002 —-7Cr2—=C*%
Ta(l+Cr2)3

27)

(28)

p(r) =
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with C an integration constant. The gravitational mass of a
sphere of radius r is obtained integrating the density inside
the corresponding volume; in spherical coordinates is

_4Cr3B+CrY)

m(r):/pdv_ 7(1 + Cr2)2
\4

(29)

This mass function has a well defined behaviour, vanishing
at the center of the compact object, i.e. m(r = 0) = 0. It also
determines the total mass evaluating the mass function at the
surface, Mpr = m(r = R).

A massive object deforms the surrounding spacetime; the
Durgapal-Fuloria solution is defined by the following metric
components

e’ = A (1 + Cr2)4, (30)

W) =1- 2”:(”. 31)

It is a custom in GR to write the radial component of the
metric such that if it is evaluated at the surface r = R, we
obtain the so-called compactness parameter,

2 Mpr

§ =00 (32)

The spacetime results regular everywhere, even at the cen-
ter where e2=0 = 1(r = 0) = 1; m vanishes faster than
r as one can easily check from Eq. (29) inside Eq. (31).
A is the second (and last) integration constant to be deter-
mined, both A and C, using boundary conditions over the
surface r = R. In the present article the outer metric will be
chosen to satisfy the Schwarzschild form—for simplicity, an
uncharged compact star. Extensions to more complex outer
spacetimes is straightforward. We can choose a Kerr metric
for obtaining a more realistic rotating object, or even switch
on a charge. Both effects are more complicated and inter-
esting sources of anisotropies that give rise to more realistic
scenarios. Nonetheless we will maintain the distribution in
vacuum to get the treatment as simple as possible. Both con-
stants A and C are positive; however they are expected to
change as far as anisotropies begin to be considered.

The remaining equations after the decoupling, Egs. (22)—
(24), have to be solved if a generic anisotropic self-gravitating
system is desired. The system of equation is as explain before
underdetermined. A reasonable constrain is needed to close
the system, but it is mandatory not to lose the physical accept-
ability of the solution. These issues will be discussed in what
follows when three different anisotropic solutions (of many)
are presented.

4.1 Pressure-like constraint for the anisotropy

In order to close the system of Egs. (22)—(24), additional
information is needed. For instance, an equation of state for
the source 6,,, or some physically motivated constrain on
f*(r). A first acceptable interior solution is deduced when
forcing the associated radial pressure 6, to mimic a physi-
cally acceptable pressure

0,"(r) = p(r). (33)

This means that one simple choice is to require that the
stress—energy tensor for the perfect fluid coincides with the
anisotropy in that direction. As a consequence of Eq. (33),
the radial Einstein equations for the GR solution (18) and the
radial ‘pseudo-Einstein’ equation (23) are equal. This gives
immediately an expression for the radial component metric
deformation

wrn 1
f(r)——M-i-—l_Hv/' (34)

The temporal component of the metric (30) remains non—
deformed, so v’ is computed directly. The resulting deformed
component, the radial one in Eq. (16), then becomes

1+ Cr?
1+9Cr?°

It is explicit that when the « — 0 limit is taken, one gets
the non-perturbed Durgapal-Fuloria solution; particularly
for the radial component of the metric, e = w(r).

With the above considerations, the metric can be written in
terms of an effective mass function of the anisotropic sphere
given by

e S5 - p+4a (35)

r%(r):m—ar;*. (36)

Expressed in this form, it is obtain one branch of MGD met-
rics that govern anisotropic interiors of GR solutions, what-
ever the GR solution is chosen. This branch corresponds to
the pressure constrain imposed over the radial anisotropy.
Therefore, the metric (2) is deformed to

~\ —1
ds? = " ds? — (1 — 27'”) dr? — r2de>. (37)

As we have closed the system of equations with the con-
strain (33), we can compute all the effective magnitudes that
characterized the fluid; but first, the values of the integration
constants A and C are needed to be fixed. This will be done
by means of consistent matching conditions.

4.1.1 Matching conditions
A crucial aspect in the study of stellar distributions is the

matching conditions at the star surface between the interior
and the exterior spacetime geometries [39]. In our case, the

@ Springer
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Fig. 2 Effective thermodynamic quantities for different values of «
when the constrain over the anisotropy mimics a standard pressure
6, = p. The solid black line represents the Durgapal-Fuloria solu-
tion given by = 0; o = 0.15 (dashed red line) and o = 0.3 (dotted

interior stellar geometry is given by the MGD metric (37).
The outer part is assumed to be empty; hence for r > R
the solution is given by the Schwarzschild vacuum solution.
Between both, at the star surface X defined by r = R, the
Israel-Darmois junction conditions imply the metric and the
extrinsic curvature of X have to be continuous. The former
is the so-called first fundamental form

[g;w]z =0 (38)

that yields the following two equations for each of the rele-
vant components

_ 1 ZMSChw . 39

8t ‘,:R_ =1- T, (39
1

8rr e = —1 ~ % . (40)

The superindices stand for the region from where we
approach the surface, either from inside with a minus sign, or
from outside using the plus sign. The latter is the continuity
of the second fundamental form

[Gp,u x"]y =0; 41)

x" is a unit vector. If we make use of the field equations

(3), the continuity reads as [ﬁw x"]y = 0. Using the full
stress—energy tensor (8) and projecting in the radial direction
x" =r, we have [(T,.Y" + « 6,,) rlx = 0. This leads to

=(p—ab)|

r=R— (42)
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cyan line) represent two anisotropic solutions. The second graph shows
a comparison between the radial and tangential pressure for o« = 0.2.
The anisotropy causes the pressures values to drift apart

where the effective pressure comes from Eq. (11). On the
r.h.s. we are in vacuum, hence the pressure must nullify. The
equation system has been closed with the constrain (33),
therefore p(R) = 0 is equivalent to request p(R) = 0 in
Eq. (28). This equivalence makes the constant C not to vary
from the perfect fluid solution once the anisotropies are con-
sidered. The value is

=T+ V5T
_T.

CR? (43)
With the constant fixed, we have fully determined the
effective radial pressure of the anisotropic Durgapal—Fuloria
solution
pr(rie) =(1—a)p. (44
A natural bound is obtained, @ < 1. In Fig. 2, it is shown
the dependence of the pressure with a dimensionless radial
coordinate r/ R for different values of . At first sight one can
observe that the higher « is, the smaller the radial pressure
becomes.

The decreasing of the radial pressure is needed to produce
the pressure anisotropy that is reflected in a change over the
tangential pressure along the surface. The expression for the
later pressure is written as

6C*r? (14+3Cr?)
m(1+cCr?)(1+ 9Cr2)2.

pi(rie) =pr+a (45)
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The pressure (in both directions) must be a decreasing func-
tion along the radial coordinate. This condition restricts even
more the values of «; higher values immediately triggers
instabilities. In light of what was written in Eq. (42), the tan-
gential pressure (45) determines another physical constrain
for «: this pressure is meaningful as long as it remains posi-
tive everywhere p;(r) > 0; hence, so must be « > 0 to not
contradict this statement in the surface where p,(R) = 0.
From the latter equation, the anisotropy is directly computed;
comparing with Eq. (14), we obtain

6C*r* (143Cr?)
7 (1+Cr2) (1+9Cr2)*

;o) =« (46)

One can go on computing the remaining thermodynamic
parameters. For instance the density can be expressed follow-
ing Eq. (10) with the temporal component of the anisotropy
given by Eq. (22)

2C
@ 3 2
T (1+Cr2) (1+9Cr2)

plrio) =p+

x [6 —18Cr? —257C4*+15C3°—9 C4r8].
47)

Some comments are pertinent. The Durgapal—Fuloria solu-
tion is a fluid sphere with a solid crust. In Fig. 2 the den-
sity shows a discontinuity in the surface. The anisotropy
smoothes this jump; the bigger the parameter « is, the lower
the value of the density on the surface of the star. This
behaviour immediately triggers the question on the profile of
the effective mass function. This parameter has been defined
in Eq. (36) and together with Eq. (34), is written as

_ 2 2.4
2Q2—-17Cr +Cr):| ") 48)

) = [1 TYGrearacd

An observer outside the star, would see a resulting mass
M., surrounded by vacuum. The continuity of the radial
component of the metric when crossing the star surface X,
Eq. (40), is direct: Eq. (37) identifies the Schwarzschild mass
seen from outside with the effective mass of our solution; i.e.
M., = m(R). Even more, a closer look at the mass func-
tion shows that the correction (arf*)/2 in Eq. (36) vanishes
at the surface r = R. This means that the effective total mass
of the star is the same as the isotropic total standard mass
(29); Mpr = m(R) = m(R).

This issue is not surprising at all. The anisotropy mimics
the radial pressure, hence the radial and tangential pressures
start to drift apart in the region close to the solid surface. For
this anisotropic behaviour to happen, both pressures must
decrease in magnitude at the inner region. Of course this pres-
sure discrepancy with respect to the isotropic solution makes
the density to be disturbed. The equilibrium between grav-

itational collapse and pressure repulsion is modified; hence
the mass function is redistributed to the center of the star.
Despite this, the total mass of the anisotropic object remains
unmodified and so as the compactness parameter .

To conclude this section, let us determine the value of the
remaining constant A from Eq. (39). The temporal compo-
nent of the MGD metric (30) should match smoothly with
the outer Schwarzschild region

2 M
-
The constant A remains unchanged. This constant close one
branch («-dependent) of anisotropic solutions analogous to
Durgapal-Fuloria; namely {v; A; p; pr; p:}. Of course, this
solution is not unique. Different anisotropic solutions can
be obtained starting from the Durgapal-Fuloria solution by
means of requiring different constrains when closing the
indeterminate system of equations. In next section we will
consider a different constrain and we will see that a different
anisotropic solution is obtained.

g =A(1—Cr? =1 (49)
r=R~- r=R—

4.2 Density-like constrain for the anisotropy

Another useful constrain that gives an acceptable physical
solution, is to impose that the anisotropy ‘mimics’ a density.
This requirement is written as

60,"(r) = p(r) (50)

and closes the system of Egs. (22)—(24). The consequence
of this ansatz is direct, the temporal Einstein equation for
the perfect fluid (17) is identical to the temporal equation
of motion for the 6,,-tensor (22). Equaling both equations,
one notes immediately that the resulting equation has a total
derivative structure. The integration is straightforward

rd—p+fH=K = [fr=n-1 61V

where K = 0 must be imposted for the invariants R, R, R*"
and Ry, 0 R*'7? to remain smooth and finite all over the
inner region. Note that with this constraint the radial defor-
mation is again totally determined by the solution of the per-
fect fluid. Eventually, one computes the relevant component
of the metric; the minimally deformed component is written
as in Eq. (16) (naming S to the coupling between sectors) as

8Cr’(3+cCr?
7(1+Cr?)?
We can write the metric with the structure used in Eq. (37).

The effective mass is written as a minimal deviation from the
GR mass m(r) presented in Eq. (29)

e > (I+pu—p=n-p - 52)

ﬁ(r)=m+ﬁg/pr2dr=(1+ﬁ)m. (53)

In the latter equality, if we make use of spherical coordinates
and the corresponding relations, we have [ p r2dr = m/S2u;
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Fig. 3 Effective thermodynamic quantities for different values of g
when the anisotropy is forced to act as a density, §; ' = p. The standard
Durgapal-Fuloria solution has 8 = 0 (solid black line); § = —0.15

where the 4-dimensional solid angle is £24 = [/ d$2 and
2 £24/k = 1. Of course, this is not surprising at all, the con-
strain for the anisotropy is to mimic the density, therefore the
effective mass mimics the mass being proportional one to the
other (unlike the previous case where the mass is exactly the
same with respect to the standard GR solution).

Once the system is closed and the minimal deformation
obtained, the remaining magnitudes are easily derived. As
before this will be done by means of the smooth matching
between the inner and outer region of the star.

4.2.1 Matching conditions

Here we will reproduce the same steps that we have done
before in order to find the constants A and C; this time for
the density ansatz (50). It is already known that the constant
C is determined by the second fundamental form (42). Its
value is

=10 +28) +V/BT+169 BT + B)
= 2498 '

In this case, the anisotropic sector has an influence on the
integration constant. It is explicitly seen that in the limit of
no coupling B — 0 the constant from Durgapal-Fuloria is
recovered.

Because of the ansatz where it has been required for the
anisotropy to mimic the density, the effective value of the
density is modified

pr; By =10+ B)p.

CR?

(54)

(55)
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(dashed red line) and 8 = —0.3 (dotted cyan line) represent two
anisotropic solutions. The second set of curves shows the anisotropy
over the pressure, p, # p; for B = —0.2

This is in complete accordance with the changes experienced
by the mass. In what follows we will show that this solu-
tion only admits a minimal geometric deformation over the
metric in only one ‘direction’; the ‘direction’ to where the
density and the mass is increase. The anisotropies restricted
to the present constrain change the integration constants;
for instance C is B dependent. An analysis over Eq. (54)
shows that C increases when B becomes more negative.
This behaviour makes Eqs. (53) and (55) to increase when
B increase in modulus. Of course, theses both parameters
can not increase without a limit; as in the previous case,
anisotropies develop instabilities. In the first curve of Fig.
3 it is seen how the density function increases in the inner
region, while it slightly decreases its value over the surface’s
surroundings softening the crust. The mass function rises
throughout the interior and the total effective mass is also
increased.

The remaining thermodynamic parameters are the effec-
tive radial pressure

CB+CrHA+9Crd

P B =p— b= G (56)
and the effective tangential pressure

_ _ 22
Pt(VQﬂ)ZPr—ﬁm- (57)

As can be seen in the second graph of Fig. 3, being the latter
pressure different from the former, the anisotropy is devel-
oped. In the third and fourth set of curves, it is seen that both
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pressures are enhanced for the anisotropy to take place. When
the mass increases, the enhancement of the density requires
higher pressures for stability reasons.

In order to get some insight in the underlying sign for 8 in
the new solution, we will focus ourselves in the anisotropy,
given by

C2 r2

It is worth to note that this magnitude can not be negative (let
usremind that C > 0) because if this were so, over the surface
of the star where p,(R) = 0, we would have a negative tan-
gential pressure p;(R) < 0 which is not physically accept-
able. Therefore, positive pressures implies negative values
for 8. Now we have a physical domain for 8. The constant A
is found in an analogous manner than in the previous section,
i.e. by means of Eq. (49). The value of this constant changes
with 8. The usual constant of Durgapal-Fuloria is recovered
in the limit of B — 0 as it should be.

orp)=-p (58)

4.3 Detectability and observational differences in
anisotropic distributions

One of the many remarkable predictions of the theory of
general relativity is the time dilation within a gravitational
well. This results in footprints in the lines of the spectrum
shifting towards the red. Although it is a useful quantity, par-
ticularly for astronomers, which allows to get some insight
into compact stars physics, this effect is extremely difficult
to deal with because of its complexity to be disentangle from
the displacements and alterations due to various causes such
as the Doppler, Zeeman and pressure effects among others.
Theoretical derivations states that the redshift factor associ-
ated to a star comes when relating the proper time t of the
object with the observer clock ¢. This relation is given by the
standard formula dz? = g, d? that yields the following for
the surface redshift

Ve 1
L T Y
Therefore the relation between the emitted and observed fre-
quency makes the redshift manifest [40].

Over the years, the study of anisotropies in compact
objects has received considerable attention and this param-
eter is a simple way to contrast theory with observations.
Formula (59) relates the measured redshift with the com-
pactness parameter of the star given by Eq. (32); in this case
written as

2 (R)

=" (60)

Here m(r = R) is the effective total mass of the star that
could depend or not on the anisotropic coupling parameter «
or 8. An observer from outside would see the Schwarzschild

metric, hence the redshift, that depends on & through the
total mass of the star. For simplicity, for anisotropic contri-
butions over fixed radius stars, we want to investigate how
this parameter evolve in our particular solutions.

Let us start with the first solution derived in Sect. 4.1.
The interest should focus in the mass function (48) evaluated
over the surface. As we have explained after this equation the
Schwarzschild mass remains unmodified with respect to the
Durgapal-Fuloria mass, this is My, = Mp(R) = n(R).
Hence, there is no observational evidence to differentiate an
isotropic star to these anisotropic counterpart.

On the contrary, things change in the second case. The
solution obtained in Sect. 4.1 is based on an increment of
the total mass. Then a shift occurs when observing this
anisotropic configuration

_ ZMSchw(IB)i|_1/2 _ 1

R (61)

z(B) = [1
The Schwarzschild mass is the mass function over the sur-
face;i.e. M., = m(R) in Eq. (53). Asithas been explained,
the mass increases when B increases in modulus. There-
fore, the compactness parameter is also increased; the star
becomes more and more denser with 8. Then, the parenthe-
sis in Eq. (61) decrease and z(f) grows when 8 grows. This
means that this anisotropic contributions increases the grav-
itational redshift as it is expected when the stars are more
dense.

5 Anisotropizing an anisotropic Durgapal-Fuloria star

In Sect. 3, we present a method to generate different
anisotropic solutions of Einstein field equations using any
well known perfect fluid as a seed. After this, we apply this
prescription to the Durgapal-Fuloria perfect sphere. In Sect.
4, with some reasonable constrains we found two novel phys-
ical anisotropic solutions analogous to the Durgapal-Fuloria
compact star.

The decomposition of Einstein equations (4)—(6) stem on
the minimal geometric deformation (16); the anisotropic sec-
tor (22)—(24) is decoupled with respect to any perfect fluid
sector (17)—(19). However, there is no need for the known
sector to be a perfect fluid solution exclusively. Whatever
solution of Einstein field equations, either a perfect or an
anisotropic fluid, work as a seed for implementing the MGD
decomposition. For instance, we can take any of the two
previous founded solutions; e.g. the one obtained in Sect. 4.1
givenby {v; I; Pr; Pr}.Soasnottoobscure how the method
works, we will minimally deform the anisotropic solution
along the radial component of the metric. While the tempo-
ral geometric function in Eq. (30) remains unchanged, the
minimal distortion takes place only over the radial compo-
nent
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e D )+ B g (). (62)

of an anisotropic metric solution of Einstein equation; in
this case (37). This deformation is caused by new generic
sources of anisotropies (called v, in order to avoid con-
fusion with the deformed seed by 6,,,) that acts over the
anisotropic energy momentum tensor (8)

T;w = ﬁw + ﬁ 1//;w~ (63)

The Einstein field equations connecting the latter effective
stress—energy tensor to the spacetime curvature are

S S Y 64)
KIO_I"2 ¢ }’2 r ’
_ 1 _x 1 1)/
= (=), (65)
r r r

1 _ _ /_X/
_Kﬁtz—ze_k <2v”—|—v’2—)\’v’+2vr ) (66)

The minimal geometric deformation (62) decouples the
two anisotropic sectors. On the one hand, the seed sector
characterized by the density given by Eq. (47), the radial
pressure p, (44) and the tangential anisotropic pressure p;
obtained in Eq. (45). This parameters solve the already known
equation system

~ o
___k_r 67
kP r2 }’2 r ( )
- 1 /1 +v/ 68)
k= ——J(=+—).
Pr r2 ® r2 r
~ I ! -~ 2
—Kkpy = —Z[u <2v”+v’2+2v7> + i <v/+;)}

(69)

and on the other hand, we are left with the new anisotropic
sector for vr,,,, completely decoupled. In this sector we have
the following ‘pseudo-Einstein’ equations

gt g

le‘t = I"2 r ) (70)
J SV
kY, =—g" (r_2+7>’ (71)
1 2 2
Kw@‘ﬂ — _Z |:g* (2‘}// + V/2 + ;1/) +g*/ (U/—i- ;> ]
(72)

Subsequently, a constrain over the solution must be imposed;
the system is indeterminate. Until now we used a constrain
that mimics the pressure to obtain the seed solution; a density
constrain will be applied now to combine both previously
found solutions. The ansatz then is to require

v =p(r). (73)

@ Springer

Now the steps that follow are known. Equations (67) and
(70) equals and give a total derivative equivalent to Eq. (51).
The solution for the second minimal deformation function is
straightforward because the constant of integration is again
null

gr=ji—1. (74)
The radial metric component from Eq. (62) then promotes to
a(l +p)
1+rv

where the anisotropic radial component of the metric (35)
has been used.

The effective radial pressure p, = p, — By, is computed
from Eq. (65)

prrsa, B) =[1—-a(l+B)]p
CB+Cra(1+9Cr?) (76)
T (1 + Cr2)3 ’

-B

The first integration constant C is obtain by means of the con-
tinuity of the second fundamental form, analogous condition
to Eq. (42). Imposing the annulment of the latter effective
radial pressure at the surface X, we get

-1
T 2(1—a)+ BO —2a)

—JﬁﬂLﬂU+ﬂm9—ﬂ®K1—MU+ﬂ4.
"

CR?

{7n—a+ﬁ@—an

Both the integration constant C as well as the effective
pressure p, recover the corresponding values: Egs. (43) and
(44) in the limitof 8 — 0 or Egs. (54) and (56) when o — O.
Besides, this constant is required to plot the thermodynamic
parameters.

In Fig. 4 we present the corresponding evolution of the
parameters of the theory: for a comparison, we include also
the Durgapal—Fuloria isotropic solution (¢ = g = 0 in solid
line). If for instance, one of the couplings move away from
zero but the other remains null, the thermodynamic quanti-
ties behave as in Figs. 2 (if « # 0) or 3 (if B # 0), as it is
expected. After this, we plot the anisotropic seed to be min-
imally deformed by fixing the coupling « (red dashed-line).
Finally, B drifts away the parameters again. We choose one
smaller order or magnitude for the second deformation to
make notorious the effect over the seed solution. An impor-
tant statement is that as the seed is anisotropic and the cor-
responding tangential pressure is nonnull over the surface,
then there is no restriction for 8 to be negative. g is allowed
to be positive until either it decrease the tangential pressure
until it becomes null, or the anisotropy becomes unstable.

Lest we forget, we include the expression of the two
remaining parameters: first the effective density p = p +
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Fig. 4 Effective thermodynamic quantities for different values of
the parameters {«, 8}. The solid black line represents the standard
Durgapal-Fuloria solution (¢ = B = 0). The dashed red line is the
anisotropic solution used as a seed {& = 0.3, 8 = 0}. This configura-

Bv,", whose structure is analogous to Eq. (55),
pria, p) =10+ p)p (78)

with o the seed density (47). And secondly, the anisotropic
tangential pressure p; = p; — B,¢ that can be written as

pi(ria, B) = pr(rio, B) + I (r; a, f). (79)
The anisotropy is now written as
C2r2
(1 +Cr?)?

6C2r2(1 +3Cr?)
(1 4+ Cr2)(1+9Cr2)2 "

H(r’asﬁ)z_ﬂ
(80)
+ 0+ B

It is important to remark that in all expressions we recover
both previous limits when either « or 8 are set to zero, and
the standard Durgapal-Fuloria solution for « = 8 = 0. Let
us conclude presenting the profile of the anisotropy over the
surface X' of the sphere. In Fig. 5, we plot the function I7
from Eq. (80) versus the couplings « and 8. Nearby « closer
to zero and B positive, the anisotropy becomes unphysical
(1T < 0); thus deformations with this parameters are prohib-
ited and excluded from the physical surface. In particular this
procedure extends the range of physical values for 8. Each
time o grows, new possible values of § > 0 are released.

Fig. 5 The figure illustrate the anisotropy I7 as a function of the cou-
plings {«, B} evaluated at the star’s surface X'. The region where v < 0.1
and B > 0, the anisotropy is unphysical

0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

/IR /R

tion is minimally deformed by a yr—sector. Two different solutions are
presented: dotted green line for {« = 0.3, B = 0.03} and the dotted-
dashed cyan line for {& = 0.3, 8 = —0.03}

Besides should be noted that the anisotropy can be inter-
preted as a lineal combination of the first two studied cases

HOria,p)=IH(; B)+ U+ BIIr; a); 8D

Each single parameter anisotropy have been computed in
Egs. (46) and (58). In this case, the resulting I7(x, 8) no
longer coincides with 8(v,” — ;") as mentioned in Eq. (14),
because the seed is no more an isotropic fluid. Immediately,
the linearity is translated to the stress—energy tensor; the com-
ponents of the new /-sector can be written as a combination
of the single minimal geometric deformations computed in
Sect. 4

density 5:S
WMU — el(ujnvn)) + ae&p‘jervztre)' (82)

making the ‘additive’ character of the method manifest. If
one starts with any perfect solution of GR, T}, a minimal
deformation induced by an anisotropy subjected to a pressure
structure, makes the stress energy tensor to become ﬁw =
Tlﬁp )+« 9,&” e - After this, a second minimal deformation
acts over the already anisotropic solution, but now subjected
to a density constrain. The new contribution is given by Eq.
(82), therefore the effective energy—momentum tensor (63)
is decomposed as

T — T(PF) (pressure)
Ty = T;w + a@lw

+,8 [el(jsnxity) + o elip‘:essure)]' (83)

This expression states the noncommutative structure of the
MGD-decoupling method; the order in which the deforma-
tions take place matters. For instance, if we take as a seed
the solution found in Sect. 4.2 where the deformation obeys
a density-like constrain, and then we deform the anisotropic
solution with a different constrain analogous to Eq. (33), the
noncommutative character of the theory becomes manifest.
The Eqgs. (81) and (82) change their form and become

I(r; By =Hr;a) + (1 —a)II(r; p),
1/,[,”) — Ql(lypljemure) _ ﬁ Ql(ldsnxity); (84)
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respectively. Likewise, the effective energy—momentum ten-
sor (83) becomes

TMV — T;(Ll:F) + ﬂ el(jsnsity) + a[eﬂ(varessure) _ ﬁe}(}zlsnsity)] (85)

when the order of the two anistropizations is reversed.
The reason of the noncommutativity is that the coefficients
involved in the linear combinations of the components of
the anisotropic tensor 6,,,, depends explicitly on the coupling
constants. This is not surprising at all; we are dealing with
nonlinear differential equations. The commutativity is likely
to be lost in this kind of systems.

From a perturbation theory point of view, one can think
that the deformations over the metric (zero order) is due to
the existence of the anisotropic term which acts at O(«);
being « the coupling strength to the anisotropies. We must
emphasize that, although the MGD approach seems like a
perturbation technique, the method, in fact, is not, and this
is easily visualized by noticing that the couplings do not
necessarily have to be small, which is a crucial ingredient
in perturbation theories. The deformation being a perturba-
tion is just a well behaved limit of the theory, and means
that we can softly deform the seed configuration. Being the
theory noncommutative, successive and mixed perturbative
deformations give different configurations depending on the
order in which each of them are implemented. This provides
infinite manners of deforming realistic configurations con-
trolling rigorously the physical acceptability of the resulting
anisotropic distribution.

6 Conclusions

In this paper we have presented different branches of solu-
tions that models non-rotating and uncharged anisotropic
superdense stars. Each anisotropic branch opens a possi-
bility for new physically acceptable configuration obtained
by guided deformations over the isotropic Durgapal-Fuloria
stars, and exemplify some possible anisotropic distributions
among the many that the MGD method generates. This pre-
scription has been design to decouple the field equations of
static and spherically symmetric self-gravitating systems. It
associate the anisotropic sector with a deformation over the
geometric potentials. In this work we have reported radial
deformations only, but extensions to the temporal deforma-
tion may bring intriguing results. After the decoupling, one
obtains a sector which solution is already known (seed sec-
tor) and the anisotropic sector which obeys a set of sim-
pler ‘pseudo-Einstein’ equations associated to the metric
deformation. It is worth to note that the minimal geomet-
ric deformations stem in an exclusively gravitational inter-
action between sectors; i.e. there is no exchange of energy—
momentum among them.

@ Springer

When the equations are decoupled, no new information
is introduced. Then we have an underdetermined system of
equations; consistent constrains are needed. We have shown
how intuitive constrain leads to new physical anisotropic
solutions. Variations in the couplings between the seed and
the anisotropic sector reveals consistent evolution of the ther-
modynamical parameter giving to the MGD method a new
prove of validity. We also have discussed the observational
features of the anisotropic sectors. When the anisotropy
changes the compactness of the star, the observed redshift
increases as it is expected. Not all anisotropic contribu-
tions have observational effects because some anisotropies
only readjust the thermodynamical parameters in the inte-
rior. However, when the anisotropy tweaks the compactness
parameter, the star suffer a redshift. Therefore, observational
data would bound the parameters of the model.

After presenting two branches of solutions that provides an
infinite number of physical compact stars, we have proceed
to generalize the method to deform anisotro-pic solutions.
Any solution of Einstein equation admits a minimal defor-
mation. Different anisotropic sources have additive effect,
however these effects are noncommutative. The path to the
final configuration matters, and normally deformations in
reversed order produces different resulting configurations.
Hence, the method provides a ‘fine tunning structure’ that
generates an enormous amount of different physically accept-
able anisotropic stars.
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