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Abstract

Conformal transformations are applied in the context of general
relativistic elasticity. FExpressions relating relativistic elastic quanti-
ties and tensors are obtained for two conformal spacetimes, whose
material metrics are also conformally related. Non-static shear-free
spherically symmetric elastic solutions of the Einstein field equations
are constructed by performing conformal transformations of spacetime
and material metrics of a known non-static shear-free spherically sym-
metric elastic solution.
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1 Introduction

The theory of relativistic elasticity is relevant for many astrophysical appli-
cations, e.g. for the study of deformations of massive stellar objects [1]-[3].
Different formulations of relativistic elasticity have appeared in the litera-
ture [4]-[7]. Thereby, spherically symmetric solutions of the Einstein field
equations for elastic fluids were obtained and discussed in [6], [8]-[18], where
in [10],[11] and [16] non-static configurations were considered.

Conformal transformations have been used in general relativity as a method
for generating solutions of the Einstein field equations. Carot and Mas
[19] and Tupper [20] obtained viscous fluid solutions by performing con-
formal transformations of vacuum solutions. Perfect fluid solutions were
constructed by conformal transformations in [21], [22], [23] and [24]. In [25]



and in an extension of that work, [26], scalar and electromagnetic fields of
uniformly accelerated charges in de Sitter spacetimes were constructed by
employing the conformal relation between Minkowski and de Sitter space-
times. In particular, the character of the fields were investigated in various
coordinate systems, and the relation of the different types of coordinates in
the de Sitter space to the corresponding coordinates on conformally related
Minkowski spaces were obtained in [26].

The purpose of this paper is to study conformal transformations in the
context of relativistic elasticity, where the matter is described by an elastic
fluid. Assuming that both spacetime metrics and material metrics of two
spacetimes are conformally related, expressions for quantities and tensors
in the context of relativistic elasticity are derived. Starting from a known
spacetime and carrying out conformal transformations, these expressions
allow then to obtain results for the new conformally related spacetime. Also,
considering non-static spherically symmetric elastic fluids, the problem of
generating a solution of the Einstein field equations from a given shear-free
solution by conformal transformations of spacetime and material metrics is
addressed.

This paper is organized as follows. In the present section, a brief introduc-
tion to the theory of elasticity in general relativity is given (the reader is
referred to the references [5], [6] and [16] for more detailed aspects). In sec-
tion 2, formulas for relativistic elastic quantities and tensors of conformally
related spacetimes are derived, assuming that the material metrics are also
conformally related. In section 3 we will consider a known non-static shear-
free spherically symmetric solution of the Einstein field equations for elastic
matter and show how a new solution can be generated by applying con-
formal transformations to the spacetime and pulled-back material metrics.
Some physical properties of the new solution are analysed and the matching
problem with the exterior Schwarzschild solution is investigated.

Let (M,g) be a space-time, where M is a four-dimensional manifold with
Lorentz metric g of signature (—,+,4+,+). Coordinates in M will be de-
noted by x%, a = 0,1,2,3. Suppose that the space-time is filled with a
continuous material. The material space X is a three-dimensional man-
ifold, whose points represent the particles of the material. The material
space is endowed with a Riemannian metric «, the material metric, which
measures the distance between particles in the locally relaxed state of the
material. Let y?, A = 1,2,3, denote the material coordinates in X. The
space-time configuration of the material is described by the configuration
mapping ¥ : M — X through the fields y* = y*(z*), A = 1,2,3. The
differential map . : T,M — Ty, X gives rise to a rank 3 matrix with



entries
a_ oy?
b fge”
which is called the relativistic deformation gradient. The velocity field of
the matter u®, a future oriented, timelike unit vector field, which spans the
one-dimensional Kernel of the relativistic deformation gradient, is defined

by the conditions:

A=1,2,3 a=0,1,2,3, (1)

uayf =0, uug=-1, u®>0. (2)

The pulled-back material metric kqp = (V*y)ap = yfyf Yap is used to con-
struct the strain tensor

1 1

Sab = §(hab - kab) = i(gab - Ka )7 (3)

where hgpy, = gap + ugup and Ky = —ugup + kgp. The material is said to
be locally relaxed if the strain tensor vanishes. In the locally relaxed state,
the operator K% = k% — u®u;, becomes the identity operator. Notice that
since K “bub = u®, one of its eigenvalue is 1 and the other three positive
eigenvalues are the eigenvalues of k%,. One can use the orthonormal tetrad
{u, e1, ez, e3}, where ey, ez, e3 are the spatial eigenvectors of k%, and w is the
velocity field of the matter, for which the metric g,; can be written as

Gab = —UqUp + €1a€1p + €20€2b + €34€3p (4)
and the pulled-back material metric kg, as

2 2 2
kap = nieiqe1p + nyeaqep + nN3esqeap, (5)

2 2 2 : a
where nf,n3,n3 are the eigenvalues of k%,.

Assuming that the internal energy v of an elastic deformation, accumulated
in an infinitesimal portion of the material, is invariant with respect to its
space-time orientation, v depends on three invariants of the strain tensor.
Since the strain tensor is a linear function of K and the identity operator, any
three invariants I, I, I3 of K can be chosen, so that v = v([y, I2, I3), which
is the constitutive function of the material. Following [10] the invariants can
be established as

1 1
L=5(TiK —4), I = TrK? — (TrK)?| +3, Iy = 5 (detK —1), (6)

-

where

TrK =14 n? 4+ n3+n3, TrK? =14n] +n3 +n3, detK =n? n n.

(7)



The energy density p is defined by
pZE’U(Il,IQ,Ig) :GovdetKU(Il,IQ,Ig), (8)

where ¢j is the particle number density as measured in the material space,
or rather, with respect to the volume form associated with k., = (¥*7)aw,
and e is that with respect to hgpy (see e.g. [5],[10]). Since the invariants
can be written in terms of the eigenvalues of K using (7), the constitutive
function can be viewed as a function of the eigenvalues, v = v(n?,n3, n3).

The energy-momentum tensor for elastic matter, when decomposed with

respect to the matter velocity u, takes the form

Top = puqup + Pap = pUqlpy + phay + Tap, 9)

where
Dab = Phab + Tap (10)

is the pressure tensor, p being the isotropic pressure and m,, the tracefree
anisotropic pressure tensor. The pressure tensor p,, can be expressed as

Dab = P1€1a€1p + D2€24€2h + P3€34€3p (11)

and the principal pressures p1, p2, p3 satisfy p1 + p2 + p3 = 3p.
Following [10] (see also [16]) the energy-momentum tensor for elastic matter
can also be written as
dp dp  Op dp
T% = —pof + —detK h*, — | Tt K — — — | k% + — k% k. (12
b pb+8[ge b (1"8[2 ol b+al2 k% (12)
This tensor is obtained from the Lagrangian £ = /—gp, which is a function
of 2%, y* and yaA. The corresponding Euler-Lagrange equations are given

by gyﬁA — 0Oq (an§4> = 0, where % is sometimes called relativistic Piola-

Kirchhoff momentum tensor. Using Noether’s theorem one constructs the
canonical energy-momentum tensor

T 1 oL ,

Y= ——7 %

V=9 9yg
which satisfies the energy-momentum conservation law V,T% =0, and the
symmetric energy-momentum tensor is the negative of the canonical energy-

momentum tensor (see for instance [17]): Ty = —Typ. Note that (9) can be

obtained from (13) (see [17]), where phap + Ty = 2595 yAyB — phap, with

6GAB
AB __ , A, B, ab
G*" =yauy 9"

The interaction of the elastic material with the gravitational field is then
described by the Einstein field equations G, = 87T'%,.

- 51()1 ) (13)
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2 Conformally related metrics in relativistic elas-
ticity
Consider two conformally related spacetime metrics

Gab = f2§ab7 (14)

where f? is the conformal factor, f being a smooth, strictly positive func-
tion depending on the spacetime coordinates: f = f(xz®). Suppose that the
pulled-back material metrics k,p, belonging to (M, g), and kg, belonging to
(M, g), are also conformally related,

kab = hQ]%aba (15)

where h = h(z%) is a smooth, strictly positive function.

In (M, g), using the orthonormal tetrad {u,e,és, €3}, where é;,é9,e3 are
the spatial eigenvectors of E“b and u is a timelike vector, the velocity field
of the matter, the metric g, and the pulled-back material metric kqp, can be
expressed as

Jab = —UqUp + €14€1p + €24E25 + €3,E3p (16)
and

7 9 9 9

kap = Ni€14€1p + NM3€24E2p + N13€34E3h, (17)

respectively, n3, i3, ﬁ% being the eigenvalues of E;ab.

The following relations between quantities associated with g and k and quan-
tities associated with § and k can be established. These formulas allow
then to determine quantities for (M, g) once the corresponding quantities of
(M, g) are known.

The tetrad vectors are related as follows

Ug = flia, €1a = f€la, €20 = f€24, €30 = [€34- (18)

Since kg, = h2kgp, one concludes from (5), (17) and (18) that one can relate
the eigenvalues of k with those of k in the following way:

h?

ny = 7 4, A=1,2,3. (19)
The strain tensors satisfy
_ 1-
Sab = fzsab + Qkab(f2 - hz) (20)

!



The expressions

R? . h?
TrK = — TrK — — +1, (21)
f? f?
h 4
TrK? = i TrK? — F +1, (22)
-
detK = 75 detK, (23)

which are obtained from (7) taking into account (19), allow to write the
invariants (6) in terms of Iy, I, I3:

2 2
I = ;211 + = 3 <;2 1) s (24)
h* Rt h%\ - 3 /ht K2
= f412+<f4 f2> v 2<f4+f2>+3’ >
6 6
I3 = ;613 + = <};6 — 1) (26)

The energy density (8) becomes

h3 60’[)

where €y and v are the particle number density and the constitutive function
. - 0

v = v(I1, I2, I3) associated with k. Then, using (21)-(27) and since an

dp 0p Olp

— ———, B being a summation index (running from 1 to 3), one can

0p Olg Ol
establish the following relation between the energy-momentum tensors, using

the definition (12),

hj@fa
fBeov v
Ahead in this section, a formula will be derived, which enables to determine
eov from v and from other quantities in (M, g).

It is a known result, see for instance [27], that given two conformally related
spacetime metrics (14), the corresponding Riemann tensors satisfy

T% = (28)

Rabcd :Rabcd + 25&612]?6 Inf— 2§degc[avb]ve In f + 2(v[a In f)(;g] Veln /
—2(Vie 0 £)3cg" Vi f = 250,655 (Ve In f)Vy In f (29)



and the Ricci tensors,

Rae =Rae — 2 VoVelnt f — Gae §% VgVeln f +2Vyoln f Veln f
—2 G0 §* Vylnf Veln f, (30)

where V denotes the connection associated with g. The Ricci scalars are
related by

R=f?(R-65"V,Velnf —63"V,InfVcInf). (31)

Note that the covariant derivative of a scalar field is equal to the partial
derivative, so that VyIn f = V,In f = 9, 1In f.
From the definition of the Einstein tensor G, = Ry — %Rgab one gets
Gy =Gap —2VpVolnf+ 2V, Inf VyIn f
+ Jab (29" Vi Vilnf + g™ Viln f Vi In f), (32)

which can be written in a useful form (cf. [24], [28]) as

Gab = Gab - 2O_ab + gab(QAZO- + AlO’), (33)
where
ooy = VpVaeln f —V,In f Vi ln f, (34)
Ago = glm?m@l In f,
Ao =g"V;Inf V,,Inf.
Then, the Einstein field equations G = 87T, Gap = 87Ty, and (33) imply
1

T4 = Gab = ﬁ [Gab - anmamb + gab(QAQO' + AlO’)]
1 _
=5 (87T — 25" 0mp + §% (20820 + Aro)] . (35)
This expression allows to obtain a formula for the energy densities
1 _ 1 _ _1 A]_U
p= Pp — Ff? <omlumu + AQO’ + 2> y (36)
and for the principal principal pressures
1 _ 1 o Ald
pPA = ﬁpA - 747[_]‘)2 <O’ml€nAl€€4 — AQO’ - = 9 ) 3 A= 1)2)3‘ (37)
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Hence, from (27) and (36) one obtains

f - f —m =l Alg
=Lev— — 4 A 219
€U = 3 3€00 Wy O™ + Ago + 5 ) (38)
relating both constitutive functions v and v.
The pressure tensors satisfy
_ = Bab Oml om.l - = msl 5 = msl 5 =
Pab = Pab + (2820 + A1) — -7 ("€1€1a1p + €3'€3€2a820 + €5'€3€30€3)-
(39)
The isotropic pressures are related by
1 _ 1 2 -
p= Fp — 8?]"2 [Bambhmb —2A90 — Ala] (40)
and the anisotropic pressure tensors by
_ gl —m = _ _ _
Tab =Tab + 7o |€1'€) (—2€14€15 + E2a€2b + €30C30)
127
+e5'eh (1081 — 28282 + €3a830) + €525 (€1a81p + C2afan — 23a83p) | -
(41)

In order to describe the kinematics of the fluid flow with velocity field u® =
%ﬂ“, we present the expressions for the kinematical quantities, which can
for example also be found in [29]. Recall that the covariant derivative of a
timelike unit vector field can be decomposed as

Ugp = —UqUp + Wap + Tap + %@haby (42)
where
0 =u",, (43)
lh = Uagptt”, (44)
Wab = Ufazp) + UjaUs), (45)
Oab = U(azp) + UaUp) — %@ham (46)

are the expansion, the acceleration, the vorticity tensor and the shear tensor,
respectively. Since

1 B B od -
gc = Fgc + ? (f}c gab + f,b gac - f,d gad gbc) (47)



and
Uq;b = fﬂa;b - f,aﬂb + f,d ad Gab; (48)
a straightforward calculation shows that (cf. [29])

1. 3

O =50+ L (49)
o = -+ 7 (o Faiia) (50)
Wab = fa)aba (51)
Oab — f6ab- (52)

3 Applications to spherical symmetry

We will consider a known non-static shear-free solution of the Einstein field
equations for elastic matter in spherical symmetry and show through an
example that new solutions can be generated by applying the conformal
transformations (14) and (15) and using (35). Thereby, the conformal fac-
tor of (14) must obey a condition imposed by (34) and the Einstein field
equations (35).

In [16], spherically symmetric spacetimes with elastic matter were studied
and static and non-static shear-free solutions of the Einstein field equations
were obtained. The line-element of the corresponding spacetime metric, here
denoted by g, in the non-static shear-free case for particular solutions takes
the form

ds? = —dt? + t*B*(r)(dr* + d6* + sin® 0d¢?). (53)
The line-element of the material metric is given by
do? = ¢*(r) [dr® + r* (d6® + sin® 0d¢?) | (54)

and the pulled-back material metric E;“b reads

2
— _ — _ _ q T 3
kY = 3%k = §%FoyS Yl = t2](92) (646 + 1200; + r?sin®08y54], (55)
which has the eigenvalues
2 2,.2
_ q __qr
77:th27 S:t2B2’ (56)



5 having algebraic multiplicity two (note that n3 = 7 and n3 = n3 = 5, cf.
(17)).

Consider a non-static spherically symmetric metric g with line-element given
by (53) and a conformal transformation of this metric g = f2g with f =
f(t,r). Then, o, defined in (34) has the following non-zero components

. .\ 2
go0 — ﬁ -2 <§) 5 (57)

0012010=J;—2J;;—g;, (58)
B f// f/ 2 tB2f le/
= -2(7) - )
2 ¢ 1!
022 = —thf + J;§ . (60)
033 = Sin2 00’22, (61)

where a dot indicates partial differentiation with respect to ¢ and a prime,
with respect to r.

In the case of elastic matter, the spacetime represented by the metric (53) is
associated with the energy-momentum tensor (12), which has 7%, T, T?, =
T3, as non-zero components (see [16]). The non-zero components of G%, are
@S, Gy, G2, =GP,

Assuming that ¢ = f2g also corresponds to a spacetime with elastic matter,
then the non-zero components of the associated energy-momentum tensor
are T, T, T% = T?,, which can be calculated from (12) or (35), and the
non-zero components of G% are G°,, G%, G';, G';, G?, = G3;. These
components can be related with the corresponding components of (_?ab by
(33). Note that G°; and G are non-zero due to the dependence on oy :

20’10 1 20’10
—77 Go= _W‘ (62)
From the Einstein field equations G = 871% and G“b = 87rT“b and from
(32) it follows that 019 = 0, which is equivalent to the condition
i 1§ /
LAY S ') (63)
f e tf
Solving this equation, assuming that f is in a separated form a product of
functions of t and r, gives

Gol =

f(t,r) = fi1(t) fa(r), where — f—é(cl +1)=0 and ﬁ = C—l, (64)
p) fi ot

10



c1 being a constant.

Thus, choosing f to be of this form and taking for g the elastic solution
(53) with one of the functions B(r) presented in [16], one obtains a new
conformal metric g. We will analyse the conformal metric, if it is possible to
obtain a new solution of the Einstein field equations for elastic matter and
study the matching problem of this solution with the exterior Schwarzschild
metric.

Let ¢; = —1 in (64), then one obtains f(t,r) = ¢ @, where ¢ > 0 and {(r)

is a smooth, strictly positive function. Setting ¢ = 1, then the line-element
(r)

$2

P
2

of the metric g = g is given by

ds® = dt* 4 12(r)B%(r)(dr? + d6? + sin® 0d¢?). (65)
We can choose [(r) = r¥, with k > 1, so that the line-element of the metric
g reads

2k

ds® = dt* + r** B2(r)(dr? + d6? + sin® 0d¢?). (66)

-

The velocity field of the matter is given by u® = (T%,O,O,O). The line
element of the material metric is

do? = h2(r)g3(r) [dr2 + 72 (d92 + sin? 9d¢2)] (67)
and the pulled-back material metric reads
Cc, B ¢*h? 1 2casl 2 .2 1
k‘ab = gackcb = gac'YCByc yb = /r-QkJB2 [(5%51) + T 5?5[) + T Sin 96?517] 3 (68)
which has the eigenvalues
272 272
qh q-h
n=grigz and s= 5o (69)

s having algebraic multiplicity two. Note that the previous quantities can
easily be determined from the quantities associated with g and k, using the
formulas developed in section 2: due to (19), multiplying (56) by ;‘—z = %
gives (69).

The Einstein field equations G, = 87T for the conformal metric g can be
written as follows

2B/l Bl2 QkBl ]{?2 2% 1
OkR3  ,okpd T akiips T joki2ge | oktepe  pokpr ¢V 8
(70)

11



B"? 4kB’ 3k? 1 o
kgl T okrips T y2kirge T pokpR 2en an 8, (71)
G?y = 81T?:
B" B k? 2k v
Okp3  pokpd T paktapz  jakiapgr — €5 5, O (72)

The energy density, the radial and tangential pressures are expressed by
p=€v, p1 = 2677% and py = es%.
Following the process presented in [30], dividing (71) and (72) through by

(70) and setting F = lnn, ¥ = In s, one can calculate expressions for 881’5’

Olnwv.
and BZU'
Olnv 1 r2B? 4+ 4rkBB' 4+ 3k2B? — r2B2 (73)
OF  22r2BB" —r2B”2 + 2krBB’ — r2B2 + k2B2 — 2k B2
dlnv r*BB" — r?B"? 4+ k*B? — 2kB? (74)
oY  2r2BB" —r2B”? 4+ 2krBB' — r2B2 + k2B2 — 2k B?’
which using
os _
gz 75)
Olnv’ (
OFE O
lead to
0¥ 1r°B?+4rkBB' + 3k*B? — r?B? (76)
OF 2 r2BB" —r2B? + k2B2 —2kB2 °
From (69) one gets
E=2lng+2Inh—2kIlnr —2InB, X =FE+2lnr, (77)

and setting F' = Inv, so that F' = F(E,Y), g—g = A(r), g—g = C(r), allows
to write

A(r) = (78)

C(r) = . (79)

12



Since the condition
O’F  0°F
OFE0Y,  0X0E
must be fulfilled in order for a constitutive equation v = v(1, s), equivalently
F(E,%¥) =Inv(E,X), to exist, it follows that

/ / /! / / /!
(€ Mk BN _ (L e M kB
A<q+h - B>—C<T+q+h -5 e

(80)

On the other hand, as a consequence of (78) and (79), one has
¢/ W k B 1 ¢ KW k B
AL 2 P 2ot 2 82
<q+h r B r+q+h r B’ (82)

A=kC, ky>0. (83)

so that

Substituting (83) into (82), and noting that for the given elastic solution,
the function ¢ is such that (see [16])

/ !
q B 2
B wB 5
one obtains " 5 B ) L )
= (85)

T BB wB ko1
where, taking into account (73)-(75), ko # 1 is subject to

r*B” + 4rkBB' + 3k*B* — r*B? = 2k (r*BB" — r*B”* + k*B? — 2kB?) .
(86)

Thus, given k& > 1, the conformal metric g in (66) is a solution of the

Einstein field equations for elastic matter, where the material metric is given

by (67) and the conformal factor h? satisfies (85). This solution is regular

everywhere, except at r = 0.

We present the following example and study a particular solution.

Example

Consider the solution obtained in [16], where the metric g is given by the
line-element (53) with

B(r) = ‘f (24 3(r —m0)?)2, (87)

N|w
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where rg # 0. Here we choose ryp = 1. Then, taking & = 2, the conformal
metric g = f2g, given by the line-element (66), with conformal factor f2 =
;‘—;‘, takes the form

ds? — _SdtQ + B2 (r)(dr? + d6? + sin® 0d¢?), (88)
with
B(r) = ? (2+3(r— 127 (89)
In this case, (85) is given by
' / /
together with
r?B? 4+ 8rBB' + 12B2 — 2B = 2k, (*BB" —1*B?).  (91)

Although it is not possible to find an explicit expression for h by integrating
(85), it is possible to obtain a numerical solution for i by providing an initial
condition (see an example in Figure 1).

h(r)

1500

o 02 04 06 08 1 12 14 15 18 2

Figure 1: Graph of h(r) with initial condition h(0.1) = 0.1.

14



From (70)-(72) one obtains the following expressions for the energy density
p and the pressures p; and ps:

1 4B"  B? 2B 1

p=cv= 8t \ rPB3 | pipi  pip3 T opAp2 ) (92)
ov 1 ([ B”? 8B’ 12 1
= 2en— = — - 93
P enan 8T <’I”4B4 + r5B3 + r6 B2 7‘4BQ> ’ (93)
ov 1 B” B2

—es— = — [ = — —— | 94
P2 = s T 8n <7‘433 r4B4> (94)

The energy density satisfies p > 0 and the Dominant Energy Condition
(p >0, |p1| < p, |p2| < p) is fulfilled for certain ranges of r € (0, 00).
Calculating the kinematic quantities of the fluid flow u® = (T%, 0,0, 0) gives

2
®:Jab:wab:0> Uq = <07>O>0> 5 (95)
T

so that the solution is non-expanding and shear-free, it has zero vorticity,
but non-zero acceleration.

In contrast, the fluid flow u* = (1,0, 0, 0), corresponding to the given metric
g (53), is shear-free and vorticity-free, as expected (see (52) and (51)), but
it has non-zero expansion and zero acceleration:

5ab:c_uab:aa:0, @:é (96)
Concerning the acceleration, it is interesting to observe that also in [25],[26]
fields of accelerated charges in de Sitter spacetimes were obtained by confor-
mal transformations of fields of unaccelerated charges in Minkoswki space-
time. As for the zero expansion, note that there exist non-static spherically
symmetric anisotropic fluid models without expansion, see e.g. [31], [32].
Next, the matching problem of the elastic conformal metric (88) with the
Schwarzschild exterior metric will be investigated. Consider the vacuum
Schwarzschild exterior metric given by the line-element

R 2

2M 1
ds® = — <1 — > dt* + n dR? + R?d0? (97)
R

and let both spacetimes be matched across a spherically symmetric surface
>, where r = ry. The signs — and + are used to denote, respectively,
interior and exterior quantities. The tangent space to % can be generated
by the following orthonormal tangent vectors

TS* = (ef = Oy, e5 = 0,5 = ) (98)

15



and the normal vectors to ¥ and ¥~ are respectively given by

1
2M\ 2
n® =r2B7'9,, nt = <1 — R> OR. (99)
The first fundamental forms qu = ei“eﬁbgib at X for both spacetimes are
4
r
do? = —ﬁdﬂ + 1 B(r)2dQ?, (100)
2M
do? = — (1 - R> dt* + R%d0?, (101)

3
where B(r) = § (2+3(r — 1)?)2 and all quantities must be evaluated on
Y. The first matching condition qXB = g, p leads to

oM x rt
R2Z 4B, (103)

where 2 means that the equality holds only on the boundary . The non-
zero, independent components of the second fundamental forms HjB =

—ng eibvieB at X are
_ 2r ,
Htt = —@7 0 = T(QB + rB ), (104)
1 1
M 2M N\ 2 2M N\ 2
H =— R2<1—R> , H%:R<1—R> , (105)

where all quantities must be evaluated on . The equality of the second
fundamental forms HXB = H 5 imply

1
M oM\ v 2r
R (1 - R> - ep (106)
1
2M\ 2
R <1 - R> Zr(2B+rB). (107)

As a consequence of the matching, using (102),(103), (106) and (107), it
follows from (93) that

p1 =0, (108)

and calculating the mass m = 4w [ pr2B(r>B)’ dr for the interior solution,
with p defined in (92), yields

M. (109)



4 Conclusion

Conformally transformed spacetime and material metrics were considered
in general relativistic elasticity and expressions relating tensors and quanti-
ties of both conformal spacetimes were derived. Applications to non-static
shear-free spherically symmetric spacetimes with elastic matter were pre-
sented, where conditions for the conformal factors were obtained allowing
to generate new solutions of the Einstein field equations with elastic matter.
It was shown through a particular example how it is possible to construct
new solutions. From a known non-static shear-free spherically symmetric
solution, which is expanding, vorticity-free and has zero acceleration, a new
conformal shear-free solution was constructed, which, in contrast to the
given one, has zero expansion and non-zero acceleration. The new solution
can be matched to the Schwarzschild exterior spacetime.

Acknowledgments

The author thanks the Centre of Mathematics of the University of Minho for
support through Funds from the “Fundagao para a Ciéncia e a Tecnologia”,
through the Project PEstOE/MAT /UI0013/2014.

References
[1] Maugin, G.A., Ann. Inst. Henri Poincaré 15, 275 (1971).
[2] Carter, B., Commun. Math. Phys. 30, 261 (1973).
[3] Carter, B., Quintana, H., The Astrophysical Journal 202, 511 (1975).
[4] Carter, B., Quintana, H., Proc. R. Soc. A, 331, 57 (1972).
[5] Kijowski, J., Magli, G., J. Geom. Phys. 9, 207 (1992).
[6] Karlovini, M., Samuelsson, L., Class. Quantum Grav. 20, 3613 (2003).
[7] Beig, R., Schmidt, B.G., Class. Quantum Grav. 20, 889 (2003).
[8] Park, J., Gen. Rel. Grav. 32, 235 (2000).
[9] Magli, G., Kijowski, J., Gen. Rel. Grav. 24, 139 (1992).
[10] Magli, G., Gen. Rel. Grav. 25, 441 (1993).

17



[30]

Magli, G., Class. Quantum Grav. 14, 1937 (1997).
Karlovini, M., Samuelsson, L., Class. Quantum Grav. 21, 4531 (2004).

Karlovini, M., Samuelsson, L., Zarroug, M., Class. Quantum Grav. 21,
1559 (2004).

Karlovini, M., Samuelsson, L., Class. Quantum Grav. 24, 3171 (2007).
Frauendiener, J., Kabobel, A., Class. Quantum Grav. 24, 4817 (2007).

Brito, I, Carot, J., Vaz, E.G.L.R., Gen. Rel. Grav. 42, 2357 (2010) and
Gen. Rel. Grav. 44, 287 (2012).

Kijowski, J. and Magli, G., Preprint CPT-Luminy, 32/94, Marseille 207
(1994).

Andréasson, H., Calogero, S., Class. Quantum Grav. 31, 165008 (2014).
Carot, J., Mas, L., J. Math. Phys. 27, 2336 (1986).

Tupper, B.O.J., J. Math. Phys. 31, 1704 (1990).

van den Bergh, N., J. Math. Phys. 29, 1451 (1988).

Loranger, J., Lake, K., Phys. Rev. D 78, 127501 (2008).

Hansraj, S., Gen. Rel. Grav. 44, 125 (2012).

Kumar, M.M., Il Nuovo Cimento LXIII, 559 (1969).

Bicék, J., Krtous, P., Phys. Rev. Lett. 88, 211101 (2002).

Bicék, J., Krtous, P., J. Math. Phys. 46, 102504 (2005).

Wald, R., General Relativity, The University of Chicago Press, p. 446
(1984).

Eisenhart, L. Riemannian Geometry, Princeton University Press, p. 89
(1968).

Stephani, H., Kramer, D., MacCallum, M.A.H., Hoenselaers, C. and
Herlt, E. Ezact Solutions of Finstein’s Field Fquations, Cambridge Uni-
versity Press, p. 70 (2003).

Brito, I., Carot, J. , Mena, F.C., Vaz, E.G.L.R., J. Math. Phys. 53,
122504 (2012).

18



[31] Di Prisco, A., Herrera, L., Ospino, J., Santos, N.O., Vina-Cervantes,
V.M, Int. J. Mod. Phys. D 20, 2351 (2011).

[32] Herrera, L., Le Denmat, G., Santos, N.O. Gen. Rel. Grav. 44, 1143
(2012).

19



