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Abstract In this paper, we discuss dynamical properties
of dissipative collapsing cylindrical self-gravitating systems
with account of f(R) = R+ yR%*+ A1 R> gravity model. In
this perspective, we see effects of higher curvature terms in
the formulations of structure scalars already obtained from
the orthogonal decomposition of Weyl curvature scalar in
general relativity. We compute mass function by general-
izing Misner-Sharp formalism and discuss the contribution
of relaxation time in the radiating collapsing process. The
contribution of scalar functions in the modeling of static
anisotropic as well as isotropic fluid configurations are ex-
plored. We conclude that all static anisotropic cylindrical so-
lutions of f(R) field equations can be written explicitly by
means of triplet of these scalar functions.

Keywords Dissipative systems - Relativistic systems -
Modified gravity

1 Introduction

The general relativistic anisotropic as well as isotropic stel-
lar bodies has always been a subject of great interest for
astrophysicists. Among widely consented constraints in the
analysis of compacts systems, one is that the pressure of
some relativistic systems, like neutron star, is isotropic in na-
ture. However, after the leading work of Bowers and Liang
(1974) there is an immense literature for the analysis of
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spherically compact system with anisotropic fluid distribu-
tion. Herrera and Santos (1997) showed the relevance of
anisotropic pressure and their importance in the study of col-
lapsing compact stars with and without dissipation effects.
Mak and Harko (2003) found some exact models of spher-
ically symmetric stars coupled with anisotropic fluid distri-
bution. Di Prisco et al. (2007) explored that anisotropic pres-
sure increases the active gravitational mass of the collapsing
spherical stellar body. Cipolletta and Giamb6 (2012) exam-
ined the contribution of pressure anisotropy on the spherical
gravitational collapse in cosmos.

Penrose and Hawking (1979) found Weyl curvature
scalar as a key figure for discussing energy density inho-
mogeneities of spherical stars. Herrera et al. (1998) deter-
mined inhomogeneity factor that may lead to naked singu-
larities. Mena et al. (2000) investigated the contribution of
irregularities and shearing motion on the final phases of the
collapsing dust cloud. Herrera et al. (2004) found density
irregularity constraint for a radiating star by means of a rela-
tion that correspond to anisotropic pressure, shear and Weyl
scalars. Sharif and Bhatti extended their results and found
inhomogeneity parameters for conformally flat (Sharif and
Bhatti 2014a), non-tilted (Sharif and Bhatti 2014b) and tilted
charged (Sharif and Bhatti 2014c) plane relativistic systems.

Fatima et al. (1991) studied the dynamics of cylindri-
cal collapsing systems with non-adiabatic matter distribu-
tion. Wang (2003) explored the cylindrical collapse and
found constraint under which collapse may lead to black
holes. Herrera and Santos (2005) concluded that cylindri-
cal system with collapsing source will always emit gravi-
tational radiations from the source. Di Prisco et al. (2009)
obtained analytical models for cylindrical collapsing sys-
tem coupled with anisotropic fluid which may help to study
the phenomenon of gravitational radiation during collaps-
ing process. Ziaie et al. (2011) studied stellar collapse with
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f(R) = aR" corrections and found that for some specific
values of energy density as well as « and n, collapse may
lead to a naked singularity.

Debnath et al. (2012) explored the nature of singulari-
ties in the collapse of stellar system coupled with isotropic
matter distribution. Capozziello et al. (2012) studied perfect
fluid collapse through Jeans investigation in the presence of
f(R) corrections. Sebastiani et al. (2013) investigated the
evolution of Nariai black holes by means of cosmological
patch scheme with a specific f(R) formalism and concluded
that evolutionary stages of collapsing system is controlled
by particular choice of f(R) model. Brito et al. (2013) found
some exact cylindrically symmetric models with anisotropic
pressure in the presence of cosmological constant. Guha and
Banerji (2014) analyzed the contribution of several physical
parameters to determine the possible solution of cylindrical
collapse. We have explored the collapse of spherical (Sharif
and Yousaf 2013) as well as cylindrical (Sharif and Yousaf
2014d) and restricted axial (Sharif and Yousaf 2014c) sys-
tems in f(R) gravity and found that matter variables along
with f(R) corrections in the field equations occupy key role
in the dynamics of collapsing system.

Bel (1961) was the first who performed orthogonal de-
composition of the curvature tensor. Herrera et al. (2009)
put forward this notion and introduced scalar functions, X7,
Xr1F, YT, YrF, and relate them with the Weyl tensor. Herrera
et al. (2010a, 2010b) discussed the formation and evolution
of stellar dissipative stars by evaluating five distinct structure
scalars. Sharif and Bhatti extended their results in the pres-
ence of electromagnetic field for planar (Sharif and Bhatti
2012a) and cylindrical (Sharif and Bhatti 2012b) celestial
bodies. Herrera et al. (2012) studied dynamical properties of
cylindrically symmetric metric and analyzed thermo-inertial
effects in collapsing mechanism by evaluating eight dis-
tinct structure scalars. Recently, we have analyzed the ef-
fects of polynomial (Sharif and Yousaf 2014a) and gener-
alized Carrol-Duvvuri-Trodden-Turner (Sharif and Yousaf
2014b) f(R) models on energy density irregularities in rel-
ativistic self-gravitating fluids by evaluating modified struc-
ture scalars.

In the present paper, we explore the effects of fluid vari-
ables as well as f(R) corrections on the structure and evo-
lution of radiating cylindrical compact object. The paper
is outlined as follows. Section 2 is devoted to describe
the basic formalism for our study. In Sect. 3, we evaluate
eight distinct f(R) structure scalars as well as conserva-
tions laws. We also develop two important equations relat-
ing Weyl scalar, matter variables and scalar quantities. Sec-
tion 4 is devoted to calculate generalized mass function and
dynamical-transport equation. We also discuss their role on
the evolutionary phases of gravitational collapse. In Sect. 5,
we present static anisotropic as well as isotropic cylindri-
cal models in terms of these scalars functions. Finally, we
provide a summary of the results.
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2 Radiating anisotropic fluid cylinders

In f(R) gravity, the gravitational portion of the Einstein-
Hilbert action is modified as

1
Sfr) = ﬂfd“w—gf(R), (D

where « is the coupling constant and f(R) is a non-linear
generic function of the Ricci curvature. Notice that limit,
i.e., f(R) — R provides the usual Einstein-Hilbert. Upon
variation of the above equation with respect to gqg, the met-
ric f(R) field equations are obtained as

1
JR(R)Rop — Ef(R)gocﬂ + (8o — Va Vi) fR(R)

= KTy, )

where [ is the d’Alembert operator while V,, symbolizes
for covariant derivative. We can write Eq. (2) in the fabric of
Einstein field equations as

K (D)

Gaﬂ = —(Taﬁ +T0t,3)’ 3
fr

where

(D)

1 o,
Top = {VavﬂfR — DO fr8ap + (f — RfR)g : }

K 2

describes gravitational interaction due to f(R) gravity
which disappears identically in f(R) — R limit. We model
the system with general non-rotating cylindrically symmet-
ric spacetime (Herrera et al. 2012)

ds? = —A%(t,r)(dr* - drz) + B%(t,r)dz*
+C3(t,r)de?, “)

filled with radiating anisotropic fluid. In order to achieve
cylindrical symmetry of the above spacetime, we require va-
lidity of the following relations

—00 <t <00, 0o<r,

0<¢<2r.

—00 < 7 < 00,

We also suppose that C = 0 at null radial distance, r, which
shows non-singular axis. The fluid distribution is bounded
by a timelike hypersurface X described by the following
energy-momentum tensor

Top =+ P)VoVg+quVp+ Pgap +qs Vo + g, (5)

where w, P, P;, Py, qo are fluid energy density, princi-
pal stresses and heat conducting vector, respectively, while
Mop = (P — P)(KaKp — ") + (P. — P,)(SaSp — "),
The quantities, S,, K, and L,, are unitary vectors con-
figuring canonical orthonormal tetrad. Under comoving
coordinate system, the vectors V, = (—A,0,0,0), Ly =
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0,A4,0,0), S, = (0,0, B,0) and K, = (0,0, 0, C) satisfy
the following equations

S*Sq =L%Ly =Ko K* =1,
VOSy =VYLy =K, VY =

VeV, =—1,
Kq.S5¢=0.

The metric f(R) field equations for the spacetime (4) are
given as follows

- —— - +a

2 1" vy A £
B

C/_I_B/A C’+ C‘+B A B
C BJ)A C C B)A B

_ K A2 1 i A A ’ 7
——|:—€] +;(fR_XfR_ZfR>}’ @)

oo . oy
:fL[P,A2+A—{Q—M—AfR+y”, @®)
R

K
BZ C C//
<Z) [ﬁ‘z ?]
_ K [ppr B 1 C T
e}
CZ B B//
(%) s~ 5+ %)
_ <[ pery Cls LBk
e S| BT
where

_A B+c' +A B/+C’
“=a\BTC B )

A2 A A/Z A

=2 a xta

_f_RfR_ E/ fR ' &

Y= <B+C>A2+<B+C>A2’
f=Rfg 1 (. ., Cf

5=TR+ﬁ<fR‘fR+TR>’

where prime and dot symbolize for -2 3 and 7 operators, re-
spectively. The tensor oy controlling the shearlng motion
of the fluid can be written in terms of o, and o} scalars as

1 1
Oup = <KaKﬁ — ghaﬂ)ok + <SaSﬂ — ghaﬂ)a‘y,
2

o“ﬁoaﬁ = (O’k2 + O’S2 - UkUs)g,

where

A C\1 A B\1
on=—|+—=)- os=—\—+—— )~

A CJA A BJA
The Weyl tensor C 5 gy CAN be splitted into its magnetic and

electric parts that can be written with the help of unitary
vectors Sy, K, and some scalars functions Eg, E; and H as

Hyp = (KgSq + KoSp)H,

1
h h (
Eup = (SaS,S - %ﬁ)Ev + <KaK/S - %ﬁ)Ek

where

_ Co13
- C242°
1 Co202
Es=-—15 <C0101 5 ) (12)
1 C0303
Ex=—-3 <C0101 o) )

The components of the Weyl tensor Co202, Co101, C0303,
Co313 are given in a recent paper (Herrera et al. 2012).

3 Modified structure scalars

The orthogonal decomposition of the Riemann curvature
tensor provides three tensors, i.e., Xog, Yop and Zyg which
are further divided into trace (denoted with subscript 7') and
traceless (denoted by X, Xi, Y5, Yk, Zp, Z,) parts known
as structure scalars. The three tensors are given as follows
(Herrera et al. 2010a, 2010b)

D)
Tor \”
Zog = aﬁ—i_ﬁ q_ﬁ €afp> (13)
h h h
Yop = (Sasﬂ ~ %’S)Y + (KaK,e ~ %")Yk + =5,
(14)
h h he
Xop = (S(,[s,3 - %”)Xs + <Ka1<ﬁ - %)X + 3/’ Xr.
(15)

The f(R) structure scalars for cylindrical symmetry by
means of fluid variables can be written using Egs. (6)-(10)
and (12) as

®
K

Y P+ P4 Py+ -5

T= sz< + P+ P+ ¢+A
D) (D) D)

T Tn T
+o5 o

o (16)
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2
K 00
X - L - |
T 7 ,u+A2
(17)
2 2
K 22 11
YszEs_m<PZ_Pr+ﬁ_ﬁ>’
2 2
33 11
Y":Ek‘_R<P¢ ter )
(18)
2
K 01
Z_— - T 5 9
1 2fR(q A2>
2 2
K 22 11
%s _ES_E@_ r+ﬁ_ﬁ)’ (19)
Zy =2H,
D) (D)
Xi=—E—“(p,_p 43 T 20
k= k—z » — r+ﬁ_? . (20)

This clearly indicates that scalar functions associated in the
modeling of collapsing cylindrical celestial body in f(R)
gravity are eight in number. These f(R) structure scalars in
spherical relativistic system were found to be five in number
in our previous paper (Sharif and Yousaf 2014a). All struc-
ture scalars of general relativity (Herrera et al. 2012) can be
retrieved, when we take f(R) = R in the above equations.

The law of conservation of effective and usual energy-
momentum tensors gives

W+ e+ PO +q%aq + g% + T oyp

1
+31%6 + Do =0, 2n

WP (M., + Prig +qf) +a“(w+ Py)
4
+34°0 +¢"0%, + Dy =0, (22)

while Dy and D are f(R) dark source terms mentioned in
Appendix. Equation (22) can be rewritten in the following
manner as

. .1 B c’
P +a(u+ P)+gq A (Pz_Pr)§+(P¢_Pr)E
— %(as—4@ +ox)+ Dy =0, (23)

where the operators g' = g 4 L% and g* = g, V¥. The cou-
ple of important equations required to discuss the dynamics
of relativistic system can be obtained by using Eqgs. (6)—(10)
and (16)—(23). These equations were computed in general
relativity by Herrera et al. (2012) which in modified gravity
turns out to be
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(D) (D) (D) (D)

K 2Too T |, T | T3
E<2N+P1+Pr+P¢+?+ﬁ+ﬁ+F
(D) (D)

3k Too | T
+f_ ,U«+Pr+F+ﬁ a

R

(D) D),
2K To1 3k To1
——1q (GS—@+0'I{)+—R q9——5

fr\" A2 f A2
C/
=3(Xk = Vi) 1 = (Y + Vi = X — Xo'
B/
+3(Xs — Yx)[ﬁ — 6H (0 — 0y), (24)
i By
K 00 11 22 22
‘ﬁ(“‘Pr‘Pz“”“ﬁ‘ﬁ—ﬁ*F)
(D)
X (6, — O —20) Tor
Koo _ Tor
: w e
K 11 33
- |\p—pP — —— 4+ 22—
fR< 0T +62>Ac
B/
=6H* + (2Y, —2X, — Vi + Xp) " +3(Ys — X5
+3a(Xy — X5 — Y+ Y) + 6H (O — o). (25)

These equations peculiarly relates fluid parameters, f(R)
dark source terms with modified structure scalars.

4 Viable f(R) model, modified
dynamical-transport equation and mass
function

The f(R) gravity can be considered as a way to explore
several unknown aspects of gravitational physics at large
scales. In this realm, one needs to take well-consistent
f(R) model satisfying experimental tests and conform to
cosmological constraints. Thus, the choice of f(R) model
holds significant importance in f(R) gravity. Here, we are
interested to investigate the effects of R? model along-
with cubic corrections given as (Nojiri and Odintsov 2011;
Capozziello and De Laurentis 2011)

F(R)=R+yR>+ B R, (26)

where y and B are constants. It is well-known that the in-
clusion of quadratic corrections is an attempt to renormalize
general relativity thereby representing straightforward mod-
ification. The existence of such terms holds potential rele-
vance in cosmology as they assist to understand dynamical
analysis of celestial system with self-consistent inflationary
universe. These corrections can be regarded as beginning ap-
proximations in particular dark energy models in extended
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theories of gravity. Amendola et al. (2007) presented via-
bility conditions of f(R) dark energy models. Another im-
portant issue is the stability of the f(R) models which are
well discussed in the literature (Faraoni and Nadeau 2005;
Bohmer et al. 2007). This f(R) model is a viable cosmolog-
ical model with account of modified gravity that has broadly
been examined in the last decade in several cosmological
and astrophysical scenarios. More recent, Huang (2014) dis-
cussed inflationary mechanism of cosmos with polynomial
f(R) model.

Capozziello et al. (2011) derived modified Lané-Emden
equation in metric f(R) gravity through Newtonian limit.
They obtained density and pressure relation to analyze the
hydrostatic phases of stellar systems. Astashenok et al.
(2013) studied effects of several f(R) models on the evolu-
tion of compact objects and found that f(R) theory likely to
host comparatively huge and massive matter distributions in
cosmos. Astashenok et al. (2013) discussed dynamical col-
lapse of neutron stars in the presence of strong gravitational
fields related to power law corrections. Astashenok et al.
(2015a) explored the existence of several compact objects
like neutron stars with quark cores through numerical tech-
nique by evaluating modified Tolman-Oppenheimer-Volkoff
equations equipped with several realistic equations of state.
They found that comparatively with general relativity, more
supermassive celestial system can obtained through correc-
tion coming out from cubic f(R) model. The same authors
extended their results and studied the consequences of in-
tensive magnetic field on the evolutionary stages of com-
pact objects (e.g. neutron stars) with cubic and quadratic
f (R) models through numerical approach (Astashenok et al.
2015b).

Now, we discuss the role of dissipative parameters in
gravitational collapse within the realm of extra degrees of
freedom allowed due to R? models with cubic corrections.
In this perspective, we compute dynamical-transport equa-
tion and mass function for cylindrical self-gravitating sys-
tem. The variation of areal radius in cylindrical metric with
proper time gives its velocity and is found to be

o)
U= 1= C* <0 (for collapsing system), 27

which after using Eqs. (8) and (26) provides

C’ kC
Za—
A T 1 2R+ 3B1R2

C é+B ¢ A\ B C/+A’ 28)

A2[B B\C A B\C A)]
where ¢,; and ¢g; are mentioned in the Appendix. This
equation can be recast in terms of Riemann curvature ten-

U*=

2 6
(Pr + 7)/(75)/1 + 7'305,31)

SOr as

., C kC
U'=—a—
A 142y R+3B1R?

C (Ry323  Rox02

B2\ 2 A )
Using the value of a from above equation in Eq. (23), we
have

2y 6
(Pr + 745;/1 + 7¢>,31>

D5C’ P
A 1+2yR+3B1R?

2 6
x (Pr + L+ —ﬂﬁbﬁl)}
K K
Ro2o2

A Ry323\ C’
()

+|:—q*+l(ak+as—4@)qj|g—g
3 A A
. 1(B
X |:Pr —Z(E(PZ—Pr)
C/
+ P~ Pr)>i|» 29

where D3 indicates dark source terms incorporating quadra-
tic and cubic f(R) corrections and can be evaluated by using
Eq. (26) and Eq. (A.2). We see that the above equation con-
tains terms of four types. First is on the left hand side which
is a product of time derivative of fluid velocity and inertial
mass (density), while other three terms are on the other side
in three different square brackets. The first and second terms
encapsulate effects of effective gravitational force and dissi-
pative phenomena, respectively while the last term is enti-
tled as hydrodynamic force since it includes pressure and
anisotropic gradient entities. Thus the above equation em-
bodies Newtonian configuration of the type

Acceleration x Mass density = Force.

Now we proceed to evaluate mass function in f(R) grav-
ity with cylindrically symmetric background. In this context,
the combination of structure parameters can be written as

B? Ro2o2  Roszs
using Egs. (16)—(20), this yields
R0z Ross
A2 2

_ BZ(E 2E) + kB2

— 3 Y30+ 2yR + 381RY)

n Py oy
XI:ZPr_Pz—§+7+;(—¢yO_2¢y2

3
+4¢,1 +¢y3) + 7'8(@33 — Ppo — 2¢p2 +4¢ﬂl):|~
(30)

@ Springer



Page 6 of 11

Astrophys Space Sci (2015) 357:49

Using the above relation, we obtain

kC P+2y¢ +6,3¢
112y R+3p R\ & VT A

C (Rpoz Ry323
- B2\ A2 C?

—(p+ 2+ % ke
T I T P ) 2 2y R + 361 RD)

2y
+ M—P¢—Pr+2PZ+7

X (¢y0 - ¢y1 + 2¢y2 - ¢y3)

2
+ 75(@30 — g1 +2¢p2 — ¢/33)}

kC C
“6(1+2yR+3/RY 3
In order to evaluate the expression for mass function, we
use the general relativity technique mentioned in Di Prisco
et al. (2009) for spherically symmetric case. This provides
the possible generalization of Misner-Sharp mass function
for cylindrically symmetric relativistic system with f(R)
corrections and is found to be

«C3
m =
6(1+2yR+3B1R?)

6 2
+ 7’3(@30 — g1+ 240 — dp3) + %(qsyo — 1

(Es —2E). €1V

{M_Pr+2PZ_P¢>

C3
+2¢y0 — ¢y3)} - ?(Es —2Ey), (32)
which after using Eqgs. (17)—(20) can be written as

3m _ K
C3 ~ 2(1+2yR+3B1R?)

{u + Py —2P,
2y
+ P+ 7(‘7’)/0 - 2¢y1 +éy2 +¢y3)

6
+ 7'3(4’130 —2¢p1 + Pp2 + ¢ﬂ3)} — (Y, —2Y1),
(33)

3m K

C3 T 2(1+2yR +3B1RY)

2y
+ 7(‘1’)/() - 3¢y3 + 2¢y2)

{M+3Pz — 3P

6
+ 7'3(%0 —3dp3 + 2¢ﬁ2)} + Xy —2X1). (34

The alternative relation of mass function in terms of
f(R) scalars functions can be obtained with the help of
Egs. (17)—(20) and (23)—(25) as follows

(X5 +3Ys + X — 37"

K

K 2y 68 i
- [1 T2yR + 3B R? (“ oot _"5’30)}
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_ K 2y¢ 2,3¢
" 142yR+3B1R? P L

/

3B
x (o — O —20,) — (¥, +XS)E

3C’ "
—3a(Ys — Y — X5 + Xi). (35)
Making use of Egs. (33) and (34), we obtain

om K +2y¢ +6,3¢
C3 Tt 2yR1 3 RE\N T T 0T P60
— Xy —3Y, — X, +3Y,.

Next, we apply an operator T on the above equation and use
Eq. (35), it follows that

/

om\ " . 3 B

c3 B
3 C’ 2y 28
(X, —Y.)— _zr _=F
+A( k k)c+<q K¢yq K¢ﬁq>
y k(2og — o + ®)
1+2yR+3B1R?
+3a(Xk + Yy — Xy —Yp),

whose integration provides

c3 B
m= Tf[m +X)) ~24H (0, - )
c’ 2y 28
+2AH + (Xi = Yo + (q —hya— 7¢,sq)
o Ak Qos — o + ®)
3(1+2yR+3B1R?)

oy + ® — o)

C3r@)
6 9

+aA(YS—XS—Yk+Xk)]dr+ (36)

where A is an integration function. It is obvious that the
f(R) dark source quantities, modified structure scalars and
other physical variables affect the mass function. Feeding
the values of X, Yy, Y5, Xy from Eqgs. (17)—(20) in the above
relation, we obtain

_C3 K
2 14+2yR+3B1R?

m

2y 6p B
X {Pz - P+ 7(¢y2_¢y1)+ 7(%2 —¢,31)}§

/

C
~2AH(o; = ©) + 2AH" = 2E; -

+ 4 P
30+ 27R+3p RH\T T T PraT TPk

X 2oy + O — o)

C30(0)
+aA(Yy — Xy — Yi + Xp) |dr + T (37)
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This yields that how Weyl tensor and fluid parameters
like, dissipative quantities, pressure anisotropy, shear, ex-
pansion and modified structure scalars affect the existence
of mass of cylindrical self-gravitating body with f(R)
corrections. The above relation describes the contribution
of modified structure scalars (which were originally ob-
tained through orthogonal splitting of the Riemann curva-
ture tensor) in developing the cylindrical dissipative self-
gravitating system. Here we take an account R? model
with cubic corrections in Ricci scalar. The R? terms are
controlled by the parameter y while the cubic corrections
are ensured through the existence of 8. These may spark
the tendency of f(R) models to develop gravitational at-
traction at early times. It is worthy to stress that signif-
icant massive compact objects can be found with f(R)
extra degrees of freedom coming out from cubic f(R)
higher curvature terms (Astashenok et al. 2015a). This pro-
vides the realistic signature of the presence of more mas-
sive and huge self-gravitating stellar systems which do
have direct correspondence with the observational cosmol-
ogy.

In the analysis of collapsing phenomenon of celestial
objects, the study of radiating variables in the fluid con-
figurations occupies enticing interest. In this context, ef-
fects of thermal conduction on the dynamical analysis of
a spherical collapsing stars were first investigated by Her-
rera et al. (1997) in general relativity. Herrera extended
their results for shear-free anisotropic (Herrera 2006) and
isotropic (Herrera 2002) collapsing self-gravitating systems
and discovered thermoinertial effects associated with the
inertia of thermal energy and hyperbolic character of the
transport equation. Herrera et al. (2006) described decreas-
ing behavior of inertial mass density of the conformally flat
shear-free spherical relativistic star and discussed bounc-
ing phenomenon through numerical technique. To under-
stand the contribution of relaxation time and radiating phe-
nomena in the evolutionary stages of collapsing system,
we develop transport equation from casual radiating theory
(Miiller 1967; Israel 1976; Israel and Stewart 1976, 1979)

q*+th*PV7qs.,

1, o o(TVF
=——£q°K?*|— ) —&n*P(Kp+K
584 (gKZ);ﬁ Eh*"(K g+ Ka),

where 7, & and K indicate relaxation time, thermal conduc-
tivity and temperature, respectively. The choice of T =0 in
the above equation results the Eckart-Landau (Eckart 1940)
equation. The only one independent component is

1 T \* 1
— T 2 ®
(38)
Substituting Egs. (31), (32) and (38) in (29), it follows that
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(+P){1_L}U*
r r T(u+ P)
_<M+Pr>{ KC
2 |2(0+2yR+3B1RY)

2% 68 sK
x(Pr+7¢yl+7¢ﬁl)+m}{l_m}
+_/ _picLtlp _p ¢

=7 A{W e

+ (P, —

B’ C'Tqg &qK?>( © \*
P)—{—D3|+—|= —
’)B} 31|+A|:t+ 2t \&K2

EKT  (oy+op) 5
R T et SOy > N

+ + 3 <4

which can be rewritten as

(n+ P —a)U”

C’ " 1 C’
= grav(l_a)+x _Pr +X (qu_Pr)E
B’ C'Tqg &K?>( © \*
P,—P)—{—D —| = —
+(z r)B} 3i|+A|:‘L'+ 2T EKZ
KT 5
+5_+M__q@’ (39)
T 3q 6
where
(L+ Pr) KC3
Fgravz_ D) 2
C 2(1+2yR+3B1R?)
2 6
X<Pr+_y¢yl+_ﬁ¢ﬂl)+m}v
K K
EK
a=——————.
T(u+ Pp)

This provides the thermoinertial contribution on the in-
ertial mass (density) in f(R) gravity. It is noticed that the
above obtained relation invokes corrections to the general
relativity expression (Herrera et al. 2012) thereby modify-
ing the dynamics of cylindrical gravitational collapse. Fgqy
encapsulates the terms of quadratic as well as cubic Ricci
scalar corrections controlled by y and f; parameters, re-
spectively. If we take §; = 0, then the above expression de-
scribes the gravitational force alongwith dynamics permit-
ted due to y R? gravity. This describes the evolution of grav-
itational collapse in Starobinsky model (Starobinsky 1980)
which is viable inflationary model compatible with temper-
ature anisotropies in cosmic microwave background. Apart
from this, if one takes y = 0, then the above equation de-
scribes the thermoinertial effects associated to the inertia
of the thermal energy of the transport equation with cu-
bic correction in metric f(R) gravity. It is well-known that
Astashenok et al. (2013) for sufficiently large and negative
values of f1, one can achieve even more massive compact
objects thereby indicating interesting results about the dy-
namics of self-gravitating objects. Moreover, for R* gravity
alongwith cubic correction, one can get even more stable
stellar distributions in cosmos.
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5 Static anisotropic cylinders

Here, we explore the importance of modified structure func-
tions in the likely solutions of metric f(R) field equations.
We shall denote integration functions/constants with A;’s.
We consider the case of static anisotropic cylindrical system
for which the field equations (6)—(10) lead to

B/ A/ B/ + A/c/ C// B//
B\ A B AC C B
K Rfr—f | IR
= A’ +
|: K { 2 + A?

B A Ir
- = 40
+<B * C>A2” (40)
B/ A/ B/ A/c/
E( +§>+Ac
K 5 A2 B’ A’ fR
=—|PA+ —{—|=+—
ﬁ[’ +K{<B+A+C A?

+M}:|’ 1)

>

2
c” A A/2 32
- _l’_ - -
(C‘ A A2>A2

B2 [ f—Rfg
2 //
L e U

B A" A/2 C2
(? AT F)ﬁ

el

(42)

K C*(f-R R B’ f
——|p C2 ~ " ~JR .
ﬁ[¢ +K{ 2 et M
(43)
Let us define some auxiliary entities, n; = AX/ m = % n3 =

, N4 = ;—R so that the above equations as well as scalars Ej

and E} can be recast as

-5 — 77% —n5— 77% +nin2+nin3 —mn3
A2 $)
K 00
= =), 44
7 (“ * AZ) 9
(D)
L (45)
nn2+mn3 +nnz = 7 ye

(D)
771+773+773 %(P—‘r'rzz)’

o (46)
, ’ 2 733
nt+n,+n= f <P+ )’
a=iﬁkm+%+%+mm—m%—m%% “7)

@ Springer

Ey = - +77/2+77§—771772+771773—772773), (48)

yeL

(D)
where terms 7, stand for dark source terms evaluated for
static cylindrical system.
One of the f(R) structure scalars can be found by spe-

cific combination of all the above equations as
ny + i +niny = Yr A%, (49)

Equations (45) and (46) provide

2
ny 05+ 05 —nin2 —nin3 — nam3

(D) (D)
= (P - T) (50)

m +7l/3+77§ = N2 —Nnin3 — nN2n3
:ﬁ(g—a+ﬁ—zﬁ, 1)

(D) (D)
Tz T2
i
Using Eqgs. (17), (18), (47), (48), (50) and (51), we obtain

K
n§+n%—n§+n§=E<P¢—Pz+ (52)

n)—mm =—YA%, ) +minz = —Ye A (53)

The first of above equations, on integration, yields

A =yl BU 5 anar

which implies that B = B(A) or n1 = n1(n2), VY;. Further,
the second of Eq. (53) gives

A = apel €U anar

which yields C = C(A) or n; = n1(n3), YYx. Thus, we can
write any of the auxiliary variable in terms of the others. For
instance, one can find the expressions of 1, and 13 (depend-
ing upon 1) for some values of right hand side of Eq. (52).
Equations (18) and (20) give

(o B
ﬁ(qu P+ = o F) =—(Xx + Yz). 54)
Equations (17) and (19) yield
(D) (D)
%(P - r+7——%)=—(xs+n). (55)

This suggests that any static cylindrical anisotropic solution
in f(R) gravity can be determined through a triplet of struc-
ture scalars (Yg, Y5, Xs) or (Y, Yy, X).

Now, we investigate models for static cylindrical celestial
body coupled with perfect fluid. Thus we take Py = P, =
P, = P and the corresponding field equations (40)—(43) re-
duce to
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B/ A/ B/ A/c/ C// B//
E(X‘E)JFY_?_F

K , AX(Rfr—f °
= |pA24 2 RTT IR
fk[“ +K{ 2 T4
B/ A/ C/ fl/e
22 L)Y 56
(55l @

B/ A/ B/ A/c/
§<X+E>+Ac
K A2 B A C\[f}
——|pA2+ ) (2 = VIR
-G o) B

+ #” (57)

fol N A A/2 BZ
C A A? ] A2
2 /£l
K 2 B f_RfR 1 CfR 1
=—|PB*+ —|—— L% —
fR[ +K{ 2 Tkt =c" ) a2
(58)
B N A A/2 C2
B A A? ) A2

ey CLI =R (o, BR) L
=gl )|

(59)
Equations (58) and (59) yield
C// C/ / B// B/ /!
C I B Be (60)
C Cfg B Bfg

which can be rewritten in the form of Ricatti equation as

1y + 03 + n3na =1 + 03 + nana. (61)

The general solution of the above equation is expressed as

1
_ . 62
n3=n2+ k() (62)
where
k(r) = el Cmtnadr [ / el ~CmAnadrg, 4 ,\3}. (63)

Using the value of k in Eq. (62), we obtain the following
form of metric function

C =Byexp [Bsz </ BZ;R +)»3)}, (64)

where we have used regularity constraint, i.e., C (¢, 0) =0.

6 Conclusion

In this paper, we have computed set of leading relations reg-
ulating the structure and evolution of cylindrical collapsing

relativistic body and highlighted the effects of f(R) struc-
ture scalars in building these equations. For this purpose,
we have coupled the cylindrically symmetric spacetime with
imperfect matter configuration by invoking f(R) correc-
tions. The modified form of structure scalars are investi-
gated from the general relativity generic formula of scalar
functions (Herrera et al. 2012). We have also developed rela-
tionship between Weyl scalar and matter parameters for the
usual and effective fluid distributions. In order to analyze the
effects of relaxation time in the evolution of collapsing sys-
tem, we have computed the dynamical-transport equation.
We have also analyzed the role of f(R) scalar functions
for anisotropic as well as isotropic cylindrical solutions. The
main results are summarized as follows.

1. Unlike spherical system, we have found eight modified
scalar functions (X7, Y7, Xy, Y5, Xk, Y&, ZH, Z,) along
with two shear scalars (oy, o) and three Weyl scalars
(H, E;, Ey) that are required to discuss the dynamics of
cylindrically symmetric metric.

2. The f(R) structure scalars, X7, Zy, Z,, have a very
clear interpretation as these measure energy density, heat
radiation and magnetic portion of curvature effects aris-
ing from Weyl tensor along with f(R) dark source ef-
fects.

3. In general relativity, the structure scalars, Yy, Y; and Y7,
hold fundamental importance in governing the contribu-
tion of shear and expansion scalars in the dynamics of
compact objects. We have evaluated these scalars by in-
voking f(R) corrections and noticed that dark source
terms tend to disturb the contribution of these scalars in
the evolution of the stellar system.

4. Equation (37) shows that f(R) high curvature quantities
try to complicate the expression of mass function due to
its non-attractive nature.

5. In the static case of cylinders, we have found that any
possible static solutions can be expressed by a set of
(Ye, X, Yy) and (Yy, X;, Ys) structure functions. We
have also obtained particular constraints required for
isotropic cylindrical models obeying regular conditions.

6. It is seen from Eq. (39) that both F,.,, and effective
inertial mass density are multiplied by the same factor
(1 — a). This indicates the null nature of inertial mass as
a — 1. Thus the effective gravitational attraction on dis-
sipative relativistic fluid declines at the same rate as the
effective mass density. This sparks the validity of equiv-
alence principle.

7. The system would receive gravitational attraction, if dur-
ing fluctuations, a imparts negative value to the right
hand side of Eq. (39).

8. Let us now study the evolution of cylindrical collapse
by analyzing the value fluctuations of the factor a. Sup-
pose that in some region of cylinder, the entity a first
increases and then approaches towards 1. This leads to
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small value of effective inertial mass which eventually
diminishes Fg,,, thereby giving opposite sign to the right
hand side of Eq. (39). Since such kind of system devel-
opment is accompanied with small values of the inertial
mass density, therefore this entails vigorous bouncing off
of that cylindrical part of the collapsing system. Thus the
cylindrical system with dissipative source begins to emit
gravitational radiations. These results are well-consistent
with (Herrera et al. 2006) under the limit y = 8| =

9. It is worthy to stress that all results of general relativ-
ity can be obtained by taking f(R) — R (Herrera et al.
2012).

It is worthy to stress that our investigation provides dy-
namical behavior of self-gravitating cylindrical system with
general and f(R) = R + y R? + B R? gravity models. The
obtained results may correspond to early-time inflationary
cosmos where extra curvature terms appear into dynam-
ics. This paper provides the dynamical collapse process and
can be taken as a toy model of localized systems. Finally,
we remark that this approach can be extended by consider-
ing strange stars (Staykov et al. 2014), compact stars (As-
tashenok et al. 2015b) or its interpretation as scalar-tensor
stars (Fiziev 2014).
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Appendix

The f(R) corrections in Eqgs. (21) and (22) are

1 A A
D0=;H<fR +fRA fR) }1
Rfe=f\ , Je(B A C
+—{( 2 )*m(“i*?)
¢ A B\fx f1
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r " A/ A
T3 f§+ yiim J;R - —st e
AlA A A A A

B( fr B A\ fr 1
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The quantities ¢,; and ¢g; mentioned in Eqs. (28) and (30)
are
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