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Abstract—This paper investigates instability ranges of a cylindrically symmetric collapsing cosmic filamen-
tary structure in the Brans—Dicke theory of gravity. For this purpose, we use a perturbating approach to the
modified field equations as well as dynamic equations and construct a collapse equation. The collapse equa-
tion with an adiabatic index (I') is used to explore the instability ranges of both isotropic and anisotropic fluid
in Newtonian and post-Newtonian approximations. It turns out that the instability ranges depend on the
dynamic variables of collapsing filaments. We conclude that the system always remains unstable for 0 < T < 1,

while I' > 1 provides instability only in a special case.
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1. INTRODUCTION

Dark energy and gravitational collapse are the most
fascinated and interesting phenomena of cosmology
and gravitational physics. A number of astronomical
observations such as supernova type I, Sloan Digital
Sky Survey, large-scale structure, Wilkinson Micro-
wave Anisotropy Probe, galactic cluster emission of X-
rays and weak lensing, describe accelerated behavior
of the expanding universe [1]. It is suggested that a
mysterious type of energy known as dark energy is
responsible for this accelerated expansion of the uni-
verse. This induces the problem of the correct theory
of gravity, and hence several modified theories of grav-
ity have been constructed using modified Einstein—
Hilbert actions. The Brans—Dicke (BD) theory is one
of the most explored examples among various modi-
fied theories, which provides convenient evidence of
various cosmic problems like inflation, early and late
behavior of the universe, the coincidence problem,
and cosmic acceleration [2]. This is a generalized form
of general relativity (GR), constructed by coupling a
scalar field ¢ and the tensor field R. It contains a con-
stant coupling parameter wg, (tunable parameter),
which can be adjusted according to suitable observa-
tions. This theory is compatible with Mach’s princi-
ple, the weak equivalence principle, and Dirac’s large
number hypothesis [3]. It is also consistent with solar
system observations and experiments (weak field test)
for |w| > 40000 [4].

IThe article is published in the original.

Gravitational collapse is a process in which stable
stellar objects turn into unstable ones under the effects
of their own gravity. The formation and dynamics of
large-scale structures such as stars, celestial clusters,
and galaxies are investigated through this phenome-
non. It is believed that different instability ranges for
astronomical bodies lead to different structure forma-
tion of collapsing models. Chandrasekhar [5] was the
first to explore stability ranges of a spherically sym-
metric isotropic fluid in GR. He used the equation of
state involving an adiabatic index (I') and concluded
that the fluid remains unstable for I' < 4/3. Subse-
quently, many researchers [6, 7] investigated dynami-
cal instability of different types of fluids (anisotropic
fluid, adiabatic, nonadiabatic, and shearing viscous
fluid) in spherical and cylindrical configurations and
found that stability ranges depend on physical proper-
ties of the respective fluid.

It is believed that the study of the collapse phenom-
enon in modified theories may reveal modification
hidden in the formation of astronomical structures [8].
In 1969, Nutku [9] explored instability ranges of a
spherically symmetric isotropic fluid in the BD theory
and concluded that the BD fluid remains unstable for
I' > 4/3. An instability analysis of the Schwarzschild
black hole in the BD gravity is presented in [10]. Sta-
bility ranges for spherical and cylindrical collapsing
models in the f{R) theory were investigated in [11],
where the instability ranges were found to depend
upon characteristics of fluids and dark energy compo-
nents. The effects of the electromagnetic field on
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instability ranges for various f{R) gravity models were
studied in [12]. Dynamical instability of a spherically
symmetric fluid in the f{7) theory was explored in
[13], with the conclusion that modified terms control
instability ranges. In a recent paper [14], we have dis-
cussed the collapse of a spherically symmetric aniso-
tropic BD fluid in terms of instability analysis and
found that 0 < I" < 1 always leads to an unstable con-
figuration while I' > 1 provides instability only in one
particular case.

The behavior of filamentary structures has import-
ant implications for the formation of structure in the
universe. Galaxy filaments are the largest known cos-
mic structures in the universe. The filamentary struc-
ture is always present in the interstellar medium and
instabilities within these filaments create a dense
medium (dense core) where stars form [15]. N-body
simulations of the formation of the large scale struc-
ture describe a wide range of filaments (with a cluster
of galaxies forming at the intersection of filaments)
[16]. Filamentary structures are associated with the
cosmic web on large scales and are used to describe
tidal tails (thrown off by merging galaxies) on the small
scales [17]. To understand fragmentation of filament
structures, cylindrically symmetric filament models
are widely studied [18].

In this paper, we investigate dynamical instability
of a cylindrically symmetric filaments collapsing
structure in the BD gravity. The paper is organized as
follows. In Section 2, we discuss BD equations, Dar-
mois junction conditions, and dynamical equations.
In Section 3, we use a perturbative technique to con-
struct hydrostatic equilibrium (collapse equation) and
describe the instability ranges (in the Newtonian and
post-Newtonian (pN) limits) for isotropic and aniso-
tropic fluid distributions. Finally, the last section sum-
marizes the results.

2. BRANS—DICKE THEORY AND DYNAMICAL
EQUATIONS

The BD theory (with a self-interacting potential
W(d)) has the action [3]

S = jd4xJ——g [¢R - %V“W;@ V(o) + Lm} (1)

where 8tG, = ¢ = 1 and L,, represents matter distribu-
tion. Varying Eq. (1) with respect to g,; and ¢, we
obtain the BD equations

Gop = ¢( ap T T, [3) (2)
R 1 dV(0)
o= 3420, "33 200, {q) do 2V(¢)} 3)

Here, G4 is the Einstein tensor, Ta"é is the energy—

momentum tensor for the matter distribution with 7™
as its trace, and [] represents the d’Alembertian oper-
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ator. The energy distribution due to the scalar field is
given by
Tfﬁ = ¢ op = gaBDq)

Wpp V(¢)
+ q) |:q),(x¢,[5 goc[iq)uq) } (xB'

Equation (2) gives the BD field equations and (3) is
a wave equation for the evolution of the scalar field.

4

We split the 4D geometry into interior and exterior
regions by considering a time-like 3D hypersurface
>@© as an external boundary of the corresponding
cylindrical body [7]. The interior region of a collapsing
cylindrical filamentary structure is represented by

ds’ = A*(t,r)dt” — B*(t,r)dr’ — C*(t,r)do” — dz’, (5)

where we consider comoving coordinates inside the
hypersurface. To preserve cylindrical symmetry, the
coordinates satisfy the constraints

—0<t<oo, (0<r<o, —o0<zg<oo

0<¢<2m

In the stationary or static region, a scalar field
becomes constant and all stationary black holes in BD
gravity are identical with GR solutions [19]. There-
fore, for the region exterior to we take the line element
of a static cylindrical black hole given by

_2M
r

ds? = —=22av’ + 2drdv — r*(d¢’ + y’dz), (6)

where M, v, and vy describe the total gravitating mass,
the retarded time, and an arbitrary constant [20]. The
interior region is filled with the anisotropic matter dis-
tribution represented by

T(x”[g =(p+ pr)uauB — DPr8ap (7)
+(pz - pr)SOLSB + (p(]) - pr)KO(KB:

where o, p,, py, and p, denote the energy density and
principal pressure stresses. The four-velocity u,, and

unit four-vectors S, and K are calculated as u, = Aﬁg,

S, =&, and K, = C3., satisfying u®u, = 1, SS, =
K*K,= —1, and $°u, = K°u, = S*K, = 0. For the inte-
rior region, the BD equations are given in Appendix.

Junction conditions provide a smooth connection
between the interior and exterior regions over 2. We
consider the Darmois junction conditions to discuss
the connection between two regions [7]. For this, we
take the C-energy (mass function) [21] given by

Et,r) = m(t,r) = 8(1 ~ VPRV ), (8)
where E (¢, ) is the gravitational energy per unit spe-
cific length of the cylinder, 7 represents the areal
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radius, p is the circumference radius, and / indicates
the specific length. These are given by

~ 2 2
F=ul, W= é(l)B&I(SI)a I~ = §(2)ﬁ&?2),

where &) = 0/00 and §,) = d/dz are the Killing vec-
tors. For the interior spacetime, Eq. (8) takes the form

/ C2 C.2
mt,r)y==-|14+=—-=|, C)

“.r) 8( A BZJ

where the dot and prime denote the respective deriva-
tives with respect to 7 and ». In BD gravity, the scalar
field and the metric tensor are considered gravitational

variables, and therefore ¢ = ¢, =conston the hyper-

surface X©. The continuity of the first and second
fundamental forms (Darmois conditions) yields the
relations

Z(e)l

I =y = const, m(t,r)— M = é’
(10)

IZ:)4C ﬂzi)il?_T_(ﬁz_@'

" ¢ B> AB 20

Dynamical equations obtained from the contracted
Bianchi identities describe the conservation of total
energy of the system given by

op
[TL(XB.FTCD_J uB:O’
o o)

of afl ’
KRE3 R

N

(1)

where xg = —BSE, (unit four-vector), which yields

Y B ¢
B—%prr)ﬁﬂpwwz}ﬂﬂ =0,(12)

p 0P A c
L+ 2L+ P+ p)—+(p, — py)— |+ K,=0, (13

with K| and K, mentioned in Appendix.

3. INSTABILITY ANALYSIS

Here, we use the perturbative approach to con-
struct a collapse equation that is to be used for insta-
bility analysis. We assume that initially, the system isin
static equilibrium (metric and matter parts have a
radial dependence only) and then all the dynamical
variables along with metric functions are perturbed
and time dependence appears [7]. The scalar field, the
scalar potential, and the metric tensors have the same
time dependence, while the density and pressure bear
the same time dependence as follows:

A(t,r) = Ay(r) + €T (t)a(r),
B(t,r) = By(r) + €T()b(r),

(14)
(15)
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C(t,r)=Cy(r) + €T (t)c(r), (16)
O(r, 1) = 0o(r) + e T(OYD(r), A7)
pr(t,r) = pro(r) + €p,(t,r), (18)
po(t,r) = poo(r) + €py(t,r), (19)

p(t,r) = po(r) +€p(t,r), (20)
V(§) =Vo(r) +eT @V (r), 21

where 0 < € <« 1 and the static distribution is expressed
by a zero subscript. For static and perturbed configu-
rations of the field and dynamical equations, we take
C, = r. The static configuration of the BD formalism,
the perturbed form of BD equations, and junction
condition (10) are given in Appendix.

The perturbed distribution of the first Bianchi
identity gives

5= _[(Po + Pro)b n (Po + Pgo)e
B, r

(22)
+q% + Aoq)ol?l} T.

0
The perturbed form of Eq. (13) yields

Ay 1 DOy
Pr+(p+Pr)_0+(Pr_P )_+r_+K2¢OBOZO’ (23)
A Y b0 By

where K, and K, are given in Appendix. Equation (55)
along with the junction conditions leads to

T (1) = c; exp(Ygol) + ¢, xp(hyot), (24)
where
Vs = \/E, kzm = —\/%
u
with
9 @ 2c D)) [mBD 1 }
u= 2T 2 VE T T oal

and ¢,, ¢, are arbitrary constants. Equation (24) shows
static and nonstatic distributions leading to stable and
unstable phases of a gravitating system. For instability
analysis, we assume that when the instability phase
begins, the system is in complete hydrostatic equilib-
rium (¢ = —oo, T(—oo) = 0). Using this assumption in
Eq. (24), we have ¢, = 0, whereas ¢, = —1 can be chosen
arbitrarily. The corresponding result is described by

T(1) = —exp(Ygel)- (25)

For a real instability regime, we assume only posi-
tive values of v/u.

For the investigation of instability ranges, we use an
equation of state involving adiabatic index I" [22] given by

Djo —~

p (26)
Pot Pjo
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The adiabatic index expresses the variation of prin-
cipal stresses (pressures) with respect to density and
represents rigidity of the gravitating fluid. We consider
I" to be constant throughout the stability analysis of the
fluid. Equations (22) and (26) lead to

r0 r0
B, FPo+ Do

(27)
" Pro (DPO+Prvo¢o I?I}T,
Pot+ P Do Pot P
_ b Po+ D, cp
Py = _r{_Po p 0P¢0 4+ Lo
Bypo + Pyo r (28)

Poo®po + PooAodo El}T.
(Po + Poo)do  Po+ Poo

Using Egs. (51), (22), (27), and (28) in (23), we
construct a hydrostatic equation given by

ooz s
By, pot+por

— Aoq)o]?lTﬂ' - E{Pro (ﬂ

Pot+ Do r B,
+ —
(R0t PoeT | Py AOQ)OKITH
Po+Po ¥ Pot Pro
+@r{p¢0 (ﬂu
r By po + Pyo
ey ;AO%EITH (29)
Fo Pot Pyo
+ B .
-T [Pro (ﬂ s PoocT, 1 Aoq)oKlTﬂﬂ
By, pot+por PpPotpe Ay
A

0

_[M(Po + Do) +(Po + P‘po)% + A0¢OI?IT:|A

B,
+
_F{M (lipo PovcT
By po+p0 ¥

Pot+ Pro 0DPo

This represents the general form of the collapse
equation that describes the instability of hydrostatic
equilibrium of gravitating filaments in BD gravity.

3.1. Isotropic Fluid

Here, we analyze instability ranges of an isotropic
fluid in Newtonian and pN limits. In an isotropic
fluid, all principal stresses are equal (p, = py, = p,).
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Using this condition in Eq. (29), we obtain the corre-
sponding collapse equation

o[t oe
B, r Pot D

o,

Ao¢ol?1Tﬂ'
AWETH%

0

0 r pPotpo

— A
—[(Po + Pro)(bB_T + %) + A0¢0K1T}A_O

0 0

-T {Pro (ﬂ + e + ! AOq)O]?lTj:l %
B, r Po_"‘ Pro 0B,
+ (l)oBoKz = O
3.1.1. Newtonian limit. The Newtonian limit in the
BD theory leads to the relations

(30)

Po > P> Po > Py By =1,
_ 31
Ay =1-"0 ¢, =const, V,=V =0. 1)
rc

When these limits are used together with (25), the
collapse condition turns out to be

m m
Fl:(prOZN),l_ zozprOZN:|_pOZN 202+K3 <09
rc rc
which gives

my
pOZN 2 2 _KB
rc

I< (32)
m
(prOZN),r _2_02prOZN
re
Here,
Zy=b+5,
r
a'm ()] m D
K, = —| -4 +_(1__oj_zp, @\
’ [’"202% do rc? Oq)o

This shows that the adiabatic index depends on
dynamical properties such as density, pressure, and
the scalar field. To preserve a difference between con-
figurations of the pressure gradient and gravitational
forces, we assume I' > 0. Thus, the celestial objects
remain unstable until (32) is satisfied, which leads to

my
Pln—5— Ks
re

p” > >0. (33)
(prOZN),r - 2_02prOZN
rec
This leads to the following possibilities:
m m
DpoZy 2_02 -K; = |:(prOZN),r _2_021%021\/}
rec r'c
m m
2)poZy 2_02 -K; < |:(prOZN),r - 2_()2prOZN:|;
rec rec
Vol. 122 No. 5 2016
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m
3)POZN - K5 > |:(prOZN),r - 2_()2prOZN:|'
re’ ree

The first and second cases along with (33) show
that the isotropic system becomes unstable for 0 < I' <
1. The corresponding expressions lead to

_ m
pa =23 [ 2y (00 =1 3% -
r c

]

zm)dr-, (34)

Z"K3jd

These are the constraint expressions for a collaps-
ing cylindrical isotropic filamentary structure with 0 <
I' < 1. In the third case, the denominator is less than
the numerator and hence I can be taken greater than 1
in (33). The corresponding instability constraint is
given by

P < Zy jZ [(po D3 (35)

)

po> 23] 20 (0002 - 2K Y, GO
rc

o

for which I' > 1 and an isotropic cylindrical system
becomes unstable. It is obvious that if the system is
unstable for I' > 1, then it is also unstable for 0 < I" < 1.

3.1.2. Post-Newtonian limit. The pN regimes are
found up to the order ¢ by taking

2

m m om
Ay =1-— 0 B, =1+=22,
’ rc- rc O_ re’ (37)
0o =const, V,=V =0,
where
_ 1+
2+ wp

Using the pN limits along with Eq. (25) in (29), we
obtain

m m
[(po + prO)XpN](z_Oz_ 23—04) - K
rc re

2

S

r c

X,y = [(b(l - “”’20) + 9) + L}
re r) PoTt Pro

and K, and Kj are given in Appendix. Expression (38)
describes a condition for the instability of a cylindrical
filamentary structure in the pN limit. Similarly to the

0<T< (38)

, m
|:[pr0XpN] - [ProXpN](ﬁ -

where
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Newtonian case, the system collapses for 0 < IT' < 1
with the following constraints:

Dpo :X;,lv exp Zr( o __szJ I ovdr'

r

IXder exp 2r(m°2—%j IYder'

ret re
m 2m ' 2m
(po( " —3—°j+XpN[ (1+—2°(1—0c)j
e’ re 0 re
2 2 2
m 1.2 m dm, 20um
+ 204 D_XPNYZ‘”( 202_ 3 (A)t+ 4 40}
rec ret re re

_ m 2m? f ,
2) Do <Xp}lvexp 2}{ 2023—3j+J‘Yder}
re’ rc
2m§ f '
JXder eXp =2r ﬁ—ﬂ —J‘Yder

2 2
x{po[—’?%— 2"3]+XPN[ ( + Mg )j
re’ re (O re?

2
0

2 2
m -1._2 m 4my; 20um
+ 204(1"'4(1)}}_)(,,1\/72“)( 202_ 3 ?t+ 4 4]'
rec rec

rc rc

In the third case, I' > 1 leads to an unstable config-
uration with the constraint

Dro > XpN exp 2}{ m02 —2m0j+I ovdr’

rc rc
2m
' — _0__0
ijder exp zr(ﬂﬁ px J ijdr

0]

(p{%-iﬂj”w[ ( 2”’(’(1—00)
rec re (O re

2 2 2
m - m dm 20im
+r224(l+40c)D—Xp,'vy§m( L -t 0],

rc rc rc

where
Y,y = X5, “—(1+2—m§(1
do re

In this case, 0 < I < 1 is also an instability range.

2
- oc)) + r’?c°4 a1+ 40()}.

3.2. Anisotropic Fluid

Here, we have p, # p, # p,and hydrostatic equi-
librium is described by Eq. (29).
2016
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3.2.1. Newtonian limit. Using Eq. (31) in (29), we
obtain a condition for unstable anisotropic filaments as

2pr0q)+l7r0 — Pyo
b r
., Pro— D m
[P 0ZN] +%ZN _prOZNﬁ

[E]‘*po(zzv +Ke)+ K,
r

0<T< , (39)

where K; and K are given in Appendix. Similarly to
the isotropic case, this implies that for

m() @ 1|:C:|' i

My (@ 1l y,

ric’ I¢ rir

m D 1lcl]' ;..
X J.I”ZNCXp — ﬁ—j$+;|:§:| dr
{”

% 4 po(l+ Ky) + KJdr},
r

-1 -1
P <r7'Zy exp

o

I' lies in (0, 1) and the system collapses. If

Do > 1 Zyexp —’?02 —j9+l[£} dr'
rec o rir

m ®  1lc!|',.,
X| | rZyexpy—| 5% — —+—[—}dr
'[ v exp rle’ J.(1) rbr
]

o
Dy, .
x[— +pod+ K¢) + I(Ja’r ],
r

the system becomes unstable for I' > 1.

3.2.2. Post-Newtonian limit. The collapse condi-
tion of anisotropic cylindrical filaments in the pN
regime is

B my, 2m;
QU{;N [2_02_3_3j_(17r0 +p) U, n]1-Ky
r rec re

I'< » , (40)
[prOUpN ]' + mUpN - ﬁVpN
r r
where
+
U, {b[l—am—gjﬁ’q’” Poc, 1 Kg},
re ProtPo?r (Pro+Po)

Von = [b(l _ ocm—osz’o—w+£ +;K8:|'
re’ /Pyt Po T PeotPo
The values of K and K, are given in Appendix. The

system becomes unstable for the instability range 0 <
r<iif
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2
m m
*p.orU,n (ﬁ - ﬁj (P TP, N1 — Ky

! , D
= |:[pr0UpN] +%UpN _%VpN:la

2
m m
*p.orU,n (ﬁ _ﬁj = (P +P)IU v — Ky

D, p
< |:[pr0UpN] +%UpN _T¢0VpN:|a

and becomes unstable for I' > 1 if
*p,orU,n (ﬁ - ﬂ) = (Pro +P)IU, N1 Ky
ree’ r

D p
> |:[pr0UpN] +%UpN _%VPN:|'

4. CONCLUDING REMARKS

The study of structure formation in modified grav-
ity is an important issue. Cosmic filamentary struc-
tures with cylindrical symmetry arise in astrophysics
on both large (cosmic web) and small (tidal tails)
scales. The behavior of these structures has an import-
ant role in the formation of structures in the universe.
In this paper, we have investigated instability ranges of
anisotropic cylindrically symmetric collapsing fila-
ments in the BD theory. We have used contracted
Bianchi identities to obtain two dynamical equations
of a collapsing filamentary system. By applying a per-
turbative technique to the BD and dynamical equa-
tions, we separate the unperturbed (static) and per-
turbed (non-static) distributions of all dynamical rela-
tions. We have developed a hydrostatic equation
(collapse equation) through a perturbed configuration
of the second dynamical equation.

The equation of state involving an adiabatic index
controls the ranges of instability for a collapsing fila-
mentary structure. We have used the collapse equation
along with the equation of state to investigate the
instability ranges of both isotropic and anisotropic BD
fluid in Newtonian and pN limits. It is concluded that
in both approximations, the adiabatic index depend-
ing upon dynamical properties (energy density, pres-
sure, scalar field terms, and some constraints) controls
the instability ranges. We have constructed constraints
on the static radial matter pressure under the effects of
the scalar field. It is found that the cylindrical filamen-
tary structures always remain unstable for 0 < T < 1,
while I' > 1 is the instability range in a special case. We
would like to mention here that the instability ranges
for spherical and cylindrical distributions in GR
dependuponI' < 4/3and I' < 1. In {R) and A7) theo-
ries, physical variables such as density, pressure, and
the corresponding modified dark terms provide the
instability ranges. The instability range of a spherically
symmetric isotropic BD fluid is I' > 4/3, while an
Vol. 122
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anisotropic spherical BD fluid always remains unsta-
ble for 0 < I'< 1, and I' > 1 leads to a collapse only in
the special case.

APPENDIX

The nonzero components of the BD equations for
the interior region are

Gy = ql)(Torg + Toq()))
2,12
o]

o 20
¢A (B'+C') A¢" _AV (@)
B% 20

(41)

(1)2A+

713(7 B+C) 0B*\B C

_1.pm oy _ Wpp i1,
Gy =Ty, +Toy) = —5-(00")
o 0' K o0
+l(¢'_@_%j’
o 4 B
G, =d1)<T1’1” )
_1 2, Wgp| 412 B¢ ﬁ
_¢(”’B "2 (q’ I D+A2¢

e v

(42)

1,7m
G, = &(Tzz + Tzq;)

-1 2, Wgp Czd)z_czq),z oC’
_q)(hc +2¢(A2 i +A2¢ (44)
C¢(A C) ﬂ(i‘ﬁ) 'y CV @)
A’o\A C] Bo\A B/ B¢ 20

®pp {q’__q’_z}ri
20°B*| A> B® A2¢(45)
+¢[A B, c} ¢[A+B c}_q)_@
Aola B cl Bola B Cl B% 20

and Eq. (3) becomes

033=$<T3’§ +TS)=p, +
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The scalar terms K| and K, in Eqgs. (12) and (13) are
K, =Tw), A" = (1), A7'B”

+(PA™ + TopA )0 70
+THAT'B 00 — 2T\ B’ AB' -~ T) A B’ A,
K, =T{B'9'07 +(p+TNA”B 0%
~(T$\A7B™),B—(T,,B7), B.

The static distribution of the BD field equations is

&_'_U)BD% Bo¢o+ 20,
2
o 2Boq)o Boq)o Bo"q)o (47)
L9 Vo _ 1By
"Blo, 20, BirB,
Pro (DBD(I);)Z_ AyDo
_ 20 W _ 1 A
Byrd, 200 BirA,
Poo _ 0pp0y _ Bidy __Asdy
2.2 3 2
¢o” 2B,0, Boq)o" Aol"}o(b'o (49)
_ 0 N 1A AB
Bid, 20, Bi| A, A B
Pe_ Opdy  0oBy by
2 3 r
b0 ByAydy By, Byro,
0, O Vi
-2 by, (50)
By 20,B, 20,

= ﬁ-l—A(')' 12_3;2 l+ﬁ
r AOBO B r A()

The unperturbed wave equation is

oo _ 0By, o _ -1
Ay, B, rB, 2wy, +3
X[(Po + 3P0+ Poo + Pro) + (Vo — 2V))].

The static distribution of Eq. (12) is identically sat-
isfied in a static background, while (13) turns out to be

P;o q)ol’ro +(
Po + Pro)
By, ¢<2) 0 AoBo¢o (51)
(Pro = Do) — K3 =0,
Bo%
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where .. " " , . '
_1)2_T+L2K£j o) o] 20 [&j
, 4) q);) va Av AO BO AOBO AO r AO BO r AO
KZ =’Tllunp_2__r_(pr0 pO) , . \ , ,
0082 DoBy Xy {@4](1) +[@_&+z](g)}
¢
_—Pr;+ Pyo +2Tl lunp B(Z) (Til;"l’)ir AO ' BO AO BO o
0r¢0 BO 0 _& _ TP¢O(I) _ TO\)BD(Dz)Zb _ TOJBDCI)'
2 253 252
20,8 20,8
and the term qul’u,,p represents the unperturbed form of % A0 %05, , %05y (56)
the energy tensor due to the scalar field. T Hij + T (br %J}
2 2
The static part of Eq. (10) is doBy 0 r o, By
= (52) #2700 ;10 Loy I [9}'
2 ¢Bo 0 By ByA, |L9o
v | v ' ' 2
The perturbed form of the BD field equations is — Z {2} _TD | % +& ¢0_§0+V_0
By, LBy $oBy| By B, 2
T (E)”_l[ij'_&)(E)' 2Tb¢2)' T¢0CD+TV0<I) TV
B; r\B,) By\r Bidy  Bydy 205 20
_Pp _Tp® TmBD¢ob TPy _r 2bA(')'+ Ay a" A, (i]‘
0 0 0oB) Byt A,B;  AJB; A,B; B;A,\B,
_ 0T D ¢ T¢02 (9) T (%b)' (53) 2648 1 i '_ﬂ(g)'+2bBo
Bo¢0 q)oBo r ¢oBo AOBO Bo Bg r ng
_LMS)Ol_'_I:T TBO}[Q} JTe (b)), 24 +A_6(g)'+L )
OB, r Bo" o boBy r\ B, AgB; Ay \r! rBi\A,
2Tboy Toy® TV, ® TV :
) B3§O_Bq;3>2 D TRy (g)'+L[ij'
e T s am ) T\, (57)
e Ay b 0pT®G_ 0T, _F et _r[moh)
C AO CBO . ¢0 q)O (54) AgBO "Ao (1) BO
(Aife_7e b
rA, r rBy _ T, {i]_ TA, {9}_ TB, {2}
00Bs LAl BiAgL9o] 0By 100
oA, T [aj'JrrA(')(c)' 264, L 2Tbdy Ao 1] _ 0T |0y POy
T 5 || T e - 2p2 2
Al Bir|\4) A\ | 4B Bloy (A r| 0B 0 &
_B_Tp® _Tog|05h o POF _ ©upbly }+ o T _TV®
o B o | By o Bydo Bodo  Byoy @y
' ' ' g and the perturbed wave equation is given by
Sl S e
0B, r ) r o ' '
' S Q| Taky e ([ THBy gy Te_ g,
_{L+ T4; _&} {9} B| Ay By r
2 2 3
Bor B()Ao Bo (1)0 +2Tb(])8 _ 7" _ 1 (58)
Tbcbo to  TV® TV By, B 2w,+3 ~
0oBs Aoq)0 20¢ 2(1)0 X[p+3p, +py+p, +TOV, -2V].
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The perturbed configuration in Eq. (10) is

—p, w_T®p,y TV, TV (59)

o 200 20,

The perturbed terms K, and K, in Egs. (22) and
(23) are described as

_ 1)) D
K, = {po + T A0 + (T, A B
Ao

~ T AA B — Toq’l(p)B(')AlBﬂ,

) . 2Tho;
K, _qul)p (21)02+|:—2TCI)¢0+T(D— ¢¢0:|
0bo 0
X%_z"_;+ﬂi+9}+m
¢(2)Bg 0By By [ By, ¢ rByb,
bd 1 ()] (T30).
=7 2(—) T(po = Po0) ———>
Byrog  rBydy \r/ | Ay B,
4b B 0 > Tb' Tb
+ T uns = 2T 1un +T° n
3 1unp 1 lunp BO 11 pBO2
_2T1“iun,,Ba_(T1?p)'+[ b, D, 1 [iﬂ
B} By LBy 00 Byl
(Pro +pop) 4 +(P+7,) Ay n Tllsz(')’
Ay By Ay B0, B,

where 7} wv(unp) and T} uv(p) indicate unperturbed and per-
turbed dlstrlbutlons of the BD energy part.

The values of K, and Kj in (38) are given by

2
Ki=po 210l | o RUR
0 rc rc re
2 2
+q>1+2m°+m° 20””0+(4 a+ ) 24 ;
I’C I'C rc r c

KS = _Prog(l - 20 )+ (pO + prO)

b ric
x{”’@ + 2’"20 (1- oc)] +—°(1 + 406)}
0 rc r

2 mo 4m0 + 2(Xm0
Yso| 3 3 3 4 :
re rc r c
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The scalar field terms in (39) are

Ko ="z {pod) + (l + QJ +m, (@3(1)2 H
q)() r c

+%(1 - ﬂ), (60)

r rc
2
2 (Dm0¢0 _poa'mor

7= ¥z 75 2
rec c

The values of K; and K, in (40) are

20
Ky = Y50po®@ +[ } (1 + m04 TOJ

ree re
2 1
re re” ) o
(0] m, 20m mg m;
+70 1__(;_ 2 20 + @9, 2_02_23_04
re re rc re
2 2
~ O, 20— 2o 0
ree ree
K, =1+9'+%(1—’"—g)
Oy r re
m DO m:
+¢0 303+Y;” q)zozo'
re ree
REFERENCES

1. A.G. Riessetal., Astrophys. J. 116, 1009 (1998), S. Per-
Imutter et al., Nature 391, 51 (1998); C. L. Bennett
et al., Astrophys. J. Suppl. 148, 1 (2003); M. Tegmark
et al., Phys. Rev. D 69, 03501 (2004).

2. N. Banerjee and D. Pavon, Phys. Rev. D 63, 043504
(2001); M. Sharifand S. Waheed, Europ. Phys. J. C 72,
1876 (2012); J. Phys. Soc. Jpn. 81, 114901 (2012).

3. P. A. M. Dirac, Proc. R. Soc. London A 165, 199
(1938); C. H. Brans and R. H. Dicke, Phys. Rev. 124,
925 (1961); S. Santos and R. Gregory, Ann. Phys. 258,
111 (1997); S. Sen and T. R. Seshadri, Int. J. Mod.
Phys. D 12, 445 (2003).

4. B.I. L. Bertotti and P. Tortora, Nature 425, 374 (2003);
A. D. Felice et al., Phys. Rev. D 74, 103005 (2006).

. S. Chandrasekhar, Astrophys. J. 140, 417 (1964).

. L. Herrera et al., Mon. Not. R. Astron. Soc. 237, 257
(1989); R. Chan et al., Mon. Not. R. Astron. Soc. 239,
91 (1989); R. Chan, L. Herrera, and N. O. Santos,
Mon. Not. R. Astron. Soc. 265, 533 (1993); Mon. Not.
R. Astron. Soc. 267, 637 (1994).

7. M. Sharif and M. Azam, J. Cosmol. Astropart. Phys.
02, 043 (2012); Mon. Not. R. Astron. Soc. 430, 3048
(2013).

8. M. Sharif and Z. Yousaf, Astrophys. Space Sci. 352,
321 (2014); M. Sharif and R. Manzoor, Mod. Phys.
Lett. A 29, 1450192 (2014); Astrophys. Space Sci. 359,
17 (2015); Phys. Rev. D 91, 024018 (2015); Gen. Rel.
Grav. 47, 98 (2015).

9. Y. Nutku, Astrophys. J. 155, 999 (1969).

(o))

Vol. 122 No.5 2016



858

10.

11.

12.

13.

14.

SHARIF, MANZOOR

0. J. Kwon et al., Phys. Rev. D 34, 333 (1986).

M. Sharif and H. R. Kausar, J. Cosmol. Astropart.
Phys. 07, 022 (2011), Astrophys. Space Sci. 331, 281
(2011).

M. Sharif and Z. Yousaf, Phys. Rev. D 88, 024020
(2013), Mon. Not. R. Astron. Soc. 432, 264 (2013);
Mon. Not. R. Astron. Soc. 434, 2529 (2013); Mon.
Not. R. Astron. Soc. 440, 3479 (2014).

M. Sharif and S. Rani, Mon. Not. R. Astron. Soc. 440,
2255 (2014).

M. Sharif and R. Manzoor, Astrophys. Space Sci. 354,
497 (2014).

. P. C. Myers, Astrophys. J. 764, 140 (2013).

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

16

17.

18.

19.
20.
21.
22.

. J. M. Colberg et al., Mon. Not. R. Astron. Soc. 359,
272 (2005).

A. Schneider and B. Moore, Mon. Not. R. Astron. Soc.
415, 1569 (2011); P. A. R. Ade et al., Astron. Astrophys.
550, A134 (2013).

J. Ostriker, Astrophys. J. 140, 1056 (1964),
P. C. Breysse et al., Mon. Not. R. Astron. Soc. 437,
2675 (2014).

S. W. Hawking, Commun. Math. Phys. 25, 167 (1972).
H. Chao-Guang, Acta Phys. Sin. 4, 617 (1995).

K. S. Thorne, Phys. Rev. B 138, 251 (1965).

B. K. Harrison et al., Gravitation Theory and Gravita-
tional Collapse (Univ. Chicago Press, Chicago, 1965).

Vol. 122 No.5 2016



		2016-06-16T15:49:35+0300
	Preflight Ticket Signature




