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in scalar-tensor theories

V. B. Bezerrat* C. N. Ferreird®'J. B. Fonseca-Netband A. A. R. Sobreira
Departamento de Bica, Universidade Federal da Patz, Caixa Postal 5008, 58059-970 n®essoa, Paraiba, Brazil
2Instituto de Fsica, Universidade Federal do Rio de Janeiro, Caixa Postal 68528, 21945-910 Rio de Janeiro, Rio de Janeiro, Brazil
3Grupo de Fsica Tenica JoseLeite Lopes, Pefoolis, Rio de Janeiro, Brazil
(Received 26 June 2003; revised manuscript received 17 September 2003; published 24 December 2003

In this paper we obtain a space-time generated by a timelike current-carrying superconducting screwed
cosmic string(TCSCS. This gravitational field is obtained in a modified scalar-tensor theory in the sense that
torsion is taken into account. We show that this solution is compatible with a torsion field generated by the
scalar field¢. The analysis of the gravitational effects of a TCSCS shows up that the torsion effects that appear
in the physical frame of Jordan-Fierz type can be described in a geometric form given by contorsion term plus
a symmetric part which contains the scalar gradient. As an important application of this solution, we consider
the linear perturbation method developed by Zel'dovich, investigate the accretion of cold dark matter due to the
formation of wakes when a TCSCS moves with speednd discuss the role played by torsion. Our results are
compared with those obtained for cosmic strings in the framework of scalar-tensor theories without taking
torsion into account.
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[. INTRODUCTION emission of radiation by a freely moving partid&4], the
existence of an electrostatic self-for€&5] on an electric
Scalar-tensor theories of gravity represent the simplestharged particle at rest, and the so-called gravitational
and most natural generalization of Einstein’s theory of genAharonov-Bohm effec{16], among others. Therefore, the
eral relativity. The earliest scalar-tensor theories considered ichness of effects produced by this defect as well as the new
massless scalar field with a constant coupling to méafter ideas this object brought to general relativity seems to justify
Later, scalar-tensor theories were generalized by having the interest in the study of this structure, and specifically the
scalar field self-interaction and dynamical coupling to mattempossible role played by it in the framework of cosmology
[2]. More recently, these theories have been generalized fudue to the fact that it carries a large energy density, espe-
ther to the case of multiple scalar fieldd. In these theories cially in the context of scalar-tensor theories of gravity due
[4,5], the gravitational interaction is mediated by one or sev-o their relevance at high energies in which scale topological
eral long range fields in addition to the usual tensor field ofdefects could be formed. In this context, some authors have
Einstein’s theory of general relativity. The principal conse-studied solutions for cosmic strings in Brans-Didke], in
qguence of these theories is the fact that at sufficiently higldilaton theory[18], and in situations with more general
energy scalef5—8] they can be relevant. If gravity is essen- scalar-tensor couplind49,20.
tially a scalar-tensor theory, there will be direct implications  Torsion fields play an important role in the geometry of a
for cosmology and experimental tests of the gravitationakosmic string whose presence could have influenced the for-
interaction[9—-11]. mation and evolution of structures in the Univefgd]. As
Thus, it seems natural to investigate a general theory oin example of effects produced by torsion we can mention
gravity which involves scalar-tensor fields, especially thoseéhe one which corresponds to the contribution to neutrino
aspects connected with the gravitational fields generated byscillations[22]. The fact that torsion could influence some
topological defects, such as cosmic strifd@g], and study physical phenomena led several authors to argue that torsion
their gravitational and cosmological consequences. Thenay have been an important element in the early universe,
gravitational field of a cosmic string, in the context of the when quantum effects of gravity were drastically important
theory of general relativity is quite remarkable: a particle[23,24] and for this reason have to be taken into account. In
placed at rest around a straight, infinite, static cosmic stringhe context of cosmology torsion is important and produces
will not be attracted to it, there is no local gravity. Its space-modifications of kinematic quantities, like shear, vorticity,
time is locally flat but not globally. Thus, the external gravi- acceleration and expansipn,25—29.
tational field due to a cosmic string may be approximately Taking into account the arguments concerning the impor-
described by what is commonly called conical geometry. Theance of torsion and that scalar-tensor theories of gravity
nontrivial topology of this space-time leads to a number ofcould be important at least at sufficiently high energy in
interesting effects, such as, gravitational lensfd§], the  which scenario topological defects, such as a cosmic string
could be formed, we investigated a modified scalar-tensor
theory of gravity in the sense that a torsion field is present
*Email address: valdir@fisica.ufpb.br [30,31]. Based on this modified scalar-tensor theory we de-
"Email address: crisnfer@cbpf.br termined the space-time generated by a screwed supercon-
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ducting bosonic cosmic string and studied some of its feathe cold dark matter by wakes when a TCSCS is moving.
tures. Thus, in order to study this phenomenon we will analyze the
Following this approach, in this paper we will determine formation and evolution of wakes in this space-time with
the space-time generated by a timelike current-carryingpecial emphasis to the role played by torsion in the process
screwed cosmic StrmgTCSCS and investigate some of its of formation of wakes. Also we will consider a possible ex-
physical consequences. In this background, an interesting aBlanation to the anisotropies of the CMBR, which will be
pect to consider are the anisotropies of the cosmic microdone by the analysis of perturbations in this background.
wave background radiatiofCMBR). These anisotropies This proplem is most conveniently studyled using the lllnear
were analyzed using numerical simulations of high resoluPerturbation methods developed by Zel'doviet0]. In this
tion which demonstrated the existence of scale densities arfPProach we consider the universe in the matter-dominated
revealed the presence of significant small-scale structure dif@t> teq With scale 1‘2actora(t)~t , and average density
strings or “wiggliness”[32—35. This substructure has im- 9\Ven by pa,=1/67Gt".
portant dynamical consequences and also causes loop forma- 1 NiS paper is organized as follows. In Sec. Il we present a
tion on scales much smaller than the horizon. These resul@hort description of scalar-tensor theories with torsion fields
suggest that long strings are more important than loops iWith a discussion of gepdesics based on energy conserv_ation
seeding density perturbatiofi36,37. and in terms of contorsion. In Sec. III_ we (_)btaln thg solut!on
The assumption that a string netwof&8,39 presents t_hat corresponds to a screw_ed cosmic string carrying a time-
wiggles, leads to the conclusion that wiggles cosmic string&ke current TCSCS by applying a method used by L{m]
accompanying strings with low velocities, present a signiﬁ-to solve the Imeanzed Einstein’s equations. In Sec. IV, we
cant peak in the CMBR and an enhancement in the matte?tufjy the scattering by a TCSCS, and in Sec. V, the
power spectrum. The scale of the wiggles is much smallef£€l'dovich approximation in a theory ywth torsion is intro-
than the characteristic length of the string. In fact it wasduced. In Sec. VI, we study the accretion of cold dark matter
argued that a distant observer will not be able to resolve th8Y Wakes. Finally, in Sec. VIl we provide some closing re-
details of the wiggly structure, and therefore, in this case it ignarks.
not possible to distinguish the wiggle cosmic string of those
generated in the presence of torsion. For this reason it is [l. SETTING UP SCALAR-TENSOR THEORIES
important to investigate with details this framework with tor- OF GRAVITY WITH TORSION
sion and its possible effects.

) ; . - In this section, we consider some basic features of scalar-
The interesting effect which can be studied is the accre- X . ; X . )
tensor theories of gravity with the inclusion of torsion. An

tion of the cold dark matter by wakes when the cosmic Strlnqmportant aspect to point out in these theories is the informa-

is moving in & space-time with torsion in the context of Ztion concerning the presence of torsion which comes out in
scalar-tensor theory. This effect was studied taking into ac; 9 P

. . L -~ _the geodesic equations written in the Jordan-Fierz frame. It is
count the string power spectrum obtained in simulations

. X L important to call attention to the fact that usually test par-
projecting this fqrward o the present day using linear theo%cles are affected by torsion if they are fermions. In our
of transfer functions for both cold and hot dark matter. Thlsmodel indeed, bosonic particles can also be affectéd by the
was an invaluable first step, but further developments arg ! ' ! . ;

) ' i : rsion background. This effect appear in the geodesic equa-
Er?]CeeSSZ?]rg bc()evc\:/egtrjsse ;(t::'rrsj?ns C:g&feggﬂ'?ﬁgrﬁbﬂ:tgs d:;c?ia j?gns which present contributions arising from torsion. If we
. P P pro\ P ponIy consider metric aspects, that is, if the metricity condi-
tion of non-Gaussian perturbations. Our work assumes th’?

same idea, but using torsion as an essential element. In t N V,9.5=0 is assu_med, we f|_nd that the connection of a
study of wiggles, the approach considered frequently is th lemann-Cartan manifold,, is given by
one proposed by Zel'dovich0]. Here, we will assume that
this is the correct mechanism to study wiggles also when
:arsmn Is present. This assumption is justified by the fact th‘”‘\?\/here{ﬁ‘v}JF is the usual Christoffel symbol evaluated in the

is mechanism considers nonlinear effects. We will deter- . ) ~ )
mine the time-dependent metric in linearized gravity for ar-Jordan-Fierz frame with metrig,,,. The contortion tensor
bitrary evolving string configurations. As we will see the useKx, reads
of the Zel'dovich approximation in this scenario induces per- .
turbations grown in a cold dark matter universe. In doing so, Kn = —2(8,,+S5,,“=5,,), 2.2
we postulate that the small-scale structures existing in
wiggles strings can be approximately scaled by the geometrivhere S, is the torsion. As torsion can also exist in the
cal deformation that torsion producga0]. absence of fermionic particlds], let us assume that the

In this work we study the implications on these phenom-dilaton can generate torsion which can be written, in terms of
ena when we have a TCSCS. Our purposes are to obtain ttilis field, as
gravitational field surrounding a TCSCS and study some of 5 o
its consequences, in particular, how the cosmological effects S, =(8)0,¢—5,0,4)12¢. 2.3
of long strings are affected by torsion and scalar fields as
compared with the corresponding results in general relativity. In this case the curvature tensor is defined as in a Rie-
One important effect which will be studied is the accretion ofmannian space, using however the connections defined on

L =0t K (2.1
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U,, instead of the Christoffel symbols. The action is the Therefore, we can calculate all quantities in the Einstein
same of the Refd8,5,30 and takes the form frame and reexpress all of them in the physical frame of
Jordan-Fierz type just by using the above conformal trans-
1 [ k() ~ - formation. . . .
IIEJ d4x\/—_g dR{ D) ——=—3d,P"¢ Now, let us analyze Eq(2.7) with the torsion written
¢ explicitly. To do this, it would be better to write E.7) as
~ a function of the contorsion. Thus, let us consider the Christ-
ln(9ur W), (2.4 offel symbols in the Jordan-Fierz frame as a sum of the
_ ~ _ Christoffel symbols in the Einstein fram{g/,}, the contor-
wherex(¢) = w(¢) — €, with w(¢) being a general function tion given by Eq.(2.2) and the dilatony, as
of the scalar field and is the torsion coupling constafs].

The scalar curvaturR({ }) is evaluated in the Jordan-Fierz P L, ) "
frame and the action corresponding to the matter fields is {aptor=tlagt +Kap)+ 2 (Gadppt Sgdad),
represented by (9., , V). (2.10

In the physical frame of Jordan-Fierz type, the equations i ) .
o~ where the contorsioK 4" can be written, explicitly, as
for the metric,g,,,, are ap

,U«—_a(d)) o4 ol 1224
K(aﬁ) - 2 (5aaﬁ¢+5ﬁaa¢_29aﬂg av(b)l

(2.1

and the dilatony is the solution of the equation of motion
If we consider that the action of matter does not have

- K(Eﬁ) ~ ~ 1. ~ B ~
G,,=—— &Mgzso?Vd)—EgWg dahdpgp | +87GT,,.

wy pE
(2.9

fermionic fields, we find from Bianchi identities that Ugp=—47Ga(9)T, (212
s = - where
3,(N=gT*") + N —g{4,} e T#"=0. (2.9
1
This result permits us to write the geodesic equations in Og¢= \/?gf?ﬂ[v—gk(@r?“d’] (2.13

terms of the connection only and therefore, the contortion

:%T; i?gs not appear. Then, in this case, the geodesic equ|zsi_the d’Alembertian in this background ard¢) is defined

as

d2x+ dx* dx?

—1_ 2
e K($)=1—2ea?(), (2.14

(2.7)
with e being the torsion coupling constant.

The important point to call attention here is the fact that

e symmetric part of the contorsion appears in the Christof-

| symbols in the Jordan-Fierz frame, which is the frame

This is the correct result corresponding to geodesic equay
tions in the cases where spin is not present. It is worth caIIinqe

attention to the fact that this rgsult does not means that tol; here the physical quantities are measurable. Notice that the
sion in our work does not contribute to geodesics. In fact, al

contributions arising from torsion, in the case where spin isorSIon effects are taken into account in E2.10 and this is

. . . . . "a peculiarity of the Jordan-Friez frame. As we will see in

not present, are coded in the metric written in Jordan-Fier s .

A . .~ Sec. IV, the expression for the Newtonian force on a test
frame and taking into account the contortion. The torsion__ . - .

- . . . . article put this point into evidence.

contribution to geodesic equations becomes evident if wé
write these equations as a function of the dilaton field. The
action proposed in Eq2.4), in Jordan-Fierz frame can be IIl. TIMELIKE CURRENT-CARRYING SCREWED
transformed to another frame called Einstein frame, using a COSMIC STRING IN SCALAR-TENSOR THEORIES

field dependent conformal transformatigv] given by In this section we will consider the appropriate action for

matter fieldd ,,, which can be used to obtain the solution of

9,,=A ()9, (2.8)  a timelike current-carrying screwed cosmic string in scalar-
tensor theories. The model which we will consider here has
and defining the quantitie&?(¢) and a?(¢) as been already discussed recenit80] in the magnetic case
(spacelike current In order to recall some features of this
GAX(p)= 1 model we will include a brief discussion in this section, with

the appropriate changes to be considered in the electric case.

Using the transformation given by E(R.9), we can ex-
press action(2.4) in the Einstein frame in the following
form:

N A(¢)

2
% ) =[2w($)+3] L. (2.9

az(cﬁ)f(
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1
I= 16’77'Gf d4X\/—_g[R({ })_ZK(¢)9MV5M¢(7V¢]
# | ¢/=OI- 312D, @(D )" 3D, 5(D"5)")]

1
T [(FuF  t H HE = APV OS], @D

whereD > =(d,+ieA,)% and D, »=(J,+iqB,)P are
the covariant derivatives, with, andB,, being the gauge
fields andd® and3 the scalar fields. The field strengths are
defined as usual a¥¢,,=d,A,—d,A, and H,,=4d,B,
—3d,B, . Note thatk(¢), already defined, contains informa-
tion coming from the scalar-tensor tera?(¢) and from the
torsion through the coupling constantin this work we will
consider high orders i&(¢), because we are interested in

PHYSICAL REVIEW D 68, 124020(2003

wherey, ¢, and 8 depend only on.

A straightforward calculation shows that the Einstein
equations appropriately modified to take into account contri-
butions coming from the scalar-tensor features and torsion,
can be written, in the Einstein frame as

RMVZZK(¢)a#¢aV¢+87TG(T}LV_%g}LVT)i (37)

GIU,V: ZK( ¢)0ﬂ¢aV¢_ K(¢)gﬂvgaﬁﬁa¢ﬁﬁ¢
+87GT,,. (3.8

Thus, the Einstein equations in the space-time given by
Eq. (3.6) reads

the torsion contribution at high-energy scales, when possibly B'=8mwGB(Ti+T)e2r ¥,

cosmic strings were formed.
The vortex configuration associated with the fields
(®,B,) is given by

D=p(r)e'’,
(3.2

1 0
B, =4 [P(N-15,

with (t,r,6,z) being the usual cylindrical coordinates with
r=0 and O<6<2w. The fields¢(r) and P(r) obey the
same boundary conditions as the ordinary cosmic string
[42], namely, ¢(r)=»% and P(r)=0 outside the string and
¢(r)=0 andP(r)=1 in the core. The electromagnetic prop-
erties are represented by the fields A ,) with the configu-
rations

S =0(r)e¢@y, (3.3
1 aL(z,t)
Au=g Alr)— gf; }5;.
(3.4

In the string core, thed field acquires an expectation

value and is responsible for the timelike current carried by

(BY')' =87GB(T;+Tge2r=¥), (3.9
(BY') =4nGR(Ti+ T+ TH—THe?(r= ¥,

The equation describing the scalar field in this back-
ground, is given by

s [(Br($)d')] =4mGBTa($)e?" M. (3.10

In order to solve Eq93.9) and(3.10), let us write explic-
itly the components of the energy-momentum tensor in this
case, which are given as

24

1 e
T:: _ EA2(¢) e2(«//—7)(¢/2+0,/2)_|_ ?¢2P2

Al?
+e2“’02At2+A2(¢>)e27( k )
4re?

the gauge fieldA, which does not vanishes outside the g2y [ pr2
string. The potentialV(¢,o) triggering the spontaneous +ATA(p)—; ( 2)+2A2(¢)V(¢,0) ,
symmetry breaking can be written in the most general case as B q
) (3.11
—_ )\9" 2 2\2 f 2 .2 g 4 My 2
Vig,0)= 4 ("= n) "+ o9 0"+ o' —— 0%,

(3.9

1 e?
T=- §A2(¢) 2V N(¢p' 2+ 0?)+ —wcﬁzpz

where\ , \,, f ., andm, are coupling constants. Consid- B
ering the analogy with the ordinary cosmic string case, this INE:
potential possesses all the ingredients necessary to drive the _e2w02At2_A2(¢)e27( t )
formation of a screwed cosmic string with a timelike current. 47re?

Now, let us consider a cosmic string in a cylindrical co-

ordinate system, in which situation we can write the metric

for the electric case in the Einstein frame[48,44]

d?=e20~9(dr2+d2) + B2e~2/d >— e?/dt?, (3.6)

+A7%(¢)

e22y-7 [ pr2
Ve ( 4qu)+2A2(¢)V(¢"’) ,

(3.12
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e?V
T 2p2
ﬂ2¢P

A2
t
we?

4

T %AZ(@[ D¢+ 07?)

+e—2%2A$—A—2(¢)e—27(

) e2(21//y)( PrZ ) )
A~ —2A3(p)\V(,0) ¢,
+AT(P) 7\ ame? (p)V(¢,0)
(3.13
0_ 1 2 2(p—y)( 412 12 e? 2p2
To=—5A%d) e (¢'“+0o )—?qﬁ P
Al?
+e 2o’ A= A" (p)e ¥ — )
4qre?
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where B and m are integration constants. If we use Brans-
Dicke theory to estimate the order of magnitude of the cor-
rection induced by~ 1(#)\, considering particular values

of the parametew consistent with solar system experiments
made by very large baseline interferomefdb], we con-
clude that the external solution in this theory for those values
of w is the same as in the case of the superconducting cosmic
string in scalar-tensor theofg0]. Thus, we will assume that
the metric function(r) has the same form obtained in the
case without torsiofi20], and then, it can be written as

n
)

(1+p)
lﬂ(r): (

(3.18

r 2n '
+p

o

where now the parametaris such that the following relation
holds: n?= k" 1(¢)\?+m?, which is the same result ob-

22— [ pr2 tained in[30].
—A"2(¢) 5 S| F2A%(P)V(p,0) . Therefore, the external metric for the TCSCS takes the
B 4mq form
(3'14> r -2n r 2m?
| _ 2 _ 2 2,24 p2

Note that in the present case of a timelike current,The dsz—(ro) WH(r) (fo) (dr?+dz)+B?r’dg
and TZ components have different sign in the electromag-
netic part as compared to the spacelike cg&@. In this r\ 1 42 31
situation, because only the temporal component of the elec- B a WA(r) t, 3.19

tromagnetic field is different from zero, the electric charge in
the core of the string does not vanish. In next sections Wgyith wi(r)=[(r/r,)2"+ p]/[1+ p]. In order to get all infor-
will investigate the consequences of this fact, in the frame;ation concerning the current in the core of the string we

work of the weak field approximation.

will use the weak field approximatioffor details of this

Now, we solve the previous set of equations given by Eqprocedure see Ref20]), in which case we can write the

(3.9), in the region outside the TCSCS, that is, fgy<r
=, wherer is the radius of the string. In this region, the

contribution to the energy-momentum tensor of the string

following relations:

g/.LV: 77,uv+ hp,v*

reads
" s A(P)=A(po)+A'(bo) by,
TI__Ee*Z’y At 2—16727 At (3.2@
b2 4re? 22 4me?)’ T =T©urt T@yuv
(3.15 B
1 A2 1 A2 b= dot+ d(1),
T=—Zg2 t Ti=—e 2y | ) )
' 2 ane?)’ ! 4re? where A’ (o) =A(bo)al(do), 7,,=diag(—,+,+,+) is

If we consider the asymptotic conditions, we can con-

clude that only the fieldA, does not vanish outside the
string. In this case, the external solutions of KE8.9) are
formally the same of the scalar-tensor thef29], but the¢
solution is different and comes from the equation

r—,.—1 E
B'=rkHP) - (316

The solutions forB(r) and y(r) are the same obtained
recently[20] and are written as
(3.17

B=Br, y=m?Inr/r,,

the Minskowski metric tensor, and, is a constant.

In this case, the energy-momentum tensor of the string
sourceT g, (in Cartesian coordinatgsas the following
components:

r 2
In—| ,
)

Q2 r 2
T(0yzz= — 78(X) 8(y) + EVZ( lnﬁ ,

Q2
Ty =U d(x) a(y) + EV2<

(3.2

QZ
Tioyj =~ Q%8 8(X) 8(y)+ 5 —aidjIn(r/ro),

124020-5
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where the energy per unit length and the tension per unit

~ p

length 7, are given, respectively, by b1y=2Gok () a(po)(U+ 7+ Q2)|HG- (3.29

U= _ZWJ'rOT EO)‘ rdr (3.22 Taking into account the linearized forms of the exterior

0 and interior metrics, we obtain
and m?=454Q?,
2 f T2 1 (3.23 %
=— Lrdr, . ~
T o B2=1-8G, 7—7),

and the charge in the core is given by 5
r A =2Goa( o) (U+7+Q?).
0
Q= —Zwefo rdr o®A,. (3.249 Finally, if we rewrite Eq.(3.26) in terms of the new co-
ordinatep and use the result given by E@®.29, the metric
Now, let us find the matching conditions connecting thefor a TCSCS, in the Einstein frame, can be written as
internal and external solutions. For this purpose, we shall use
the linearized Einstein-Cartan equation in order to find thedszz
internal solution. These equations are given by

[1—460 Q2 |n2rﬁ+(u— T+Q2)|nrﬁ ](dp2+d22)
0 0

]dt2
2

1- 8(”30< — %) ~4Gy(U- - Q)=
0

V?h,,=—167G(T ()= 390y T(0).  (3.29

1+4(~30[Q2 22+ u- -2’
At this point let us use a method applied by Lifiéf] to fo fo
solve the linearized Einstein’s equations using distribution
functions. Doing this, we find that the internal solution of Eq. +p?
(3.25 with time-independent source is given by

de?. (3.30

hy=—4Ge[ QX{IN(r/ro)}*+(U—r—=Q?)In(r/ry)], —4(~30Q2In2rﬂo

h,,= —4Go[ Q¥{In(r/r)}?+(U—7+Q3)In(r/rg)], Now, if we return to the Jordan-Fierz frame, the deficit
(3.26 angle associated with this space-time can be written in the

~ linearized approximation as
hij=2Go[Q?r?d;9;—28;;(U+7—Q?)In(r/rg)].

. . . . =47Go(U+7—2Q?). .
It is worth calling attention to the fact that torsion does AG=4mGo(Ut7-2Q7 3.30

not appear explicitly in the components of the metric. This is  This means that in this order of approximation there is no
a consequence of the linearized approximation indtfeeld.  contribution arising from torsion. In fact, the contribution to
In this case, we can find the matching conditions using thghe metric due to torsion in the Jordan-Fierz frame appears in
fact  that [{ﬁy}]fir)[):[{zy}]f;)o and given by the dilaton solution given by Eq(3.29, but it is not pre-
[gaPK(#V)p]E;) :[gaPK(MV)p]Eir) , for contorsion [46,47]  Served in the linearized expression given by E3q3]),_ for
0 0 the deficit angle. The reason for this absence of torsion in the
deficit angle is that the contribution arising from torsion

comes out only in second order @, and therefore it does

not appear in the linearized solution we have considered.

[gw](j) :[gw](j) ' This result corresponds to the same one obtained in the time-
=lo =fo like case of pure scalar-tensor theories of graj§].

where (=) represents the internal region and X corre-
sponds to the external region aroundr . Then the conti-
nuity conditions are

- (3.27)

(+)
0gﬂV

Ix*

ag#v
X«

IV. PARTICLE DEFLECTION NEAR A TCSCS

=1y In the previous section we concluded that torsion does not
i ) ] ~contribute to the deficit angle, but some new physical effects
Now, let us find the solution of the equation for the field 3ppear associated with torsion in such a way that it plays a

0

¢. Itis given by role as we shall see in what follows. In this section we study
= the geodesic equation in the space-time under consideration.
Ogdy=—47k "Goa(dh)T(q), (328 To do this, we have to work with the metric given by Eq.

L 2 . (3.30 which was written in the Jordan-Fierz frame. For this
WhereT(o)'— (U+7+Q%8(x)ély) - Then, the solution of o can yse the Christoffel symbols in Jordan-Fierz frame as
Eq. (3.28 in terms of the new coordinatg=r[1+Go(47  in Eq.(2.10. In this frame, theét component of Eq(2.10 is
—Q?) —4Gy7In(r/rg)+2G,QAn?(r/ry)], is given by given by

124020-6



GRAVITATIONAL FIELD AROUND ATIMELIK E.. .. PHYSICAL REVIEW D 68, 124020 (2003

{it}JF:{it}JFK(n)i ) (4.1 and as a consequence, the torsion contribution to the force
reads
Let us consider the effect of the torsion on an uncharged
particle moving around the defect, assuming that the particle 2m. 5 ,
has a speefb|<1. In this case the geodesic equations be- f.. .= —Gok (d)a(¢d)(U+7+Q%). (4.8
come P
d2xi Therefore, the total force on a test particle due to a
_2+{tit}JF:0, (4.2) TCSCS can be written as
dt
wherei is the spatial coordinate index. We note here that the f=— 4Gom Q2 (U-17 —1+2In(plry)
symmetric part of the dilaton gradient does not appear be- p Q?
cause the dilaton has no dependence on time. In the present
case, in the linearized approximation, the Christoffel sym- PP of . (Ut7)
bols in the Einstein frame are given by oK (P)a(do)Q7| 1+ oz || (4.9
: 1. ) ) )
{i=— Ealh“’ 4.3 In what follows, let us consider the deflection of particles

moving past the string. Assuming for simplicity that the di-
rection of propagation is perpendicular to the string, we can

with g = —1+hy.. According to the previous section, inthe | . ."p o metric, in terms of Minkowskian coordinates, as
context of Einstein gravity the componemt reads
2 —_ T 2 2 2
~ ds?=(1—hy)[—dt?+dx2+dy?], 4.1
htt=—4Go((U—T—Q2)In rﬁ +Q2|n(rﬁ } (4.9 (=l ¥l 419
0 0

_ _ _wherehy, is given by
In order to make our analysis more simple, let us consider

this approach in the framework of Einstein gravity. In this

2. -1
case, it is necessary to compute the symmetric part of thep — —460(Q2 In(ﬂ +U-7—Q2%+ LW)(UM
contortion(2.11), which is given by o 2
C_ 9 , +Q?) In(ﬂ). (4.1
K(tt): - ﬁ”a(d’o)(ﬁ(l) lo

1. Note that in this case, we can conclude that there is a
=2-Gox Hp)a?(po)(U+7+Q?, (45  change in the geodesics due to the presence of the contortion
P (4.6). In order to investigate the formation of a wake moving
behind a TCSCS, we will first consider the rest frame of the

string with a velocityv in the x direction. Thus, in this situ-
ation, the geodesic equatiof®.6) can be written in the lin-

and the geodesic equations can be written as

d2x’ . . : \
_dt2 — E(glhtt+ K('m:o, (4.6)  earized version as
v— _ _v2_ 2 2
whereh;; does not contain a contribution arising from tor- 2x==(1=x"=y9) oy +(1=y ) a(¢o)dxdq) ’(4 12

sion as we can see from E@.4). We can see that this

expression is compatible with the Christoffel symbols in

Jordan-Fierz frame calculated with the general f@@r0. 2y=—(1-x2=y?)ayhy+(1—x®) a( do)dy b1y,
Then, in this framework the contribution arising from torsion

is contained entirely in the symmetric part of the contorsion

K (w given by Eq.(4.5), evaluated in the Jordan-Fierz frame. whereh,, is given by Eq.(4.4) and the overdot denotes de-
This form of the geodesic equations is more suitable to amjvative with respect td. Now, let us concentrate our atten-
analysis of the new contribution arising from the dilaton-tjon on the last terms of Eq#4.12 and(4.13 due to the fact
torsion aspects. that they contain information concerning the roles of the sca-
Taking into account previous considerations we can contar field and torsion. For our analysis it is enough to consid-
clude that the gravitational acceleration induced by the Strin%ronly terms of first order i, in which case4.13 can be

around it, is given by integrated over the unperturbed trajectaryvt, y=y,. Do-
= ) 5 ing this procedure and going to the frame in which the string
a=vh _ZGOK (¢)a“(po)(U+7+Q%) 4.7 has a velocityv, we find that particles entering the wake
t p ’ ' have a transverse velocity given by
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~ 1
477G0[ Q? In(% +U—-71-Q%*+ Ea2,<—1(¢)(u +7+Q?)
vi=4mGy(U+7—2Q%)vy+ oy (4.14
|
This result tell us that the first term contains the usual d2r R
contribution of the deficit angle to the velocity of the par- —= VA, (5.3
ticles. The second term contains the contributions arising dt

from torsion and electromagnetic field. A quick glance at this i e

equation allows us to understand the essential role played BQ//here the gravitational potential is given by

torsion m_the context of th(_a present fo_rmahsm. For ex.ample, A=Acpm+ Arescs (5.4)

if torsion is present, even in the case in which the string has

no current, an attractive gravitational force comes out. In thevith A -p,, being the gravitational potential due to the cold

context of the TCSCS, torsion enhances the force that a teglark matter. In this work we will consider that the presence

particle feels outside the string. This peculiar fact may havef the cold dark matter does not affect the cosmic string

meaningful astrophysical as well as cosmological implica-configuration, but on the other hand, the cosmic string per-

tions, as for example, contributing to the process of formaturbes the dark matter trajectories. In this case, the cosmic

tion of structures. string gravitational potential\tcgcscan be written as a
function of the linearized cosmic string metric given by

( p ’kH(¢)
In| — _—
o

2
p
o .

V. ZEL'DOVICH APPROXIMATION IN TORSION

SPACE-TIME ATcscf_ZEO[ Q? +U-7-Q%+ (U

In this section we study the linear perturbation method
developed by_ZeI’dO\_/icr[40] anq apply it to the case of a +7+Q?)
space-time with torsion. We will assume that dark matter
particles interact very weakly, so that all forces on the par- d theref h . . f th Id dark
ticles of nongravitational origin can be ignored. In the CaseanI therefore, tbedtrbajeztor_lreés%st e cold dark matter par-
of the ordinary cosmic strings this approach has been testelf ei are pe'rtu.r € | y the il spa.ci.-tlmek.] :
against exact solution arid-body simulations with satisfac- T € gravitational potential\(x,t) satisfies the Poisson
tory results|49]. An important advantage of the Zel'dovich €duation
approach is the fact that it can be used in the case where the V2A = 47G(p+ 56
evolution is strongly nonlinear. In this paper we consider a r mG(pFprescd, 66
linear evolution. We analyze the perturbation in the darkyherep is the cold dark matter density angcscsis the

matter background when the cosmic string is formed considperturbation due to the string. Mass conservation implies that
ering an unperturbed universe. We also investigate the accre-

In

tion of cold dark matter by straight strings in a universe in R pan(Dad(t)
the matter-dominated er&>t.,, with scale factora(t) p(rit)y=—————. (5.7
~t?B3, and average density given by |detar/ox)|
Using Egs.(5.2) and(4.6), thus we obtain
1 -
Pav= : (5.9 ar R
' 6mGt? ?za(t)[lJrVX-\If(x,t)], (5.8
X

Let us write the trajectories of a cold dark matter particleand then, in the approximation we are considering, we get
as

p(r, 1) =pay (D[ 1=V, W(X,1)). (5.9

rix,=a([x+¥(x], (5.2 From Eq.(5.2) for the trajectories of cold dark matter
particles, we can obtain the relations

wherex is the unperturbed comoving position of a particle - .- .
andV¥ is the comoving displacement measured from the po- r=a¥v+2av+av. (5.10
sition of the particle.

Now, let us analyze the equation of motion for this par-
ticle in the presence of torsion. We find a Newton's-like

. . . . . . 4 . 2 Uy

equation in Cartesian coordinates in the background corre- Pt —Pe —P=——L (5.11)
sponding to the metri¢4.10, which reads as 3t 3t? a®

Now, consider the fact that~t%3. Thus, we have
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In order to solve Eq(5.11), let us consider an idealized 4. 2 u
situation in which the cosmic string is formed in the tite VUt —P— —P=——"L (6.2
. e . . 3t 3t2 a3
>tqq, IN an initially unperturbed universe. The perturbation

eq:
caused by the cosmic string in the timet; can be found by _ _ _ o _ _
solving Eg.(5.12) with the following initial conditions: whereu, is the linearized contribution coming from the di-
laton torsion in the background under consideration and is
v LN given by
T (x,t;)=P(x,t;)=0. (5.12
~ -1 2 2
The solution of Eq.(5.11), with the initial conditions u _2mGok 'a®(¢o)(U+71+Q7 6.2
given above, can be written as P vy ' '
- 2t 3t (213) In this case, differently from the last section, the wakes
YxH=3v{l-g1- 5 t , (5.13  pegin to move with a velocity due to the perturbation, with

magnitude given by Eq(6.2). We will consider that the
wakes have a dissipation only induced by torsion effects in

with v, given by Eq'(4'1.4)' Th|s result ShOW.S the !nflugnce the geodesic equation and that the appropriate initial condi-
of the parameters contained in the expressiorvfagiven in tions are

Eq. (4.14), which determines the TCSCS space-time. It rep-

resents the time-dependent accretion of the cold dark matter )

by a TCSCS. As we saw in the last section the transversal W(t)=0, W(t)=—uvy, (6.3

velocity of the accretion by wake, , depends on the gravi-

tational effects arising from torsion. We can identify torsionwherev, contains the contribution of the torsion. The solu-

through the presence of the parameidip). Using Eq. tion in a time immediately aftet;, where the torsion effects

(2.14 we conclude that this contribution is given laf(1 are present, is given by

—2ea®) U+ 7+Q?/vy], and therefore it enhances the

attraction between the cold dark matter particles in the wake 3 1 t; 3( 2 . )( t )2’3}
—=|Up Ul

and introduces new parameters that can be adjusted by simu¥ (x,1)= 2 Up— g(up_vtti)? 5|°P 3 t;

3
lation in order to describe the observational spectrum. This 6.4
contribution comes in the contortion part given by E45). 6.4
The factore, in the second term, contains torsion signature, Note that, whert>t;, the torsion perturbation,, can be
which we are considering as an arbitrary parameter. Nowgqeglected. In this situation, there is a contribution coming

days, this parameter is taken to be very small, but in cosmigom the torsion contained i, , which is small, but does not
string scale formation or in high-energy scal&§], torsion  yanish nowadays. Thus, taking into account this fact, Eq.
effects probably give us an interesting contribution. In the(6_4) turns into
Tl 6.5
I

case wheres can be neglected, the effect of torsion is to

enhance dilaton effect. Then, torsion effects are important 3

and if analyzed wheri~t;, it may be relevant and thus, W (x,t)==v,

cannot be neglected. As we are working in the linearized St ti

approximation, the results obtained give us only an approxi-

mate idea of the effects of torsion. The turn around surfaces, where particles stop expanding
It is worth calling attention to the fact that in the presentwith the Hubble flow in the x direction and begin falling

case, the time-dependent solution has the same form of thgack towards the wake, can be found from the conditipn

ordinary cosmic string, but the accretion velocity has an in-=0 or, equivalently, fronx+2W¥(x,t)=0. This yields

teresting dependence on the dilaton solution that contains the

current-carrying and torsion terms. u, 1(up t 3fu, 2 \[t\*®

o 5( i) 5(vt 3t‘>(ti) '

VI. WAKE EVOLUTION IN A BACKGROUND (6.6)
WITH TORSION

In this section we study the formation of sheetlike wakes The wake thicknessi(t) and the surface mass density

when a TCSCS moves fastly. In the previous section wea(t) of the wake are given, respectively, by
Up 1<up t)ti 3(up 2 )
el Tl R

investigated the effect of cosmic string formation in the cold

dark matter universe, considering an unperturbed universed(t)ZZX(t)(_ t
Now, we will make a quantitative description of accretion t; vy 3
onto wakes using the Zel'dovich approximation developed in o3 203

last section, but now considering the presence of torsion and X(i) Ki) (6.7)
assuming that in the linearized solution, torsion has some t t

contribution. To investigate this problem, we have to solve

the following differential equation: and

2/3
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o(t)=pd(t)=~ and eventually becomes negative so that the corresponding
state is absolutely unstable against the transverse perturba-
)23 tions and should go into a stable state. Therefore, the gravi-
—) (6.8 tational effects of such strings are indeed limited even at

classical level.

We investigated the wake evolution in a background With,[i cllans t(Zi Cshpe;(;e ;Lrgteosse;iﬁrifdd:f)ll eiterC ﬁ)?in n;r;\]z?aezs par

. . — = 2 . . . -
torsion usingp(t) = 1/6wGyt“. This is the same expression —47Gy(U+ 7—2Q%). From the observational point of

as in the case of the flat universe, and constitutes a reason-_ = . ) . L . .
able approximation in the case of a linearized solution in//ew, It would be impossible to distinguish a screwed string

terms of torsion in the matter-dominated era with the WakeImm its general relativity partner, just by considering effects
formed att,~t.,. The most important new feature of the based on deflection of light, as for instance, double image
i eq- . . . .

results here presented is to consider the wake in a bacigffect. On the other hand, trajectories of massive particles
ground with torsion. will be affected by torsion coupling, which is generated by a

In the wake evolution case the contribution of the back-sPace-time with torsiof51,52. o
ground to the wake vanishes and the dilaton-torsion contri- We have shown that wakes produced by the string in one
bution only appears in the transversal velocity of the accreHubble time can have important effects due to torsion. If the
tion v,. In the case where the torsion parametds small,  string is moving with normal velocity through matter, a
this contribution can be neglected as compared with the eledransversal velocity appears. It is worth calling attention to
tromagnetic effects and the only effect of the torsion is tothe fact that there exists, in this case, a new contribution to
amplify the dilaton interactions. But if we analyze the resultthe transversal velocity given by,=2wGox~La?( ) (U
whent~t;, we conclude that the terms which contain con- 1 - 32)/y y, which is associated with aspects of the scalar-
tributions arising from torsion can be relevant and &®a-  {cnsor theories which includes torsion.

rameter can be adjusted in order to correspond to the early \we also have shown that the propagation of photons is

era. In this scenario, torsion could dominate the accretion of, | ~facted by a TCSCS and it is only affected by the angular
matter. Other interesting analyses can be done when the el

N€ El€&aficit. This result shows us that the effect of torsion on

string tension: ad) increases, the tension decreases to zero,
Uy 1<up )ti 3(&_&) g
|

2/3

t; t;

is due only to dilaton-torsion effects, in which cagé¢x,t) is
given by W(x,t) = Zu,[t?/t—t;(t/t;)*3]. In this scenario, at
high-energy scale, these effects can be measuf&ble in
principle.

radiation. This aspect becomes especially relevant when cal-
culating CMBR anisotropy and the power spectrum as wig-
gly cosmic strings.

The investigations concerning the formation and evolu-
tion of wakes in the space-time of TCSCS shows that there is
VIl. CONCLUSION an effect arising from torsion on the process of wakes for-

We have obtained the solution that corresponds to a time'ation- Using the Zel'dovich approximation we analyzed the
like current-carrying screwed cosmic stringrCSCS. linear perturpatlons_ in this space-time. Thg acc_retlc_)n of cc_)ld
Screwed cosmic strings are stable topological defects and h48"k matter in the isolated strength cosmic string is studied
been obtained in the framework of a general scalar-tens@nd the effect of torsion was pointed out. Assuming the va-
theory including torsion. In the model in which spin van- lidity of the linear perturbation methods developed by
ishes, torsion is a'b gradient and propaga’[es outside theZEl'dOViCh in this baCkgrOUnd and that dark matter partides
string. In fact, torsion is small but gives a non-negligible interact very weakly, in such a way that all forces different
contribution to the geodesic equations obtained from thdrom the gravitational one can be ignored, it was shown that
contortion term and from the scalar fields. The motivation tothe accretion of matter by wakes formation when a TCSCS
consider this scenario comes from the fact that scalar-tensonoves with speed depends on the features of the scalar
gravitational fields are important for a consistent descriptiorfield and torsion.
of gravity, at least at sufficiently high energy scales. On the Therefore, assuming that torsion have had a physically
other hand, torsion can induces some physical effects anelevant role during the early stages of the Universe’s evolu-
could be important at some energy scale, as for example, ition, we can say that torsion fields may be potential sources
the low-energy limit of a string theory. of dynamical stresses which, when coupled to other funda-

The analysis of the metric and contortion help us to un-mental fields(i.e., the gravitational and scalar fieJdsnight
derstand the consequences of the gravitational interactiomave performed an important action during the phase transi-
due to a TCSCS at a cosmological level. One important contions leading to formation of topological defects such as the
sequence is related with the gravitational field surrounding &CSCS we have considered. Therefore, it seems an impor-
TCSCS, which is divergent for the state parameter approachant issue to investigate basic models and scenarios involving
ing the mass of the current carrier, and thus the gravitationatosmic defects within the context of scalar-tensor theories
effects seem unbounded. However, it is important to call atwith torsion and one of the reasons for this is the fact that
tention to the fact that this divergence is strongly connectedorsion would be relevant ib~t;, that is, in the early stages
with another divergence, namely, that is associated with thef our Universe.
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