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Abstract. The aim of this paper is to study the SO(3,1) U(1) gauge minimally coupled charged
spinless field to a spherically symmetric curved space-time. The first order analytical approximation
solution for the system of Klein-Gordon-Maxwell-Einstein equations is derived. Using these
solutions, the electric current components and further the boson system electric charge are evaluated.
The chosen metric tensor is of a static conformal metric tensor type. The anterior results are
developed and new aspects are highlighted.
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1. INTRODUCTION

The study of boson stars (BS) can be traced back to the work of

Kaup [1] and Ruffini and Bonazzola [2] more than 30 years ago. They found
asymptotic solutions to the FEinstein-Klein-Gordon equations for spherical
symmetric equilibrium.

This result originates from the following specific feature of

boson stars: the boson star is protected from gravitational collapse by the
Heisenberg uncertainty principle, instead of the Pauli exclusion principle that
applies to fermionic stars.

Jetzer [3] and van der Bij extended the BS model to include the coupling with
U(1) gauge group macroscopic stable boson stars, since they have been considered
to provide a considerable fraction of the non-baryonic part of dark matter. These
configurations are “macroscopic quantum states” and are only prevented from
collapsing gravitationally by the Heisenberg uncertainty principle.

Boson stars in the presence of a dilaton or an axidilaton have also been
studied, as well as boson-fermion stars. All these models have demonstrated the
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same characteristic: new interactions tend to increase the critical values of the mass
and particle number, although the particular values are very model dependent. The
stability against perturbations around the equilibrium state has been discussed also
by a number of authors [2, 3, 4, 5].

2. KLEIN-GORDON-MAXWELL EQUATIONS
ON CURVED SPACE-TIME

For a curved space-time, the line element can be expressed using the metric
tensor g, as

ds? = GuydrtdxY
In this point, a pseudo-orthonormal tetradic frame {ea}a=1 , could be

introduced, with the correspondent metric tensor N’ of minkowskian kind
n® =diag[1 1 1 —1] (1)

In this configuration, considering a charged boson of mass m coupled to the
electromagnetic field, the system is described by the SO@3,1)xU(l) gauge
invariance Lagrangean density [3, 4 and 6]:

L=0"® D, + D+ FF,, )
where (.) =e,( ) and
O, =D, —ieA,®, and D, =], +ieA,D 3)
The Maxwell tensor
Fap = Apa = Agy “)

is expressed in the terms of the Levi-Civita covariant derivative of the four-

potential {Aa } ie.,

a=14"
Agp = Agp = AT ab ®)

a

where the Christoffel symbols are computed as

ey = g l(agda + 084p _ O8pa j ©6)

20 axt  ox? ot

For the scalar field, the Klein-Gordon equation can be derived using (2) by
varying with respect to different fields,
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O D - mdd =2ieA°D,, +*A°A,D @)

and it is Hermitic conjugated.
The Maxwell system equations can be written as

Fabye = —ien® [ ®(@y, —ieA,®)— (D, —ieAd,D)® | (8)
Building up the energy-momentum tensor

T, b~ (T):aq):b + CT):b(l):a + FachC _nabL (9)

a
the Einstein equation it can be derived
Gab = kTab (10)

The aim of this paper is to compute the first order equations system solutions
and using them to compute the electric charge of the boson system in a different
space-time type [3, 4, 5, 7].

2. FIELDS SYSTEM EQUATIONS
ON STATIC CONFORMAL SPACE-TIME

Let us consider a spherically symmetric configuration described by a static
conformal metric tensor type, expressed in Schwarzchild coordinates as

ds® = 2E ) q(r) 2 dr? +

- = (11
+e2(=) (72407 + r? sin(0) d? ) - X =) b(r)2 dr?

The pseudo-orthonormal tetradic frame {ea} with the corresponding dual

a=1,4
orthonormal base is

ol =eE*E)g(r)dr o? =& 2)rgo

) _ (12)
E2)gr)rsindde ot = EE)p(r)dt

® =e

The Christoffel symbols derived in this frame are

1 2 ___1 (=3
'y 't ra(r) e

1 __13 __ 1 —(Et+X)
I3 =-1I7; ra(r) €

Ty =T = b(dr) (=)
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b'(r)  (zi+3)
1 _14 _ 1+
[y =TTy = b(r)a(r)e (13)
l—*%3 — _1—*%3 —_ C(;‘;e e—(El+Z)
2 _r4 __E (E+3)
Ip=I% b( )6’
F4313 = F§3 = b( )e (HHZ)
where we used
db(r)

b'(r)=—7—

Further, the Einstein tensor G,, can be computed and the non-vanishing
components in this frame are

Gy = —%[a(ﬂ2 (b(r)2 +r282 ) —b(r)* - 2719'(")19(7)]
2(2r+%)
O =R >{500)]
=2(2t+X
Gy, = —W[a(r)3 rE2 —a(r)(b'(r)b(r) +rb(r)b"(r)) + (14)
+d/(r) (b(r? +rb(r)b (1))
Gy3 =Gy
72(El+2) — '
44 = rzz(r)w[a(r)3 (3r2:2 +b(r)? ) +b(r)? (2ra'(r) - a(r)):'

Working in the minimally symmetric ansatz A; =A(r,t), Ay =A4(r.1),
©® =®(r, 1), the single non-vanishing Maxwell tensor component is

Ry=-Fy= a(r)b( )[a(r)Alt —b'(r) A, —b(r)A,, +a(r)EA | (15

The Klein-Gordon equation (7) turns into

o 2AEHT) 2b(r)*  d'(r)b(r)?
a(r)*b(r)? {CD’{ r a(r) +b(r)b(r)j

—20 ,a(r)?E+b(r) D, —a(r)*® ,, |- my D = (16)

. (7 1 1
= Diee~(51+%) {%Alq{, —%A@J}Jrezq)[(fxl F-(a:) |

and it is Hermitic conjugated.
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The Maxwell system equations (8) can be written as

-2(Et+%) _ , _
—ae( b7 [2a(r)22A, , +a(r)b'(r)(-EA, — Ay, ) +
-2(Et+X)
+a(rb(r)(~8Ay, — Ay, ) |+ %(52 A+ AL, )= (17)

) e—(Et+2)

a(r)

(DD, - D, D) -2:2DDA,

and, respectively,

o 2(E1+) [_ a(r)'b'(r)b(r) _ a'(r) 2
a(r)?b(r)> a(r) A a(r) b Aar

+a(r)b'(r)(EA, + A, ) b(r) = b'(r)? A, —2%”(”% +

wLiGLG) '(rib W) Ay + bIB (A, +b(r) Ay, — 2—“(”’; (= Al} + (18

Ay, —a(r)b(r)ZA,, + b(r)b"(r)A4] -

. e—2(Et+2) 2b(r)2
a(ry* b(r)* r
—(Et+Z)
b(r)

—a(r)b(r)A,,, |=ie® (PD, - D, @) +262DDA,

The necessary Lorentz condition can be read as

2b(r)
r

o (E1+1)
a(r)b(r)

[b(r)ALr —3a(r)ZA, + A —a(Ay, +b'(NA =0 (19)

With these results, the Einstein equations explicitly become
¢ 2(ErT) 2 2, 2m2 2 '

——————| a(r)*|b(r)* +r°2°)—b(r)- —=2rb'(r)b(r) |=
a(r)zb(r)zrz[ (r)? (b(r) )= b(r) (r)b(r) | o

- K[((T);I(D;l + B, ) - midD —%(FM)Z}

and
_ﬂ 3,22 ! _ "
R B LAY T E? —an) (B )b(r) ~rb(r)b () +
+a'(r)(b(r)? + rb(r)b'(r))] = (21)

= —K|:(CT);1(D;1 — 6);4q);4 ) + m(%(i)q) _%(ﬁ4 )2j|

respectively,
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¢ A5 3 (2,22 2 2 (20
B [a(r) (3r Z2 +b(r) )+ b(r)* (2ra'(r)— a(r))] = )
= ‘{(E’;l@;l + 4Dy ) + MDD + %(Fizt )ZJ
where the energy-momentum tensor 7, has the explicit form
Ty, =-m3®d + 20D (A + A7) +
= A
—(:J+2) 1 4
+e [a(r)(CDCD -® cp)+b( )(CDCD -® cp)}
ve2EE)| L g o 4L DD, |+
ar)* " b(r)?
1 1 -2(= ’ —_ 2
Al 252 [a(r)Ay, = b'(r)Ay = b(r) Ay, +a(r)EA, |
Tyy2 = mj@® + 2 DD (A7 — A7) -
_,—(Er+%)
e [a(r)(d)Q -®,0)- b )(chD ) CD)}
(23)

e 2ED) 1 g o 1 13,0,
ar? " b(r)?

1 1 (2t : =A P
el 2= a(r) Ay, —b'(1)Ay = b(r)A, . +a(r)EA, |

I3 =Ty

Ty, = mi@® + DD (A7 + A )+

E3)| A (o
te(E [a(r)(cpcpJ D, D)+ b()(cpcp cbcb)}
2@ L o+ 50,

a(ry* " b(r)2

1 1 —2(Er+ ' =4, 1
e el COLTRLG U GYWERI G

Ty =(DyDy + D D, )= (55 %(5%—5, D)+ s — (DD, —d_)’,®)}+

o 2AE+E)

12> DDA A, + B0

[&) @, + q_p,,cp,,]
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To solve, we start with the physical assumptions that the feedback of gravity
can be neglected in the first order approximation [2, 4, 6, 7 and 8]. The equation
for potential ® (imposing Z=0, a(r)=b(r)=1 and X =0) can be written as [9]:

O, -2, -D, —m’D=0 (24)

ST r

and it is Hermitic conjugated.
The considered solutions have the spherical symmetric form

® :¥ei(mt—kr) and @ :¥e—i(mz—kr) (25)

Using the same conditions, from Maxwell equations one can read, from (11)
and (12)

2
1 2
A+ gAl,r - r_zAl — Ay, =—2ek % (26)
and, respectively,
2
24 4 o N
App +5 A4, — Ay y =2e0— (27)
r r
Considering the particular solutions
A, = ek|N[ (28)
from Maxwell equation (27) it can be found that
2
N
A4Ogt)zZemPVFlog(f;j+26kL7Lﬁ (29)
o

Introducing this first order perturbative solution in the Einstein equation, one
can read, in the hypothesis k=0, b=5b(r) and a=a(r):

R S 2102 _ B\ D _
a@ﬁb@ﬂrlDK” b(r)? = b(r)? = 2rb'(r)b(r) |
N2 N4 N* N* G0
= K|:r—4 +2m T +2e*m gy +4e’m} r—zlog(iﬂ
and
[a) (D' ()b + 1b(r)B(r)) = a' () (b()? =rb(r)b' () |
ra(r)? b(r)>? - a1

NP NI* NI*
=k {% - 2ezm02 % + 4ezm02 %log(%ﬂ

r
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respectively,
1 3 2 2 '
—— | a(r)’b(r)= + b(r)= (2ra’'(r)—a(r)) |=
r2a(r)3b(r)2[ () b(r)? +b(r)? (2rd(r) - a(r)) |
2 4 4 (32)
[NV 2 2 [N 2 2 [N r
=—k —r—4+2€ my r—2+4€ my r—210g g
A particular solution of this system equation can be read as:
E:(XCI, b(l’)=Cl
and
_u(r)
=)
where u(r) has the form
_ 2 2, 2| 7|4 2, 2| p]4 r
u(r) = Cyr? —4xe*my” |N|" —8ke?my” |N| log[r—j (33)
0
Using these results the electric charge [4, 7] can be computed:
0= jsav (34)
where
e ) [(&)cp ~® )+ 2ieb(r)e! = HDDA ] (35)
4 b(l’)2 N N 1

Considering the electric charge current component, the charge magnitude is
0=xe [N 1, (36)

where a set of integration limit was used in order to bypass the singularities

R
D1

I = !mw 37)

and
Py =8re|N[* mg (38)
. 8ice? |N|* mZ In(ry) — 1+ 4xe? |N[* m3 39)

8ke?|N |4 m}
Computing (37) we get

Iy =p (_iG(i\/_Pz + R))ef’z Jr+iG(iy[p, )er:
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where
A
2 2 2
G(x)=—==|eVdt=—| F(\)-F(0
) \/;_([e 4 \/E[() (0)]

where F(x)=erf(x). The magnitude /; admits a finite value for a R non-finite

limit in opposition with the anterior cases [4, 7 and 10].

These values for the electric charge current components are computed in
order to get a comparative expression of the previous results [4, 7 and 10]. The
obtained values and the asymptotic trend in the large distance domains could be
considered acceptable. Despite the MAPLE analytical software algorithm used in
getting these results [11], the magnitude for the boson system’s electric charge in
large space-time kinds, has to be evaluated numerically.
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