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Abstract

The electromagnetic field equation for a fixed charged point is con-
sidered in LTB space time. The electromagnetic spin 1 spinor field
equation is studied by assuming a spherically symmetric current source.
A solution is obtained by using the Newman Penrose formalism together
with a suitable angular factorization assumption of the spinor field. The
result is translated into the the coordinate formalism. Accordingly one
obtains qualitatively expected results for both electromagnetic field and
potential that reduce to the standard ones in Minkowski space time.
Consistency of the integration procedure requires a constraint on one of
the metric tensor coefficients. The condition is satisfied for a still wide
subclass of LTB cosmological models. In the Robertson-Walker met-
ric the constraint condition is automatically satisfied and the results
essentially agree with existing ones.
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1 Introduction

The cosmological observation of the spectrum of Hydrogen atom is of interest.
It furnishes information about Hydrogen distribution in the Universe. Devi-
ations of the observed spectrum from the canonical one also give information
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about gravity in the region of the emitting source and its velocity and finally
on the Universe expansion.

From an elementary theoretical point of view, previsions can be done by
studying the Dirac equation with Coulomb potential in a general curved space-
time. It is therefore of interest the expression of the Coulomb potential entering
the Dirac equation. Such expression can be derived by a perturbative study in
general space time (e. g., [8, 9]) as well as by a direct evaluation from Maxwell
equations in explicit space time models. (For solutions in RW space one can
see e. g.,[2, 7]; in Anti deSitter space time see e. g., [5]).

In the present paper attention is towards the calculation of Coulomb field
and potential in a general spherically symmetric co-moving space time, a con-
text where, as far as the author knows, the problem has not explicitly con-
sidered in the literature. To that end the preliminary assumption is the def-
inition of a current vector associated to a fixed charged point. To determine
the Coulomb potential it seems better to deal with first order equation and
to determine the electromagnetic field. Accordingly one has to solve a spin 1
spinor filed equation with the electromagnetic current as a source. The equa-
tion is formulated by the Newman Penrose formalism based on a previously
considered null tetrad frame. The solution, that is determined by a suitable
coordinate dependence assumption of the spinor field, is translated into the co-
ordinate formalism. The electromagnetic tensor and the four potential vector
are then determined.

The procedure applied to obtain the results requires a consistency condition
that is not fulfilled by a general LTB metric tensor. Moreover the vector
potential does not in general verify the Lorentz condition. Both conditions are
however satisfied in a general RW space time and in a still wide class of LTB
cosmological models of physical interest. Once specialized to the Minkowski
space time the results agree with well known physical laws. When specialized
to the RW space time they are similar, but not completely identical to existing
results (e. g., [7, 2, 3]) that, however, are not all identical among themselves.

2 Definitions and Assumptions

The study is developed within a general spherically symmetric co-moving space
time whose metric tensor g, (here called LTB metric) is defined by [4]:

ds* = gudatde” = dt* — " "Dar? — Y2 (r,t) (d92 + sin 02dgp2) (1)

In the calculation, the Newmn Penrose [6] formalism is adopted based on the
previously defined null tetrad frame {I*, n’, m’, m*'} [12]:

I'=—(1,¢7172,0,0), nt =

7% (1,—e"172,0,0), (2)
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‘ 1 . 1
mt = m(070, 1,iCSCO), m* = m(oa 07 17 —iCSC@) (3)

whose corresponding non null spin coefficients are:

1. 1.
p= —Y—ﬁ(Y +Y'e ), = iyﬂ(y —Y'e 2, (5)
1 1

— - 00 S 6
§=—a= ot c=—1=17 (6)

As usual the directional derivatives will be denoted by D = 1!9;, A = n'd;, § =
In the following we are concerned with the determination of the electro-
magnetic field of a point of charge e, located in the origin of coordinates.

Correspondingly, the associated conserved current vector is assumed to be
[11]:

" = (e,g~785(x),0,0,0) (7)

g the determinant of the metric tensor g,,,. On account of spherical space time
symmetry, it is possible to define

JH = /deﬂ = (606;2/25(7"), 0,0,0) (8)

that is conserved, V,J# = 0. J* will be assumed as the electromagnetic current
vector relative to the charge e,. The current spinor J44s corresponding to J#
is then

. Jo {10 e
JAA/—JAA,JQ—2()<O 1); J():@ov(s(r) (9)

where the spin matrices 0 4, readily follows from egs. (2), (3). (e. g., [10, 1]).

3 Coulomb electromagnetic spinor field

It is better to first solve the equation for the electromagnetic tensor field. To
that end the Newman Penrose formalism is adopted. The equation to solve is
then (e. g., [10]):

Veada” =21 Jan (10)
oap = ¢pa the electromagnetic spinor field, J44/ the spinor current (9). By

making explicit the covariant spinor derivatives in terms of directional deriva-
tives and spin coefficients according to the assumptions of the previous Section,
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the equation (10) gives:

(D =2p)1 = (07 = 2a)¢ = —eo=5—0(r) (11)

(D —p+2€)p2 = "¢y (12)

(A4 p—27)po = 5 (13)
o-T/2

(6 +2B)p2 — (A +2u)p1 = —€ov o(r) (14)

It has been set ¢o0 = @0, P11 = P2, Po1 = P10 = P1.
One can try to separate the ¢ dependence in the form ¢y (t,r,0,¢) =

or(t,r, 0) exp(imyp), mpy € R, k = 0,1,2. However, from (9)-(12), this is
possible only for my = 0. Therefore we look for solution ¢ independent and of
the form

¢k = ¢k(t7 T)Sk(9>7 k= 07 L, 2 (15)
S1(0) = const. =1 (16)
Po = P2 (17)

Accordingly one has that §*¢; = 11057 = 0 while ¢g = ¢» satisfy the equations:
(D —p+2€)ih =0, (A+p—29)1o =0 (18)

From the very definition of D, A, p, u, €, by summing and subtracting the
equations (18) one if left, respectively, with the equations (X = 9,X, X' =
0, X)

.Y 1. Y’
Yo + ?100 + §F¢0 =0, Wy + ?1/)0 =0 (19)
Solutions of the first (19) should be also solution of the second (19). Hence
—F/QF
o = ey(r) A e TR = G(t) (20)

F(r),G(t) arbitrary integration functions. This restricts the class of LTB
metrics to which the present integration method applies because it requires
expI' to be a function of ¢ times a function of r. As to Sy(#) one can require
(see (11), (14) and assumption (17)):

(0" —2a)pp = (6 +20)po = di/_(@g +cot0)Sy =0 (21)

After integration one finally obtains:

co eV2E(r)

Po = 1Su(0) = snd Y

(22)
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where ¢y is constant of integration.

By taking into account the last results and the assumptions one can now
determine the 1), solution. By subtracting and summing (11) and (14), and
one is left, respectively, with the equations:

[D+A+2(u—p)r =0 (23)
o-T/2

[D—A=2(u+p) = —27”30?5(7’) (24)

Then, by using the expressions of the directional derivatives and spin coeffi-
cients:

U1+ 2;;?1 =0 (25)
Y/ -I/2
¢1 + 2?1/)1 = \/5760%5(7”> (26)

whose solutions have to have both the forms:

F(r)

¢1:_Y2’

1
= ﬁ(—\/gﬁeo + 1) (27)

¢1, F(r) integration constants. By a suitable choice of the constants one has

finally:
€o

o1 =11 = v (28)

4 Coulomb field and potential

By the standard correspondence between complex tensor of rank n and spinor
of type (n,n) one can obtain the expression of the electromagnetic tensor field
F,, from the e. m. spinor ¢4p [1, 10]:

Fp =0 0P (papexnys + eappxryr) (29)
1

= §gaagbb[¢0(nbm*a —n"m*) + g (1*m® — m*I°) +
+1(nl" — m*m + m*Pme — 1w} + {C.C.} (30)
oX" the spin matrices relative to the null tetrad frame (2), (3). An explicit

calculation by the expressions of ¢, @9 = ¢ obtained in the previous Section
and by the null tetrad frame (2), (3) give then:

—-I/2

Y2

e

Fab =e, (5at5br o 5bt5a7‘) (31)
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therefore, as expected, the electric field F; has only the radial component E, =
e, V2/Y? Ep = E, =0, while for the magnetic field H; =0, i =1, 0, ¢. As
to the 4-potential vector A, it satisfies V, A, — VA, = F,. A solution is

—-I/2

Af = 5’”/F01dr = e,0M %dr (32)

The results can be specialized to the general Robertson Walker metric.
The constraint (20) is satisfied because the coefficient /2 has a factorized
dependence on ¢t and r . Therefore in RW space time, by suitably choosing the
integration functions and constants, one has:

el =R -k k=0,%£1 (33)
Y  =rR(t) (34)
b =¢2= rRi(t) 811119 (35)
= _7"2}2(2)(75) (36)
F* = eOT (6°5% — §Ptger) (37)
A = e bt / V1T2_R§T2dr (38)
= —e, oM 7“1R3’ k=0 (39)

4.2
:—eoé“tl[ Lr —log(r+\/1+r2)], k=—1 (40)
T

RS
1 [V1I—12
= —e, oM 3[ " +sin~! r}, k=1 (41)
VAR =g720,(¢"*AM) =0,  k=0,+1 (42)

The validity of the Lorentz gauge condition (42), does not hold for a general
LTB metric. (For further comments see the last Section).

The results reduce to the standard ones in Minkowski space time. One
can note here the new special behavior of the potential for large » and kK =
—1. The form of both electric and potential Coulomb field in RW space time
obtained here are in a qualitative agreement with other existing results (see,
e.g., [7, 2, 3]). One can see, however, that the radial component of the electric
field (37) has similar radial coordinate dependence expression, but slightly
different R(t) dependence, with respect to those of [7, 2, 3], that in turns differ
among themselves.
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5 Remarks and comments

The results of the previous Sections are essentially obtained under a gener-
alized spherical symmetry assumption for the e. m. current generated by a
fixed charged point. The solutions of the equations are looked for under the
assumption (15-17) in the context of general LTB space time. In this regards it
remains open the problem of the existence of solutions with not so a special ¢-
dependence. More generally to knowledge of explicit non factorized solutions
would be of interest.

It seems useful to note that the results obtained above hold in LTB space
times more general than the RW ones. More precisely one can see that both
the consistency condition in (20) as well as the validity of the Lorentz condition
(42) do hold for a still large class of LTB cosmological models. To show this,
one can recalls that the LTB cosmological model is solution of the Einstein
field equationin the metric (1) for a Universe filled with dust matter without
pressure. The model can be equivalently described by the equations [4]:

Y2 Y M r
r Y B M=41G / d(t,r) Y?Y'dr (43)
0

© T13280 2 Y

E(r), M(r) are arbitrary integration functions of the cosmological equations;
d(t,r) the density of the dust matter.The scheme (43) can be solved in general
in parametric form [4]. If one assumes

(GM)* = (2|E])", (44)

the form of the general parametric solution of (39) specializes to:

Y = (9/2)Y2 M)V30)2B E =0, (45)
Y =/2|E| (1 —cosn), t=n—sinn, 0<n<2r, E<0 (46)
Y =V2FE (coshn—1), t=sinhn—n, n>0 E>0 (47)

Since for both £ > 0 and E < 0 the function ¢ = ¢(n) is an invertible function,
Y is of the form Y = y(r) f(¢) in all E cases. Therefore, from the first (43) and
(44), exp I results to be a function of ¢ times a function of r as it is required in
(20). As to the Lorentz gauge condition, its validity follows as in (42) because
the expression g'/2A* results to be time independent for Y = y(r)f(t) and
taking into account (32).

Finally one can note that condition (44) is also a sufficient condition for
the separability of the Dirac equation in LTB cosmology [14]. By that con-
dition the LTB cosmological model depends on one only arbitrary integration
function. The model is therefore still suitable to describe a wide class of grav-
itational situations. It seems therefore of interest the study of the spectrum of
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the Hydrogen atom in such LTB cosmological models as well as in Standard
Cosmology in analogy to what done in [13].

Acknowledgements. The author took advantage of the use of the infor-

matic resources of the INFN, Milan Section.

References

[1] S. Chandrasekhar, The Mathematical Theory of Black Holes, Oxford Uni-
versity Press, New York 1983.

[2] L. Combi, G. Romero, Electromagnetic fields and charges in expanding
universes, Physical Review D, 99 (2019), 064017.
https://doi.org/10.1103 /physrevd.99.064017

[3] M. Khorrami, L. Ramezan, Spin 0 and Spin 1/2 Particles in a Spherically
Symmetric Static Gravity and a Coulomb Field, International Journal of
Theoretical Physics, 49 (2010), 2918-2928.
https://doi.org/10.1007/310773-010-0484-1

[4] A. Krasinski, Inhomogeneous Cosmological Models, Cambridge University
Press, Cambridge, 1997.

[5] S. Mirabi, The energy level shift of one-electron atom in Anti-(de Sitter)
space time, General Relativity and Gravitatio, 45 (2013), 2671-2682.
https://doi.org/10.1007/310714-013-1610-1

[6] E. T. Newmann and R. Penrose, An Approach to Gravitational Radiation
by a Method of Spin Coefficients, Journal of Mathematical Physics, 3
(1962), 566-578. https://doi.org/10.1063/1.1724257

[7] E. Novotny, Hydrogen Atom in the Friedman Universe, Communications
in Mathematical Physics, 26 (1972), 321-332.
https://doi.org/10.1007/bf01645527

[8] L. Parker, Qne-Electron Atom in Curved Space-Time, Physical Review
Letters, 44 (1980), 1559-1562.
https://doi.org/10.1103 /physrevlett.44.1559

[9] L. Parker, One-electron atom as a probe of space time curvature, Physical
Review D 22 (1980), 1922-1934.
https://doi.org/10.1103/physrevd.22.1922

[10] R. Penrose and W. Rindler, Spinors and Space-Time, Cambridge Univer-

sity Press, Cambridge, Vol. I, I1. 1984.



Coulomb field and potential in LTB metric via NP formalism 331

[11] S. Weinberg, Gravitation and Cosmology, John Wiley Sons, New York,
1972.

[12] A. Zecca, Some Remarks on Dirac’s Equation in the Tolman-Bondi Ge-
ometry, International Journal of Theoretical Physics, 32 (1993), 615-624.
https://doi.org/10.1007/bf00673764

[13] A. Zecca, Dirac Equation with Electromagnetic Potential: Discrete Spec-
trum of the Hydrogen Atom in the Robertson Walker Space-Time, Inter-
national Journal of Theoretical Physics, 38 (1999), 945-954.

[14] A. Zecca, Dirac Equation in Lemaitre-Tolman-Bondi Models, General Rel-
atiwity and Gravitation, 32 (2000), 1197-1206.
https://doi.org/10.1023/a:1001950718322

Received: October 17, 2021; Published: October 28, 2021



