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Abstract The electrostatic self-force on a point charge in
cylindrical thin-shell space-times is interpreted as the sum of
a bulk field and a shell field. The bulk part corresponds to a
field sourced by the test charge placed in a space-time without
the shell. The shell field accounts for the discontinuity of the
extrinsic curvature «”,. An equivalent electric problem is
stated, in which the effect of the shell of matter on the field
is reconstructed with the electric potential produced by a
non-gravitating charge distribution of total image charge Q,
to interpret the shell field in both the interior and exterior
regions of the space-time. The self-force on a point charge
q in a locally flat geometry with a cylindrical thin-shell of
matter is calculated. The charge is repelled from the shell if
kP, =k < 0 (ordinary matter) and attracted toward the shell
if k > 0 (exotic matter). The total image charge is zero for
exterior problems, while for interior problems Q /g = —« re,
with r, the external radius of the shell. The procedure is
general and can be applied to interpret self-forces in other
space-times with shells, e.g., for locally flat wormholes we

found Q%h/q = —1/(Kwhr+).

1 Introduction

The problem of a point charge in a curved background is
a testing probe for studying the consequences of curvature
on electrodynamics. The Maxwell equations in curved space-
times for a freely falling observer are locally identical to those
in Minkowski space-time, however, curvature and topology
produce global differences. The correct solutions of the equa-
tions in curved space-time give rise to the so-called self-
interaction of charged particles as their own electromagnetic
field is bended by geometry [1]. In this work we aim to
extend the understanding on how curvature affects this self-
interaction considering an electric charge at rest in a space-
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time (ST) with a cylindrical thin-shell (TS) of matter. The
analysis is focused on how the TS modifies the expected
field of the charge.

The first case considered of a self-force of physical interest
was a static charge in a Schwarzschild metric; it was shown
that the self-force on a point charge ¢ is repulsive from the

center and has the form f ~ A’i—g, where M is the mass of
the spherical source and r is the usual Schwarzschild radial
coordinate of the probe charge. This result was first obtained
within linearized general relativity [2], and it was later con-
firmed to work in the framework of the full theory; see [3] and
also [4,5]. After this work, the study of the self-interaction
of a charge was extended to many backgrounds. Recently,
the Schwarzschild geometry with de Sitter and anti de Sitter
asymptotics [6], and black holes in other dimensions have
been considered [7,8]. Alternatively, the central object has
been replaced and the self-force was analyzed as a function
of the internal structure and composition of the spherically
symmetric central body [9, 10].

Particularly, the first cylindrically symmetric background
used to calculate the self-force on a charge was the locally
flat geometry of a straight cosmic string and this was done
by Linet in [11]. The force points outwards and has the form

f~ “r—qzz, where p is the mass per unit length of the string
and r is the distance from the string to the charge. This non-
vanishing force, associated to the deficit angle of the geom-
etry, illustrates how the global properties of a manifold are
manifested by electrostatics.

The problem of a charge in a TSST was specially
addressed in the context of wormholes constructed with
shells of exotic matter. Spherically symmetric wormholes
were considered in Refs. [12-15]. In a previous work we
studied the case of a charge in the Schwarzschild wormhole.
We found that the self-force differs from that in the black hole
space-time, probing the different topology of locally indistin-
guishable geometries [16]. On the other hand, cylindrical TS
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wormholes, studied extensively in Refs. [17-21], have also
been considered to evaluate the self-force problem. In [22]
we showed that the non-trivial topology of locally flat worm-
holes contribute with an attractive force toward the throat.

In this work we aim to study the consequences over the
electrostatic field and self-force on a test charge produced in
cylindrical TSST constructed with positive or negative con-
cavity « (trace of the jump on the extrinsic curvature). The
shell of a circular profile has positive or negative surface
energy density and pastes together two different geometries.
The main objective is to analyze the electric effect produced
by the presence of the shell isolating a so-called shell field. To
interpret this part of the field we state an equivalent problem,
in which the electric effect produced by the shell of mat-
ter is replicated by a non-gravitating shell of surface charge
density. The total electric field potential is separated in two
parts: an inhomogeneous field produced in the bulk geometry
where the charge is placed (which has to be renormalized) and
the shell field which includes every other non-local contribu-
tion generated by the discontinuity of the extrinsic curvature
at the shell and the topology of the constituent geometries.
Throughout the work we consider an almost everywhere flat
space-time with a cylindrical thin-shell of matter to apply
this procedure and analyze the self-force problem.

To calculate the self-interaction of a static point charge the
divergent electrostatic potential at the position of the charge
has to be renormalized. A singular part, which is known to
depend only on the local properties of the geometry in a
neighborhood of the charge’s position, must be removed and
a regular homogeneous solution is obtained. Several regu-
larization procedures have been used in the past in order to
remove singular potentials. The renormalization method that
enjoys the best justification is that of Detweiler and Whiting,
which is based in a four-dimensional singular Green func-
tion [23]. Recently in [24], the authors showed the equiv-
alence between this procedure in the case of a static par-
ticle in a static ST and Hadamard’s two-point function in
three dimensions for the computation of electrostatic self-
forces. An alternative approach to renormalization, which is
also suitable for charged particles at rest in general static
curved ST, is the DeWitt—Schwinger asymptotic expansion
of the three-dimensional Green function, which was con-
sidered recently in [25]. In either of these formalisms the
renormalized potentials coincide.

The article is organized in the following sections: in Sect. 2
we make general remarks for the construction of a cylindrical
TSST, and in Sect. 2.1 a locally flat geometry with a thin-
shell is considered. In Sect. 3 the electrostatic field potential
in cylindrical coordinates for TSST, using separation of vari-
ables, is generically stated and in Sect. 3.1 it is solved for
the space-time in consideration. In Sect. 4 the renormaliza-
tion procedure is applied to obtain the regular potential field
over the position of a charge in a TSST, in Sect. 4.1 the
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bulk and shell fields are defined, and in Sect. 4.2 the regular
field is obtained in locally flat cases. In Sect. 5 the shell field
is interpreted defining an equivalent problem (Sect. 5.1), in
Sect. 5.2 the self-force on a charge in an arbitrary position on
the locally flat TSST is computed, analyzed, and showed in
a numerical plot. In Sect. 5.3 a complementary example in a
wormhole is given. See Sect. 6 for a summary of the results.

The geometrized unit system is used where ¢ = G =
1. Throughout the article cylindrical coordinate systems are
used. General space-time events are denoted by x = (¢, x),
with spatial position x = (r, 0, z), and t € (—o0, +00), 1 €
0, +00), 0 € [0,2x], z € (—00, +00). Indices with Greek
letters «, B, y are used for four-vector and tensor components
which run over {¢, r, 6, z} where ¢ is the temporal component.
The collective index j = {r, 0, z} is used exclusively for
spatial components. Greek letters also appear with other uses
and meanings; these are specified in each case.

2 The cylindrical thin-shell geometry

The Darmois—Israel formalism, found in the recent litera-
ture [27] and [28], is used to construct a static cylindrically
symmetric space-time with a thin-shell using coordinates
x = (t,r,0,z) which are continuous in a neighborhood of
the shell. To this end, a complete manifold 1 = {x; : r] €
(0, +00)}, with given metric components [g1 (r1)]qg, iS cut at
the time-like hypersurface 02y = {r; = r;} to use the four-
dimensional interior region Qi = {x1 : r1 € (0,r;]}. A
second complete manifold 2, = {x3 : 2 € (0, 400)} with
[g2(r2)]ap is cut at the hypersurface 0 Qex; = {r2 = r.} touse
the exterior region Qext = {Xx2 : 2 € [re, +00)}, and paste
Qint With Qex¢ at their boundaries: 0 Qi = 0Qext = H. The
resulting space-time is a complete manifold Q = Qin U Qex¢
such that

Q_{X}: Qint:{(t7p(r)76ﬂz)}7 ifre(oari]a
- o QCXt:{(Iv p(r)797z)}7 lf}" S [riv +OO)7
(D
. L rni=rifr € (0,r],
Wlthp(r)_[m:r—r,-—i—re, if r € [ri, +00). )

Two coordinate systems have been introduced to describe
2; the hypothetically global coordinates x, or the patches
of x1 and x, for the respective regions iy and 2ex¢. The
geometry has a cylindrical thin-shell at hypersurface H at
r =r;(or{ry = r;} = {r» = r.}). The first fundamental form
(junction condition) establishes the continuity of the induced
metric at H in some coordinates y” = (¢, 6, z) installed on
both sides of the hypersurface. On the other hand, the second
fundamental form
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where ny is the normal to the shell (pointing from Qi to
Qex¢) and dx{ /dy? are the tangent vectors to H witha = 1
or 2, is used to compute the discontinuity of the extrinsic
curvature kp; = K ](qu) —K I(,Iq), and its trace at r = r;:

k=kPp=n",. (€]

Notice « is equal to the expansion of a congruence of
geodesics orthogonal to the shell [28], i.e., the thin-shell is
said to be convex if k > 0 and concave if ¥ < 0. Finally, the
surface stress-energy,

1
Spq = _Q(qu - Kapq)’ ©)

determines the surface energy density ¥ = —S’; and pres-
sures Py = S%, P. = %, at the shell.

2.1 Locally flat space-times with a cylindrical thin-shell
of matter

We will consider a space-time with line element

ds? = —dr* +dr? + [p,(r)]* d6* + dz?, (©6)
with profile function

Po(r) = O —rwir + O —ri)we [r —ri +rel, (7

in global coordinates x = (¢,7,60,z). The parameters
wj, We, 1, Te arise from the construction of this geometry
using two infinitely thin gauge cosmic string manifolds of
different deficit angles, 27 (1 — w;) and 27 (1 — w,), and line
elements,

dsgyy = —di® + drf + o r{do* + dz?, ®)
dsgyy = —di? + drj + w;r7d6* + dz?, )

respectively. The magnitudes w;, ., € (0; 1] are related to
the mass per unit length 1 = 1fT“) of the string, so the energy-
momentum tensor is Tf = diag(u, 0,0, 1) §(r)/(2mrwr) in
the cosmic string ST [26]. Consequently the space-time (6)
is locally flat except at the cylindrical thin-shell at r = r;
(w; # w,) or at the conical singularity at r = 0 (w; # 1),
and has a conical asymptotic region (w, # 1). The induced
metric at the shell has line element

dH? = —dt* + hpedd? + dz?, (10
and the junction conditions determine

Vhog = wiri = were. (11)

The associated extrinsic curvature from each side of the shell

has the only non-vanishing components: KO%) = wgre and

K (5(1,) = a)izri, atr = rl.i, respectively. The trace of the dis-
continuity K p, is
We — Wj

K= . 12)

w;Ti

and the surface energy density at the shell for the locally flat
cylindrical space-time is

We — Wj
Y =

(13)

87‘[6(),' ri

We see the shell is concave and made of ordinary matter if
w; > w,, or convex and made of exotic matter if w, > w;.

3 Electrostatic field potential

The calculation of the self-interaction of a charge g starts
from the Maxwell equations for curved space-time:

(FPy=g) 4 = 4mj/=3. (14)
Faﬂ = Aﬂ,ot - Aoz,/& (15)
. dx®

i = ) (16)

where g is the metric determinant, A, is the four-potential,
and j“ is the four-current. For a static diagonal cylindrically
symmetric gop and a rest charge at X' = (r’, 0’, z') we have

(g" ey «/—g) = 4mg s(x.x), (17)

for the component A, = ® of the four-potential, while the
other j components vanish, with §(x, x") = 8(r — r")8(0 —
0")8(z — z'). To solve the electrostatic problem the following
expansion for the potential will be used:

oo +00

®=gq / dk Z(k,2) D On(O) Ru ik (1), (18)
0 n=0

where F, = {Z(k, z) = cos[k(z —z)]} and Fy = {Q,(0) =

ay, cos[n(6 —0')]} are a complete set of orthogonal functions

of the coordinates z and 6 of the cylindrical set (¢, r, 0, z),

with

2 ifn=0,
a"zig ifneN — {0}, (1
and R, i (r) radial functions satisfying
[i(ﬂi)_ﬂ(ﬁ+ﬁ)}
or \ g grr Or 8t 800  8zz
X Ry (r) =8(r —r'), (20)
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for each n and k. In a TSST, the metric is different in each

side of the shell so the radial function solutions will be
@ R () for Qin.

Ry (r) =1 ) @1
Rn’k(”Z) for Qext,

where the global radial coordmate r is replaced by ry or ra,
using (2). Rn k(rl) and R k(rz) are general solutions to the
corresponding homogeneous version of (20), and the bound-
ary conditions are stated in terms of these functions. Finite-
ness at the origin and at infinity is expressed by

hm R\) # oo, (22)
lim Ry = 0. @3

To paste together solutions in each region we invoke the
homogeneous Maxwell equations Flug;,] = 0, which guar-
antee the continuity of the tangential component of the elec-
tric field, and we require ® to satisfy the usual continuity
condition at the shell:

(24)

On the other hand, integrating (20) in the radial coordinate r
over an interval [ro — €; rg + €] withe — 0, rg = r;, and the
charge placed at r’ # r;, we obtain

NG 9 )
(3r Rn,k - 9 Rn,k
) vt r

where we argue convergence for @ and the fact that g ﬁ ,

=0, (25)

T

R(alz and 0, R(a) do not diverge at r; £1 Flnally we separate
two cases: () r’ < r; (r1 in Qjpt), or (II) r'>r (r2 in Qext).
The submanifold where the charge is placed is divided in two
regions and we establish continuity of ® and the jump of the
electric field to paste solutions from each side of r’:

R+ = Ry (26)
’+

(iR(a)> " gﬁ?) g o7

arq mk ry \/T(“) r)

witha = 1 and r| = p(r’) in case (I), ora = 2 and r) =
o(r") in case (I). To obtain (27) we operate analogously to
(25) withrg = 7'.

I Note that the factor 9, ( gﬁ_) in Eq. (20) generates a delta function
due to the step-jump of the metric at» = r; butitdoes not appear in (25),
i.e., the extra terms arising from the discontinuity of the extrinsic curva-
ture over the shell do not introduce electric sources to the electrostatic
potential.

@ Springer

3.1 Potential field in locally flat space-times
with a cylindrical thin-shell

The Poisson equation (17) for a point-like charge ¢ at rest in

X' = (r', 0, 7') of metric (6), where —g;; = g = gzz = 1
and ggg = —g = ,03), reads
92 1 (90 0 1 92 32
—+—2) =+ 55+ @
“’[arz pw(ar)ar p2 362 ' 072 }
= —4mq8(x,X)). (28)

To solve the potential ® in this locally flat TSST it is easier to
show first the solutions CIDSS and ®M for a point charge in the
cosmic string and Minkowski geometries, respectively. The
gauge cosmic string ST is described by any of the two metrics
(8) or (9), or equivalently (6) with w; = w, = w. The profile
function becomes p,,(r) = wr, while for Minkowski ST the
potential ®M corresponds to the solution of (28) with w = 1.
Using the expansion (18), Eq. (20) for R;, « corresponds to
the vth order inhomogeneous modified Bessel equation,

92 10 5 v2 . S(r—r")
et (0 ) [Re= 0 e

where v = n/w. Requiring finiteness at » — 0 and at r —
00, the continuity at r = r’ and its derivative discontinuity
determined from (29) we obtain

—1K<k>1w yo | B dfo=1
k= PIVETIERES 0 <w <1,

where K, (kr) and I,(kr) are the usual modified Bessel
functions of order v = n/w with ne Ny, two indepen-
dent solutions of the homogeneous version of Eq. (29) and
re = {r:r'}

Finally for (6), which has an interior region Qi of deficit
angle 27 (1 — w;) and an exterior Qex; of deficit angle 27 (1 —
w,) separated by the cylindrical thin-shell at» = r;, the radial
functions will have general solutions:

R,(z],)( = C11L(kr1) + C2K (kry),
RP) = Cal,(kry) + CaKo (kr2).

for Qip, €1y
for Qext (32)

where A = n/w;, v = n/w,, and the coefficients C are
functions of n and k to be determined with the boundary
conditions stated in Sect. 3. The possible solutions are:
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(I). Charge in region Qin (' < 1;): 7] = p(r')

a-lukri ) [An gD Gkri=) + Ko (ki) ], for Qin,
R =
n.k L, (k|
L 2O Al (kri) + Ko (kri)] Ky (kra), for Qext.

ri> =max {r;;ri}, ric = min{ri; r{},
K (kre) [0y Ky (k)1 1y, — Ko (ki) [0, Ky (k)] 7,
L (ki) (8, Ky (k)] |, — Koy (kre) [0, L (k)] 1y

nk =

(33)
(I). Charge in region Qex (' > r;): 15 = p(r')
Rl L [Bkro) + Busky (kr)] S 82 1, (k). for Qi
L [okrao) + By kKo (kra) ] Kykras). for Qex.
ra= = max {r; 5}, roc = min {r; r}},
B, = Iy (kre) [0, L (kr)1 |y, — D.(kri) [0, 1y (kr)] i,
" 5. (kri) [0, Ky (k)] |, — Ky (kre) [0, D.(kr) |,
(34)

4 Renormalization procedure

To obtain the self-interaction we have to perform the renor-
malization of the electrostatic potential. In either of the for-
malisms mentioned in the introduction the regular potential
field is

Pr(x’) = lim (® — y), (35)
xJ—x'J

where the coincidence limit takes the coordinate spatial com-

ponents x/ to the charge’s position x’/ along the shortest

geodesic connecting them. In this definition, the singular term

is

D5 = V=g G (s x), (36)

with g = g;(x’) and G(S3)(xj, x'7) the singular Green
function in three dimensions [29]. The Green function must
have the same singularity structure as the particle’s actual
field and exert no force on the particle. The three methods
mentioned agree in the following expansion [23-25]:

. . g//’ ~/y’j/
GO (d;xT) = Lﬂ [1 - (#) + 0()/)] - (37

The function y = y(x/,x'7) in (37) is half the squared
geodesic distance between x and x” as measured in the purely
spatial sections of the space-time and y/ = g//9y /dx!
(see Refs. [24] or [25] for a full derivationz). The terms of

2 In (37) there is an overall sign difference with respect to the cited
literature arising from the convention taken for the Maxwell equations
(14).

order O (y) /+/2y are irrelevant for the renormalization of
the potential field since they vanish in the coincidence limit
(35).

4.1 Regular field in a space-time with a thin-shell

To take the renormalization procedure (35) we concentrate
on the solution ® in a neighborhood of the charge placed in
the four-dimensional region Qin; or Qex¢. From the explicit
results in Sect. 3.1 in a locally flat TSST we notice that, in
general, when the observation point and the test charge are
in the same region Qin (S2¢x¢), the potential field can be read
as two terms:

O =0k 4 &7 ifx,x’ € Qint (Qext)- (38)
The bulk part ®PUK is the field sourced by the electric charge
in Qin; (Rext), it is completely defined by extending its
domain to the complete manifold Q, = {x, = (¢, 74,0, 2)}
with a = 1(2), such that:

(gég) gg)(cbbulk)’j V _g(a)) sj = 4 qd(Xq, Xiz)ﬂ Vxg € 24,
(39)
gk T gk IO
withx), = (r;, = p(r'), 0, 2'). The part of the field left over,
@7, will be called the shell term and accounts for the presence
of the thin-shell of matter joining the two constituent subman-
ifolds Qi and Q. The divergent field at the position of the
charge is found in ®""¥, consequently, the renormalization
procedure yields?

Dr(x") = ORN() + 7 (x"), (40)
ok (x'7y = lim (®™MK — dy). (41)
xJ—x'

4.2 Regularization in locally flat space-times
with a cylindrical thin-shell

In space-time (6) the geometry is locally flat in a neighbor-
hood of the charge in either of the cases (I) or (II), (36) rapidly
yields ®5 = ®M . This is the singular term encountered in
any cosmic string geometry (8) or (9) because they are locally
indistinguishable. Distributing terms in the radial functions
(33) or (34) we obtain

puk _ | @53(r1,60,2), ifx1,x] € Qint s
= [®gf(r2,9,z), if X2, x5 € Qext, “2)

the cosmic string potential solved in (30) with /, = p(r’) in
the corresponding case a = 1, 2; and

3 Linearity of the Maxwell equations in a fixed curved space-time guar-
antees (40) is a regular solution at the position of the charge.
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+00

®° /dk Z(k, z)ZQn(O)
0 n=0
5 { 20’)—1;21;\(kr{)ll(kr]), ?fxl,xi € Qint, @)
o Ky (kr)) K, (krp), ifxz, x5 € Qext.

The bulk part of the field is the electrostatic potential of the
charge in the respective cosmic string background satisfying
definition (39) for either case. The shell field ®° does not
diverge at the position of the charge by construction. The
renormalization of CDSS has already been done by Linet in
[11] and the result is written in a closed form. For w = w;
(we) we have

PR = lim (@55 — oM)=dL " (), (44)
xJ—x'i
Linet q L
") = 21
+00
L _/|: sinh(¢ /w) __sinh¢ i| de
T w[cosh(z/w) — 11  cosh¢ — 1 | sinh(z/2)

(45)

It only depends on the radial position r’ in virtue of the cylin-
drical symmetry. Therefore, the self-potential at a general
position x’ of the charge in the thin-shell geometry (6) is

n=0 wi

+
/dkza” "2 (krp) ifx] € Qun
Dr(r) = %o

w an By k
oL 2t +q/dkzo "w: K2(krh) if x5 € Qext.
0

(46)

5 Interpretation of the field and self-force

The term ®? which appears in @y is determined from the
construction (38) and the definition of ®""k and &. This
field contains the information on how the thin-shell of matter
focuses or defocuses the electric field lines and which effect
it produces over the test charge. The shell is uncharged, nev-
ertheless, the discontinuous extrinsic curvature of its hyper-
surface produces the field lines to bend and interact with the
test charge. In the following subsection we give a clear inter-
pretation for ®°.

5.1 The shell field ®° and the equivalent problem
Equation (38) suggests that we can interpret ® with an equiv-
alentelectric problem. If the observation point and test charge

are in Qin¢ (Qext), P can be thought to be the potential gener-
ated by the charge ¢ at x| o = r @ 0’, 7') inthe complete

@ Springer

manifold ; (£2;) plus an additional field ®°1@ sourced by
a surface charge layer placed at 02y (0€2x¢). Notice that
the equivalent problem is stated in the complete manifold
Q1 (£22), one of the primitive space-times used for the con-
struction of the thin-shell geometry, but we are interested in
the solution over the region Q¢ (S2ex¢) Which appears in the
original problem.* The effect over the electric field potential
produced by the shell of matter is replicated with the potential
generated by a layer of non-gravitating charge density which
produces exactly the same total field ®° in the region of
interest Qin; (ext). The equivalent problem has the solution
Dy (rq, 0,2) = P (ra, 0, 2) + D% (ra, 0, 2), (47)
Vx, € Qu,witha = 1ifx,x’ € Qora =2ifx,x' €
Qext in the original problem. <I>2“1k is defined by (39). ®% is
sourced by a surface charge density o,(0, z) placed at r, =
p(r;)=riifa=10rr, = ,o(rl.+) =re if a = 2, and this
is completely defined by

1
N (gé;) g(a)(q’ s j v/ 8@ )
=4n8(ry —rs)o,(0,2),Vx, € R4,
|00 |Xa

Poa e 0, % ﬁmte
e [ (48)

with

88 adou |7

a0,2) = 47 9Or,
a

(49)

r'o

where we used the fact that the metrics g‘(xf) are static and

diagonal, and that the coordinate base element dr, is per-
pendicular to the shell.> For x; € Qin, or X2 € Sy, the
construction (47) trivially satisfies

ifx1, x| € Qint,

@i (r1,0,2),
®= H ifx2, x5 € Qext. (50)

D, (2,0, 2),

5.2 Self-force in locally flat space-times with a cylindrical
thin-shell

Applying the above procedure to build the equivalent prob-
lems in space-time (6) we have

4 The absence of the gravitating shell in the equivalent problem changes
the original geometry on one side of the shell but we will be only
concerned on the electric problem over the unchanged side, where the
charge is placed.

5 The homogeneous field 1@ over Qjn (ext) could have been con-
structed analogously placing o (2) at any finite radius ry > p(r; )(re <

p(rH)).
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Fig. 1 Dimensionless radial self-force —5 fsejf as a function of r/r; in a background with a thin-shell made of ordinary matter and x < 0. Negative
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values correspond to a force toward the central axis. The shell repels the charge
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Fig. 2 Dimensionless radial self-force Zq%

attracts the charge

P = 055 (4,0, 2), (51)
with @ = w; (w,) ifa = 1 (2), and
+o0 +00
% =g / dk Z(k.2) Y 0u(0)s,.
0 n=0
L. (kr)K; (krs) ifa=1, (52)
I,(kr)K,(krs) ifa =2,
Ank Lr)) 0 .
S(alzz Ba)i W, )\—w—’ lfa—l,
n, n.k K, (krh) .
o R V= fa=2
where 7> = {ri;ri}, i = p(r) orr= = {ro;re} vy =

o(r") fora = 1, 2, respectively. These two terms sum up the
potential & = Cbgulk + ®% in a neighborhood of the charge
in Qine for a = 1 or Qext for a = 2. We will consider the
equivalent problems to interpret the results of the self-force
in a locally flat TSST.

r/r
14 . . : :
12F ]
10F 1 o
r (1),‘:0.1 i
8t 173
b w,=0.3 5| o
L “— ol
6r 14|
: E
4r 1s
2F E
of /\
0.0 0.5 1.0 L5 2.0

(b) w; = 0.1 and w, = 0.3.

feelr as a function of r/r; in a background with a thin-shell made of exotic matter and x > 0: the shell

The self-energy is defined as Uty = 4 ®g(r), the elec-
trostatic self-force is radial and is computed as® fyf =
—0, Uself:

T 4o 3

. 2 .
L4 dkZa,,A,,_kI;h(kr)El,\(kr), ifr <,
' n=0

g Lo

4 2

ferr = 0
self +00 4o

2 2 ] .
L Lo L/dkZanBn,kkv(kp(r))aTKv(kp(r))s]fr>ri»

 p(HP ~ we
0 n=0

(53)

where we use the global coordinate r (defined in Sect. 2) to
represent the results with a numerical evaluation by plotting
the self-force as a function of the continuous quotient r/r;. In
Figs. 1 and 2 we show the self-force on the four different types
of possible backgrounds. Figure 1 corresponds to examples
of concave (k < 0) shells made of ordinary matter, while

© This corresponds to the force observed by a static observer at the posi-
tion of the charge or equivalently to the contravariant tetrad component
of the force calculated from F® using the regular potential ® g (r, r’)
before taking the coincidence limit, with the final result evaluated at the
charge’s position; see for example [16] for the explicit derivation.
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Fig. 2 corresponds to convex (k > 0) shells constructed with
exotic matter. Positive values of the self-force correspond to
a repulsive force from the central axis of symmetry of the
space-time.

Figure 1a represents cases where w; = 1 > w,; the self-
force vanishes at the axis as expected (there is cylindrical
symmetry and no singularity at r = 0) and, asymptoti-
cally far, Linet’s term is manifest due to the global deficit
angle appearing beyond » = r;. In terms of the equivalent
problem, in the interior region Qi the renormalized field
has a vanishing regularized bulk term (Minkowski case) and
the only contribution arises from the shell term ®°!. In the
exterior region Qex¢, both 72 and [q)gulk] R = CD(I;i"” are
present because w, # 1. We see in either region that near
r = r; the charge is repelled from the concave (x < 0)
shell of ordinary matter. We associate this repulsion with
a surface charge density o7(2) in the equivalent problems
from each side of the shell. For the exterior problem, the
asymptotic behavior coincides with the cosmic string repul-
sion CIDZ””, we shall see that ®°2 is subleading. In Fig.
Ib, I > w; > w.; k < 0 with ordinary matter density
and the charge is repelled from the shell again. The dif-
ference is the diverging repulsion from the straight cosmic
string at » = 0 coming from [Cbll’ulk]R = CDCLOE””. As a
consequence there is a stable equilibrium position at some
re (0;r).

Figure 2a has w; < w, = 1; the shell is made of exotic
matter, with « > 0, and the charge is attracted toward it.
In the interior region the repulsive effect from Linet’s reg-
ularized bulk term is enforced by an attraction to the shell.
At the other side of the shell space-time is Minkowski and
the equivalent problem has a unique contribution coming
from the shell’s field, which attracts the charge. Finally, Fig.
2b shows the case w; < w., < 1, which manifests the
same qualitative behavior of the latter up to the vicinities
of the shell. Sufficiently far from r = r; Linet’s monopolar
repulsive force from the center is manifest and, as a con-
sequence, an unstable equilibrium point appears at some
r>rj.

From (49) we compute explicitly o, for the equivalent
problems under consideration and analyze how the shell
affects the charge ¢ depending on their relative distance and
the relation with the extrinsic curvature:

+0o0 o0
0u0.2) = [ W Z(k DY 0,001,
0 n=0
1 .
@_ 4 @] Hfa=L
anflk = Esn(,lk [ l ifa =2 (54)
re’ - =

We point out that these o are a construction for the equivalent
problems and do not appear in the original one where Eq. (25)

@ Springer

holds in general. Note that Fourier coefficients o, x depend
on the position r’ of the charge, see (52), as image sources
do in usual electrostatic problems. The net total charge Q,
in the surface with o, is in general:

+00
0. =\/—g(n)/dz

2
x/ d@oa(e,z)=4n\/—g(r,')]}irr})aéuk). (55)
0 -0 =

In our problems the explicit calculation from (54) shows
Qu 2= ifa =1,

= e 56
q [ 0 ifa=2. (56)

A clear geometric quantity is found in the net charge of the
interior equivalent problem:

& = —Kr; @ —K Fe. 57

q We

We find that the total effective shell charge from the inside
region is proportional to « (the trace of the extrinsic curva-
ture jump) and the sign of —Q1/q is exclusively determined
from the concavity of the shell, moreover, it does not depend
on the position of g. A numerical analysis of (54) shows Q1
is distributed with a central peak at (9, z') and that the quo-
tient o1 (0, z)/q has the same sign as Q1/q all over the shell’s
layer density. On the other hand, for the exterior problem, o2
has a null net charge as expected, ¢ is the total charge asymp-
totically. Despite this, 02(0, z) has a peak with definite net
charge in a neighborhood of (&', z’); for this case we show
some examples plotted in Fig. 3, a three-dimensional repre-
sentation of o over the surface r, = r, near the position
0/ = 7,7/ = ¢'r;). Two cases are considered; Fig. 3a cor-
responds to a concave shell of ordinary matter as in Fig. la,
and Fig. 3b corresponds to a convex shell of exotic matter as
in Fig.2a. The vertical plane in the picture represents a por-
tion of the cylindrical surface, # = 0 and 8 = 2 have to be
identified. The density distributions to the right of this plane
represent positive values of the quotient o, /¢q. In both cases
we see a peak centered at (9, z'). This peak has the same sign
as g if k < 0 and an opposite sign if k > 0, so this image
charge concentration at the center of the shell is responsible
for the local behavior, repulsive or attractive respectively, of
the self-force near the shell for the exterior problem.

In general, the function o, (@, z) is well defined by con-
struction except in the limit »* — r;; for our cases we find

if & < 0O (ordinary matter),

ror g rl,2 —o0, ifk > 0 (exotic matter),

. 0’,1(9/, Z/) [ +00,
Iim —— —

(58)
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Fig. 3 Three-dimensional
representation of the surface
charge density o;. The vertical
plane represents the
two-dimensional spatial surface
at 0Qex¢ in coordinates

(0, ¢ = z/r;) for the equivalent
problem in the exterior region.
Positive valueszof

02(0,¢) WT’”) appear to the
right of the plane in both cases.
The charge, schematically
drawn, is placed at (8’ = 7, 7')
and ' = 2r; in the respective
space-times of these examples

(a) oy for a shell with k < 0; w; = 1,

we = 0.9 (ordinary matter).

which is a final check for the relation between the extrinsic
curvature and the effective charge density o, of the shell
field from either side. Returning to the original problem in
the locally flat space-time with a thin-shell of matter, we can
give a geometric summary of the results as follows: a convex
(k > 0) or concave (k < 0) time-like shell 0Q2 = {r = r;}
focuses or defocuses the electrostatic field lines of a charge
g contributing with an attractive or repulsive effect on the
self-force, respectively.

5.3 Complementary example: thin-shell wormholes

As mentioned previously in the introduction, thin-shell
geometries are vastly used in the problem of self-forces,
specially in wormhole space-times. These geometries are
generally constructed with exotic matter at the shell of the
throat and « > 0, so we expect that in cylindrical wormholes
with static diagonal metrics the corresponding shell field con-
tributes with an attractive (focusing) electric force toward the
throat. Moreover, motivated by the result of Eq. (57), we may
ask if there is a similar relation between the effective image
charge Q™" and the concavity of the throat for the equivalent
problems stated in wormholes. We point out that for thin-shell

. 2
wi(xr)’o2/q Y oald

(b) o5 for a shell with k > 0; w; =

0.5, we = 1 (exotic matter).

wormholes (TSWH) the electric field flux as measured from
one asymptotic region is not fixed in ¢ as it is when there is an
interior complementary region. The equivalent problems in
the bulk where ¢ is placed always admit a shell field sourced
by some o, with a net effective total charge, because beyond
the throat there is another asymptotic region. Applying the
equivalent problem interpretation for a test charge in a locally
flat cylindrical TSWH with conical asymptotics (similar to
those considered in [22]) we obtain

oY’

g o_+os

1
e S (59)
Kwh '+

with g placed in region Q2_, 27 (1 — w4 ) the deficit angles at
each side of the wormhole throat, and w_r_ = w,ry given
from the junction condition (some details for this calcula-
tion are specified in the appendix). In the wormhole case the
asymptotic behavior of the shell field ®°* is inversely pro-
portional to the concavity k. This is an amazing result in
probing global aspects of wormhole geometries with electro-
statics; in this case the monopolar term of ®°* is a measure
of the concavity of the throat.
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6 Summary

The electrostatic self-force on a point charge in cylindrical
thin-shell space-times is interpreted as the sum of a bulk field
and a shell field. To this end we developed the equations for
the electrostatic field potential using separation of variables
in cylindrical coordinates. We defined the bulk term so that it
corresponds to a field sourced by the test charge placed in a
space-time without the shell. This field contains the divergent
part of the potential to be renormalized with well-known
procedures [23-25]. The shell field left over accounts for
the discontinuity of the extrinsic curvature «”, of the TSST
and contains information of the two constituent geometries
of the complete space-time. We use this formal development
to define an equivalent electrostatic problem in which the
geometrical effect of the shell of matter over the test charge
q is replicated with the electric potential produced by a non-
gravitating surface charge density o of net total image charge
Q. With this procedure we analyzed the shell field in the
interior and exterior regions of a TSST and motivate a new
way of measuring and interpreting some global properties of
space-time with electrostatics.

Throughout this work, the electrostatic problem of a point
charge ¢ in a locally flat geometry with a cylindrical thin-
shell of matter is solved explicitly to apply the interpretation
method suggested. The self-force obtained is radial. The reg-
ularized bulk field, known as the Linet cosmic string repul-
sive term, acts as a monopolar electric field from the central
axis of the space-time. The analysis of the shell field shows
that it contributes with a repulsive electric force from the
shell if ¥k < O (ordinary matter) and an attractive electric
force toward the shell if k > 0 (exotic matter). We find that
the total image charge is zero for exterior problems (charge
placed in the asymptotic region), while for interior problems
0/q = —«k re, with r, the external radius of the shell. In the
latter case we see that a quantitative measure of the concavity
« of the thin-shell is obtained from the monopolar shell field.
These results are new and offer a better understanding of the
self-force problem in space-times with shells. The procedure
can be applied to interpret self-forces in other space-times
with shells, and the above result motivated the same analy-
sis for wormhole space-times. We took a previous work on
self-forces on a charge in locally flat cylindrical TSWH [22],
and we calculated the total net effective charge of the shell
and found an inverse proportional relation with the concavity
of the throat: Qﬁh/q = —1/(kynr+). We may ask if simi-
lar results appear in other wormholes, or in spherical TSST,
relating shell fields and the extrinsic curvature discontinuity.
We think this open question could motivate future work in
the area.
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Appendix

Following the same procedure applied for cylindrical TSST
developed in the main body of this work, we reproduce simi-
lar results to [22] but with an asymmetric locally flat TSWH.
This is constructed with the exterior regions Q+ = {x17 :
r1,2 € [re. +00]} of two gauge cosmic string geometries of
deficit angles 27 (1 — w+), respectively. The junction condi-
tions establish _ w_ = ry w4 . The difference with the pre-
vious case is that in TSWH we have two asymptotic regions
and condition (22) is replaced with (23) for both radial func-
tions. Additionally, in Eq. (25) the minus sign in the sec-
ond term is changed for a plus sign. The procedure can be
applied analogously step by step using the coordinate sys-
tem of patches x; and x;, which cover the complete man-
ifold 2 = Q_ U Q.. The regularized electrostatic poten-
tial for a charge ¢ at rest in (r{(z), 0’, 7') in either region is

dp = N 4 @7, (60)

In the wormhole space-time for the equivalent problems on
each side of the throat we have

O™ = 0F5(r1 5,6, 2) (61)

for x1 2, x| , € Qx, respectively, and

T +o00

o7 = ¢ / Ak Z(k,2) D 0u(O)s],
0 n=0
Ly (kr DKoy (krs),
W¥F K, (kr|,)
Sip = ok L vg = njos,
wx Iv; (kr;)
I (8, Ko (k)] 11y + Koy (krs) [3 L, (k) ]
k= TR i) [0 Ko (k1) I + Ko ) [0 Ko (1) ] 1y

(62)

where r- = {rl,g; er}. The surface charge densities of the
equivalent problems are
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+o0 +oo

002 = [ k263 0,007
0 n=0
:':
q Snk
oF = 1 Tnk (63)
kT A g

Finally from Eq. (55) we obtain the total net image charge,

h
o)< w4 1 i
q w_ +wy Kwh WF FE Kwh 't
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