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Abstract A study of the thermodynamical and dynamical
stability of self-gravitating charged shells is presented. The
matter on the shell is described by a barotropic equation of
state, and the charge is assumed to be proportional to the
mass. For a given form of the entropy of the matter on the
shell, it is shown that strong restrictions on the states of the
shell follow from the imposition of both types of stability
plus the condition that the speed of sound is less than one, in
some cases leading to the absence of stable states.

1 Introduction

Self-gravitating thin shells are solutions of a given gravita-
tional theory describing two regions separated by an infinites-
imally thin region where matter is confined. Such a system
conjugates the notions of vacuum, typical of black holes, with
that of the presence of matter, which may be described via
statistical mechanics and thermodynamics. Thin shells have
been frequently employed to probe mechanical and thermo-
dynamical properties of black holes, see for instance [3, 18—
20,27]. Since they can be taken to their own gravitational
radius, thin shells provide a toy model for the study of the
Hawking radiation emitted during the collapse of a body until
itsettles as an ultra-compact object [9]. In addition, thin shells
can model quasi-black holes [15] thus enabling the calcula-
tion of black hole properties (see for instance [16,19,20] for
the extremal case).! It is worth mentioning that the thin shell
formalism has been developed also for theories other than

! For applications of the thin-sell formalism see [11].
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General Relativity, see for instance [5,25] for metric f(R)
theories, [22] for f(R) theories in the Palatini formalism,
[2] for scalar-tensor theories, and [24] for hybrid f(R,R)
theories.

In view of their widespread application, it is important to
determine the set of shell configurations that are dynamically
and thermodynamically stable. The latter type of stability
was studied in [21] in the case of a spherically symmetric
thin shell in which the interior region is Minkowski’s space-
time and the exterior given by Schwarzschild’s geometry,
while the linear dynamical stability of such systems under
radial perturbations was analyzed in [3] for a linear EOS,
and in [8] for a general EOS. Since these two types of sta-
bility yield inequivalent restrictions on the parameter space,
we established in [23] the conditions needed for uncharged
thin-shell configurations to be stable, both thermodynami-
cally and dynamically, for different barotropic equations of
state (EOS), and also for EOS of the type P = P(o, R),
where R is the radius of the shell.

We shall generalize here the results obtained in [23] to
the case of shells with nonzero charge. The study of such
shells goes back at least to [4,12], in relation to gravitational
collapse. Among their many relevant applications, we could
mention the study of very compact charged shells and the cor-
responding Buchdahl-like bound [1], and that of the entropy
of extremal black holes through the entropy of charged thin
shells [20].% The thermodynamical features of shells that sep-
arate a flat interior from the exterior geometry (described by
the Reissner-Nordstrom solution), assuming that the mass
and the charge of the shell are independent parameters, were
studied in great detail in [18], while their dynamical stability
was analyzed in [6].

2 A complete classification of such shells, as well as a list of applications
was presented in [14].
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The paper is organized as follows. In Sect. 2 a brief review
of the relevant equations for the charged thin shell in equilib-
rium (mostly following [ 18]) will be presented. The equations
obeyed by the perturbed shell for a barotropic EOS, as well
as the condition for dynamical stability will be introduced
in Sect. 3. The restrictions following from thermodynamical
stability are exhibited in Sect. 4. The zero charge case (which
was studied in [23] using a different parametrization) will be
revisited in Sect. 5. The region of the parameter space of
equilibrium configurations of the charged shells compatible
with dynamical and thermodynamical equilibrium (assuming
a linear relation between the charge density and the energy
density) will be presented in Sect. 6, along with the impo-
sition of the the dominant energy condition (DEC) and the
upper limit on the velocity of sound. Our closing remarks are
presented in Sect. 7.

2 Junction conditions of the shell

We consider a two-dimensional timelike massive electrically
charged shell X' with radius R. The shell divides the space-
time in two parts: an inner region r < R, and an outer region
r > R. The metric in both regions can be expressed as fol-
lows:

2 dr?
dsj, = gg;dx“dxﬂ =—f0g07 4 ) +r2d2%. ()

Here I = in, out, refers to either the inner or outer region, and
0 (£ (Ou)) is the inner (outer) time coordinate. The functions
£ and £©UW are given by

2 2
f(out) —-1— on + Q_ )
r r2

f(in) =1,

where m is the ADM mass and Q is the electric charge, with
G=c=1.

The metric h,p, defined on X, i.e. for r = R, is that of a
2-sphere with the addition of a time coordinate, and it can be
written as

ds% = hapdy*dy® = —dt* + R*(1)d 2, 3)

where 7 is the proper time for an observer located on the
shell, and y* = (z, 0, ¢). A solution of the Einstein—-Maxwell
equations on the shell can be obtained using the thin-shell for-
malism developed in [10]. Assuming a static shell, and con-
sidering that the matter that composes the shell is described
by a perfect fluid, with surface energy density o and pressure
p, the junction conditions yield the following form of the the
components of the energy-momentum tensor of the matter

@ Springer

on the shell (see [18] for details):

/ 2 0?
St =-0= “wkt el
= —0=—

, 4

47 R @
VImR+E-1 k-

= ST R + . 5)

The material mass M is defined by M = 4o R?. Hence,
from Eq. (4) it follows that the ADM mass m is given by

m=M- —+ —. (6)
Using this expression in Eq. (5), the pressure now is

M2_Q2

T 16xR%2(R — M)’ @

p
Taking into account that the total charge Q in terms of the
charge density o, is given by, Q = 47 Rzae, and the defini-
tion of M is in terms of o, we get from Eq. (7)

p
R = . 8
7 (4 po +02—0.?) ®
Proceeding in an analogous way,
4 2
M= £ ©)

7 (4po+o2 —062)27
m:4p2 (2p02+2062p+o3 —30082). (10)
7 (4po+02—0.?)

We shall follow [13] and parametrize a barotropic EOS using
p = xo. A linear relation between the charge density and the
matter density will be assumed, namely o, = fo. Hence, it
follows that

4x2
M= 5 (11)
mo (1 —B%+4x)
R— ol (12)

o (1—p2+4x)
m_ﬁ(1—/32)(1—2x)+4x
To (1-g2+4x)

(13)

These equations will be useful to express the results in terms
of the compactness defined as C = M/R, and given by

om QZ%
C=1—[1—?+F] . (14)
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Since R > r4, where the gravitational radius r4 = m +
v/m? — Q2, the compactness satisfies C < 1 (with C =1
corresponding to R = r,). The relation between x and C
can be obtained using Eqgs. (11) and (12), and it is given by

_1-p2 C
Hence, Eqgs. (12) and (13) can be written as
C
K=oy 1o
2
_ s _p2
m_Sna(C,ﬁ)[z c =491 (17)

with M = CR. The function o (C, B) follows the p = xo,
and Eq. (15), for a given EOS. This form of equations will be
useful to display our results for both the dynamical stability
(to be discussed in the next section) and the thermodynamical
stability.

3 Dynamical stability

Let us outline the steps that lead to the condition for the
linear dynamical stability of the shells introduced in the pre-
vious section. The equilibrium state of the shell is described
by Egs. (4) and (5) with R = Ry, while the corresponding
expressions for a dynamical shell are (see for instance [7,8])

_ 1 JfOOR) + R = I (R) + R

= ; (18)
4 R
L 2R4 YR 2R+ V(R
P78 2/ m + 2 2/f0R) + R
(out) 2 _ (in) 52
VFEO®R) + R - VI (R) + R ] (19)

where the overdot (prime) denotes the derivative with respect
to 7 (r), and £ (r) and £ (r) are given by Eq. (2). The
conservation of % leads to

o 2 p+or=0 (20)
dR TRPTVTT

It follows from Eq. (18) that

R*+V(R,0(R) =0, (21

with

1 .
V(R) =3 (fI(R) + £ (R))

1 (R = FO0®R)

2 p2 2
64 72R2%0 (R)? dm oo (R)”.

(22)

It is important to point out that if Eq. (21) is strictly ful-
filled, there can be no minimum of the potential at a con-
figuration with zero velocity, since a slight increase of the
potential around a static configuration would lead to a nega-
tive R2. This can be fixed by adding a small negative constant
to the potential, which may be considered as an additional
energy associated to the perturbation. With such an addi-
tion, the criterion of the derivative of V presented below is
unchanged, as discussed in [26].

The linear stability of the shell can be studied by expand-
ing the potential V in Eq. (21), around the equilibrium state
up to second order in p = R — Ry, hence obtaining

d?p
72 + a)(z),o =0.

Stability implies that the frequency satisfies

d d?
The calculation of a)g involves @ and —a, which are
obtained from Eq. (20). For a general EOS of the type
dp

p = p(R, o), the latter includes the derivatives 21 = IR

d
and 2, = d—p, in terms of which [8]
o

Hp F{
wg = —8m 070 .Ql()
Fy — Hy
. HoQF2 — f{™ Ry) — FoHZ — £V Ro) o
(Fo — Ho)R3

[4F = 2R FGUS™ + Ro £y + R3S ] 3
4(Fy — Ho)F{HZ R}
[4H3 = 2Ro B3 + Ro f3*") + R3(£™")? | F3
4(Fy — Ho)F3H3 R}

+

3

(23)

where the sub-index “0” indicates that the quantity is evalu-
ated at R = Ry, Fp =4/ fo(in) and Hy =/ fo(om).

The line dividing stability from instability is obtained by
setting a)(z) = 0, which leads to the following expression for
the critical values of £259:

A 210+ B
Qape = —5 (24)

@ Springer
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where

—8r (f(out))3 R 6
B = R* (£ (f o — )
+ Ro*(fy™")? (Ro mo — 2Q2)
+ 0% (0% = 2Rymo ) + Ro’m3,
and
2(f(out) ( éout)RO _ 2Q2 — R02 + 3Ry m()),

with

2m 2
p_2mo  ©Q

(out) =
Jo Ry Ro2 ’

For a barotropic EOS, §219 = 0, and Eq. (24) reads

4(f(0ut))3 (f(OUt)

[19] for the extremal case), for shells in which the mass and
the charge are independent state variables. By imposing that
the shell be at a given local temperature and that the first law
of thermodynamics holds on the shell, integrability condi-
tions were derived for the temperature and for the thermo-
dynamic electric potential. They lead to an expression for
the entropy of the shell that is generically a function of the
gravitational and Cauchy radii only. We shall present next a
summary of the relevant results of [18].

Assuming that the shell is in static equilibrium with
a well-defined temperature 7 (M, A, Q) and an entropy
S(M, A, Q), both functions of the mass M, the area A, and
the charge Q, the first law of thermodynamics is written as

TdS =dM + pdA — ®dQ, (26)

where @ is the electric potential on the shell. In this section
it will be useful to adopt the notation used in [18], where M
and Q were replaced by the gravitational radius r4 and the
Cauchy radius r_, given by

§$220c =

) + Ro2(f™")? (Romo —20%) + Q% (Q* — 2Romo) + Ro*m}

2R (£™)2 (f§* Ro? =202 = Ry? + 3Romo )

(25)

This equation defines the hypersurface §22o. = §220.(mg, Ro,
Q). Any equilibrium configuration with (mg, Ry, Q) such

P

that the corresponding £2o0 = % is greater than $270.
Ro

will be dynamically stable.

In fact, when a specific EOS is chosen, there are other
constraints that the system must satisfy. As will be shown
below, an expression for £259 = §220(mg, Ro, Q; k), where
k denotes the parameters of the EOS, can be obtained using
the definition of o and pg along with the EOS. The EOS and
the equilibrium equations also yield mg = mo(Rg, Q; k).

dp

Combining the latter with £250 = 7> }R , wWe obtain §£2y0 =
0

$250(RS, O*), where an asterisk denotes a quantity that has
been rendered dimensionless using the parameters of the
EOS. Using mg = mo(Rg, Q; k) in the equation for £22¢,
we obtain 220 = $220.(Rj, Q*). The dinamically sta-
ble configurations for the given EOS will be those with
200(RE, OF) > §$220c(RE, Q). As will be shown in Sect. 5,
such a condition for stability can be rephrased in terms of
B and C, using Egs. (16) and (17). Let us present next the
conditions for thermodynamical stability.

4 Thermodynamical stability

The formalism to study this type of stability for charged
shells, along with some examples, was presented in [18] (see

@ Springer

ro=m++m?— Q2

and

r_=m—+m?— Q2

respectively. To find the entropy S(ry,r—, R), the equa-
tions of state p = p(r4,r—, R), « = a(r4,r—, R), where
o = 1/T,and @ = &(ry,r—, R) are needed (see [18]).
The relevant expressions are simpler in terms of the redshift
function of the shell, given by

2, 2
k= 1 22
R R?

which is to be understood as k = k(r, r—, R). In particular,
Eq. (7) can be rewritten as

RP(1—k)? —ryr-
167 R3k

p(re,r—, R) = 27)
The temperature and the electric potential must satisfy inte-
grability conditions in order to guarantee that the differential
of the entropy is exact. Such conditions imply that & and @
can be written as [18]

oa(ry,r—, R) = b(ry, ro)k, (28)
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1
C(r+sr—)_ﬁ

D(ry,r—, R) = k

r4r—, (29)

where b(ry,r_) and c(r4, r—) are arbitrary functions of r
and r_. Using these equations, as well as M = R(1 — k) and
A = 47 R? in the first law given in Eq. (26), it follows that

1—c@re,ro)r—

dS =b(ry,r-) 5 ry

1—cry,ro)r
+b(r+7r_)%

dr_. (30)
For dS to be an exact differential, the following condition
must be satisfied:

ab b 0
—(l—cro)——U —cry) = —cbr_ — —cbr+.
or_ ory or_ ar4

€1y

This equation shows that either b or ¢ should be specified to
determine the entropy.> We shall set

r+a+l

ry—r_’

b=y (32)

where y is an arbitrary constant. Such a choice leads to ¢ =
1/ry, and

r+a+1

a+1

S=y + So. (33)
This expression for the entropy of the shell coincides with
the entropy of a Reissner-Nordstrom black hole when a = 1
and the shell is taken to its gravitational radius (in which case
the parameter y must take the value 47”) [18].

The regions of thermodynamical stability in the space of
independent variables {M, A, Q} (with A = 7 R?) are deter-
mined by the conditions (see Appendix B of [18])

9%s
<o, (34a)
M2 ) 4 0
9%s
- <0, (34b)
8A M’Q
2
(a—sz) <0, (340)
0 M, A
928\ [ 928 925 \°
<a 2) (W) B (E)MBA) 0, (34d)
328\ [ 928 928 \°
aa2 ) \so2 ) “\Gasg) =© (34e)

3 These functions would follow from the complete specification of the
matter fields on the shell.

2

9%s 92s 92s
_ > ()
<3M2> (8Q2) <8M8Q) -
<a2s><azs) (a2s><azs>
— >0, (34g)
aM?2 ) \90oA IMAA) \9MdQ

which ensure that the entropy does not increase due to inho-
mogeneities of the state variables.

Since we are assuming that the mass and the charge are
related through Q = BM, the stability conditions are to be
determined for S(M, A, Q(M)). The calculations can be car-
ried out in parallel to what was done in [18], namely impos-
ing that d>S > 0 with dS = 0, and adding the condition
0 = BM, or by defining

(34f)

h(M, A, Q)=SM,A, Q)—1MQ —BM), (35)

where A is a Lagrange multiplier, and using the corresponding
Hessian determinant. In either case, the ensuing conditions
for thermodynamical stability are

Sum +2BSmo + B*Spp <0, (36a)
Saa <0, (36b)
Saa (SMM +2B8Smo + ,32SQQ)

— (Swma + BSag)” = 0. (36¢)

The conditions for dynamical and thermodynamical stability
obtained above will be applied next to the zero charge case,
which was presented in [23] using different variables.

5 Stability of the uncharged shell

Let us revisit the case of zero charge discussed in [23]. The
relevant equations from Sect. 2 for g = 0 are

4x2
M=— (37)
o 4x+1)
X
R=———"—, 38
mo 4x+1) (38)
22x+1
m :4L+)3. (39)
To 4x+1)

It follows that the compactness parameter C is

C— 4x
C4x 417

Notice that this expression is universal in the sense that
it describes all the equilibrium states of the shell for any
barotropic EOS, parameterized as p = xo.

@ Springer
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The condition for dynamical stability is £220 > £220c,
where

1 x(8x% 4 8x +3)
§2200 = - ———
2 (x+1)

an equation which is also valid for any barotropic EOS.

Let us consider the barotropic EOS given by P = o
(using dimensionless quantities, the asterisks will be omitted
to avoid clumsy notation). From the definition of §2,9 and
$270 > $220c it follows that

8x2 +8x +3
> 0@

2x+1) @0

so, for a given n, this equality determines the critical value
X at which the stability changes. In terms of C,

2
. 3C*—-8C+6 ‘ @1
BC-4H(C -1

The matter on the shell satisfies the weak energy condition.
We shall only consider in what follows configurations that
also satisfy the dominant energy condition (DEC), namely
p < o,orx < 1. For the zero charge case, the DEC leads to
the existence of a maximum value of C, given by C = 4/5,
and 3/2 < n (from Eq. (40)).

Regarding the thermodynamical stability, the relevant
conditions are dS = 0 and d*>S < 0. The first condition is
satisfied for any isolated system, such as the shell under con-
sideration. The second one leads to the following inequalities

82
(m) <0, (42a)
A
928
<—2> <0, (42b)
9AZ ),
928\ [ 928 328 \?
<3M2> (3A2> - <8M8A> =0, (42¢)

Using the entropy given in Eq. (33), these inequalities yield
restrictions on the (x, a) plane, which were found in [21] in
terms of the redshift k and a. It turns out that Eq. (42c) sets
the most stringent limits on the possible values of x and a,
yielding

4x(2 1
L Bxex+D 43)
8x2 4 8x +3
In terms of C,
cR-cC
( ) (44)

a< ————.
T 3C?2-8C+6

@ Springer

The curve a = a(C) obtained from the equality in the
previous expression separates the thermodynamically stable
states from the unstable ones. The equations determining the
dynamical and thermodynamical stability, Eqs. (40) and (44)
respectively, will be used in non-zero charge case to check
the limit 8 = 0, see next section.

6 Stability of the charged shell

The relevant equations from Sect. 2 are

M = 4 (45)
wo (1—B2+4x)°
R= a (46)

o (1-p2+4x)

2 1 _ a2yl _
A ()20 £dx )

To (1—,32+4x)3

It follows that

4x

€= @

The maximum value for x imposed by the DEC is x = 1,
which in turn, from Eq. (48), yields the maximum value of
C as a function of 8

4
Cn(B) = 5_32

yiE (49)

For the marginal stability, Eq. (25) in terms of x reads

x 3(1 — B?) + 8x2 4 8x

2200 = =
T U=+ D) 0
In terms of C,

Cl—p% C*Br—3)+8C+6
o = (1-p%) B )+ 8C + 51

4 [C(B2+3) —41(C - D*

This equation defines a surface in terms of § and C, such that
the dynamically stable configurations are those that satisfy
§220 > $270.. Let us from now on restrict to the case of
a barotropic EOS given by P = ¢”. Combining §2>0 = nx
and Eq. (50), the curve that separates stability from instability
is

2 2+ 1D(n—4x) -3

2n(x+1) -3 (52)

For each n, the stable configurations are those below the
curve B2 = B%(x,n). The condition B2 < 1 is achieved

if and only if n > ﬁ, while the numerator of Eq. (52)
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is positive if and only if n > ﬁ + 4x. It follows that
the potential divergences due to the denominator of Eq. (52)
are excluded. Note that n» must be larger than 3/2, since the
latter is permitted only with x = 0 (leading to g2 = 0).
There is one more restriction to be imposed, namely, that the

dp

velocity of sound ¢ = a be less than one. In the case of

a polytropic EOS, cf = nx. Hence, for a given n, there is an
upper limit for x, givenby x < %, that actually supersedes the
DEC condition, since n > % Consequently, the maximum
value of C allowed by the condition on ¢? is obtained from

Eq. (48):

4

Cmax(n, B) = T1n(—pY)

(33)

and it is easily seen that it supersedes that given in Eq. (49).
Hence, the states allowed by c? < 1 are those that satisfy

2 4(C—-1)

,3 > 1 + T

The regions of dynamical stability in the (8, C) plane, deter-
mined using Egs. (48), (52), and (53) are shown in Fig. 1 for
different values of the polytropic index n. They grow with n
(i.e. as matter gets “stiffer”’), and for any given n, they shrink
when the charge grows.* The condition on ¢, restricts the
region of dynamically stable states only for n g 2.614795.
Notice also that highest value of C is reached for § = 0 for
any value of n (in fact, the results in this case are in agreement
with those presented in [23]).

Let us now analyze the restrictions imposed by thermody-
namical stability, which follow from Egs. (36a)—(36c), and
the expression for the entropy, given in Eq. (33). They lead to
inequalities involving a, B, and C, which we shall represent
in the (C, B) plane for different values of a. Fig. 2 shows
that for ¢ = 0.3 the more restrictive condition is the one
that follows from inequality (36¢), as in the zero charge case
[21]. This is actually the case for all the values of a explored
here. It is also seen that the inequality linked to the area,
Eq. (36b), leads to no restrictions. In fact, we have checked
that Fig. 2 is representative of the behaviour of the area filled
with thermodynamically stable states for any value of a, the
only change being that for very low values of a, the border
of the orange area moves to the left (practically all states are
thermodinamicaly stable for very small a, as is the case for
the zero charge shell), and for large a, the border moves to
the right, keeping in both cases its shape.’ Points C; and

4 We have checked that there are no dynamically stable states forn < %,
in agreement with the limits obtained above.

5 The length of the inequalities (36b), (36¢), and (36a) forbids an ana-
lytical approach, so the plots have been obtained using scattered random
points in the square 8 x C.

0.0 0.2 0.4 0.6 0.8 1.0
C

Fig. 1 The figures show the regions of dynamical stability (in green) in
the (C, B) plane for different values of n, as well as the region excluded
by ¢s > 1 (the curve, Eq. (53), and the region below it)

@ Springer
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1.0

0.8

0.6

0.4

0.2

1.0

0.8

0.6

0.4

0.2

Fig. 2 Points in the plane 8 x C satisfying inequalities (36a)—(36¢) for
a = 0.3. The grey dots are those that satisfy inequalities (36a) (upper
left), (36b) (upper right), and (36¢) (lower left). The orange dots repre-
sent their intersection, which coincides with inequality (36¢). The curve

C» in the plots correspond to the value of C for zero charge
and a given a, which are given by Egs. (3.5) and (3.7) of
[21]. In particular, C, follows also from Eq. (44). Let us see
now the restrictions imposed by the two kinds of stability
together.® Figures 1 and 2 show that the existence of nonzero
charge states that are completely stable is determined by the
condition C(n) > C(a), where C(n) is the maximum C for
dynamical stability, fixed n, and zero charge, and C(a), the
minimum C for thermodynamical stability, fixed a and zero
charge. The figures suggest that the curve that follows from

6 The states that are both thermodynamically and dynamically stable
will be called from now on completely stable.

@ Springer

in the last panel follows from the condition ¢; = 1 (see Eq. (53)). Points
Cy and C3 in the axis B = 0O correspond to the values obtained from
Egs. (3.5) and (3.7) of [21]. C3 is also obtained from Eq. (44)

the restriction ¢y < 1 may exclude part of either the thermo-
dynamically stable states, or the dynamically ones. This will
be confirmed by the examples shown below.

The equation C(n) = C(a), which follows from Egs. (41)
and (44) implicitly defines the curve n = n(a) in such a way
that those states with zero charge and satisfying

n = n(a), (54)

are completely stable. The region defined by Eq. (54) is dis-
played in Fig. 3. The limits on the parameters are % <n,
and 0 < a < %. Notice that a point in the (a,n) dia-

gram actually defines an interval of configurations with
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< 3.125
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0.3158
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Fig. 3 The coloured region corresponds to the configurations with 8 =
0 that are completely stable. Its border is given by Eq. (54). Points
A = (0.1,3) and B = (0.32, 2) will be used as examples in Figs. 4 and
5 respectively

C € [C(a), Cmax(n)], given respectively by Egs. (41) and
(44). For instance, for A = (0.1, 3), C € [0.253, 0.654].
Taking into account the restriction coming from c¢; < 1, see
Eq. (53), the allowed values of C for the point A are in the
interval [0.253, 0.571] (see the 8 = 0 axis in Fig. 4).

For any given configuration that is completely stable for
zero charge, there are charged configurations that are also
completely stable. Figure 4 shows the dynamically stable
states (those in the green region) and the thermodynamically
stable states (in the orange region), for point A = (0.1, 3)
in Fig. 3. We see that the area of stable states is reduced on
both the dynamical and the thermodynamical sides when B
grows, the reduction in the latter being more pronounced.
Also shown is the curve corresponding to ¢; = 1 (the points
below which are excluded). Figure 5 shows the relevant
regions for point B = (0.32, 2) of Fig. 3, which is outside the
region of complete stability in the case of zero charge. There
are no completely stable states for nonzero charge, in agree-
ment to what was presented above. Figure 6 corresponds to
the values n = 4, a = 0.285, and shows a case in which
most of the region of completely stable states is excluded by
the restriction ¢y < 1. In fact, for larger values of a, all the
completely stable states are excluded by such condition (see
Fig. 7).

Figure 8 shows the m x C curves forn = 2and 8 = 0,0.5
and 0.85, with a = 0.15, with the dimensionless m given by
Eq. (47) where o has been rendered dimensionless using the
parameters of the EOS. The figure also shows the regions of
different stabilities of the equilibrium configurations, as well
as the region excluded by the condition ¢y > 1. The different

1.0

0.8 e e
06 Y S ]
0.4 i ................

02 o ———

c

Fig. 4 The figure shows the region of dynamically stable states (in
green) and that of thermodynamically stable states (in orange) for the
parameters n and a of the completely stable uncharged state A =
(0.1, 3) in Fig. 3. The intersection of both regions (minus the set of
states below the curve corresponding to ¢y = 1) yields the completely
stable states as a function of g

1.0

0.8

0.6

0.2

Fig. 5 The figure shows the region of dynamically stable states (in
green) and that of thermodynamically stable states (in orange) for the
parameters n and a of the the unstable point B = (0.32, 2) in Fig. 3.
There is no region of complete stability

regions of stability were obtained from the limiting values
of compactness C taken from Fig. 9 for each value of B,
represented by the horizontal dashed lines in the latter figure.

@ Springer
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c

Fig. 6 The figure displays a case in which only a small part of the
completely stable region is allowed by the condition ¢y < 1

1.0

0.8

0.6

0.4

0.2

c

Fig. 7 The figure shows a case in which all the completely stable states
are excluded by the condition ¢y < 1

The dot on each curve in Fig. 8 represents the maximum. The
point that separates the dynamically stable states from the
unstable ones coincides with the maximum of the curve only
for B = 0.Itcan be seen from Fig. 9 that, starting with § = 0,
when 8 becomes higher the border of the region of dynamical
stability moves to the left whereas the border of the region of
thermodynamical stability moves to the right, thus reducing
the region of complete stability, until it disappears altogether.
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Fig. 8 The figures shows the m x C curves forn =2, 8 =0, 0.5, 0.85
and a = 0.15, together with the regions of different stabilities as well
as the region excluded by ¢; > 1. The dot represents the maximum of
the curve. The different regions on each curve were defined from the
limiting compactness C obtained in Fig. 9 fixing the value of 8



Page 11 0of 12 151

Eur. Phys. J. C (2022) 82:151
1.0 |
=2 C C c
B2 it Wt S

02k ................. ! A ]

a=0.15
0.0 ﬂ =0 i CaL i _Cnl Csl
0.0 0.2 0.4 0.6 0.8 1.0
c

Fig. 9 The figure show the values of compactness C associated to the
border of each region of stability and, below the curve, of the region
with ¢; > 1. The values of $ used in Fig. 8 are represented here by
horizontal dashed lines

This behavior is reflected in the m x C curves in Fig. 8. Due
to the Coulomb repulsion present for  # 0 and acts against
gravity, the maximum value of m grows with 8. The same
behavior of the m x C curves is obtained for other values of
n and a.

7 Conclusions

We have presented a complete analysis of the dynamical and
thermodynamical equilibrium of a charged thin shell in which
the mass and the charge are related by O = BM. For a
barotropic EOS (parameterized by the index n) and a given
form of the entropy (with parameter a), each kind of stability
is determined by a given set of inequalities, which can be rep-
resented by regions in the (C, §) plane, for any pair (1, a).
The states that are completely stable belong to the intersec-
tion of such regions, taking into account the restriction that
follows from ¢y < 1. We have shown that the existence of the
intersection actually follows from the zero charge case, and
that the condition ¢; < 1 is more restrictive than the imposi-
tion of the dominant energy condition. In fact, for some values
of the parameters n and a, the former may even exclude all
the states in the intersection. Our results show that for rela-
tively low values of n and a, the region of completely stable
states is rather large, and the condition ¢; < 1 is not very
restrictive, while already for moderate values of n and a, it is

the condition on ¢, that limits the size of the region, leading
ultimately to the non-existence of completely stable states.

To summarize, we have shown that the dynamical and
thermodynamical stability, along with the condition ¢; < 1
can lead to strong restrictions on the equilibrium states of
a charged shell, and even to the nonexistence of completely
stable states. The application of the formalism presented here
to the case of rotating shells (the thermodynamical stability
of which was studied in [17]), and to shells in which Q and
M are independent parameters is left for future work.
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