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Abstract We investigate static and spherically symmet-
ric solutions in a gravity theory that extends the standard
Hilbert-Einstein action with a Lagrangian constructed from
a three-form field Ag, , which is related to the field strength
and a potential term. The field equations are obtained explic-
itly for a static and spherically symmetric geometry in vac-
uum. For a vanishing three-form field potential the gravi-
tational field equations can be solved exactly. For arbitrary
potentials numerical approaches are adopted in studying the
behavior of the metric functions and of the three-form field.
To this effect, the field equations are reformulated in a dimen-
sionless form and are solved numerically by introducing a
suitable independent radial coordinate. We detect the forma-
tion of a black hole from the presence of a Killing horizon for
the timelike Killing vector in the metric tensor components.
Several models, corresponding to different functional forms
of the three-field potential, namely, the Higgs and exponential
type, are considered. In particular, naked singularity solutions
are also obtained for the exponential potential case. Finally,
the thermodynamic properties of these black hole solutions,
such as the horizon temperature, specific heat, entropy and
evaporation time due to the Hawking luminosity, are studied
in detail.

1 Introduction

The use of differential three-form fields in the realm of cos-
mology has been gaining ever more attention over the last
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decade [1]. These form fields naturally emerge in funda-
mental theories, such as string theory [2—4] and, thus it is
only reasonable to explore their existence under effective
formulations of gravity. Its application in cosmology has
already proven to be fruitful in explaining the early- and
late-time acceleration periods of the cosmic history [5-8],
reheating [9], screening solutions [10], generation of cos-
mological magnetic fields [11], among others. Primordial
inflation driven by multiple three-form fields was studied in
[12], considering several potential functions. One appealing
consequence is that these models present distinct signatures
when compared to the standard inflationary setting with a
scalar degree of freedom, compatible with recent cosmolog-
ical observations. Inflationary models in extra dimensional
braneworld scenarios inhabited by a single three-form have
also been explored in [13], through the use of dynamical sys-
tems analysis, and tested against the Planck data. The compu-
tation of non-Gaussianities produced by several three-form
fields inflation has been examined in [14] through the analy-
sis of curvature perturbations employing the §N formalism.

It is well known that in four spacetime dimensions a three-
form field admits a dual scalar field representation [15,16].
For example, assuming nonquadratic three-form potentials
leads to an equivalent scalar representation exhibiting a non-
canonical kinetic term. However, this mapping is nontriv-
ial, and thus for several self-interaction choices, or for any
nonminimal coupling, this dual representation breaks down
[5]. Nonetheless, even in the cases where the dual scalar
description exists, it is often quite complex to deal with and
it becomes much more practical and intuitive to work in
the form-representative framework. An interesting feature
of three-forms, is that the standard Maxwell term, F = d A,
constructed from a massless three-form A, naturally induces
a cosmological constant term, and therefore has been used to
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address the cosmological puzzle regarding the tiny value of
A [17]. Furthermore, nonminimal interactions between dark
energy, driven by a three-form field, and cold dark matter,
were explored in [18,19] along with the corresponding lin-
ear cosmological perturbations. It was shown that even small
values for the coupling lead to substantial variations on the
growth of matter fluctuations.

Screening solutions with three-form fields conformally
coupled to matter were also studied in [10]. In [20] the
authors investigate the existence of future abrupt cosmolog-
ical events, particularly the little sibling of the Big Rip, and
the possibility of avoiding these by considering interactions
between the three-form field, portraying dark energy, and
dark matter. With the aid of dynamical systems techniques,
it was found that this can be achieved only by considering
interactions not directly involving the dark matter species.
The authors also shed some light on how to distinguish the
quadratic and linear dark energy interactions, through the
statefinder hierarchy diagnosis and computing the growth
of matter perturbations, compatible with the observational
SDSS III data. An alternate procedure to avoid these future
cosmological abrupt events induced by the three-form is
the quantization of the aforementioned system [21]. The
Lagrangian formalism for a single three-form fluid with a
noncanonical Maxwell term was also explored, in compari-
son with k-essence cosmology, in [22].

More recently, theories embracing three-forms have been
extended to spherically symmetric and static spacetimes,
in particular, wormhole geometries [23]. More specifically,
solutions were found for the modified field equations, assum-
ing a single static and radial-dependent three-form field,
where the standard matter fields are allowed one to dwell
within the entire wormhole domain without violating the null
and weak energy conditions.

Indeed, the present work also deals with static three-forms
supporting spherically symmetric spacetimes, however, in
the context of black holes and naked singularities. In fact,
black hole solutions are well known in many gravitational
field models and, in particular, in standard scalar—tensor
extensions of general relativity. For instance, black hole solu-
tions were recently found in the scalar—tensor representa-
tion of the hybrid metric-Palatini gravitational theory [24],
which is a combination of the metric and Palatini f(R) for-
malisms unifying local constraints at the Solar System level
and the late-time cosmic acceleration [25—-28]. Furthermore,
many other exact analytical black hole solutions have been
obtained and studied extensively for nonminimally coupled
scalar fields [29—-34] (for a review of the nonsingular general
relativistic solutions with minimally coupled scalar fields see
[35D.

Generally the latter solutions have been derived in the
Einstein frame, without the assumption of the existence of
any coupling between the scalar field and the Ricci scalar.

@ Springer

Similarly to these scalar field models, the three-form field
theory we have considered is also formulated in the Einstein
frame. However, there are fundamental differences between
the three-form field theory and scalar field models in the
Einstein or Jordan frames. An interesting result in the Brans—
Dicke-type scalar—tensor theories is that the solutions with
zero scalar field potential have in general no horizons [36].
Our analytic and numerical investigations show that this is
not the case in the three-form field theory. Another interest-
ing result in scalar-tensor theories is that globally regular,
asymptotically flat solutions are possible. These solutions
correspond to at least partly negative potentials V (¢), and
they are solitons without horizons and with a regular center
[37]. However, these results specific to scalar—tensor theories
cannot be recovered in the three-form fields gravitational the-
ory. On the other hand our analytical and numerical investi-
gations do not indicate the possible existence of any globally
regular solutions.

This work is outlined in the following manner: in Sect.
2, we present the general formalism of the three-form field
extension of general relativity. In Sect. 3, considering a static
and spherically symmetric background, we deduce the grav-
itational field equations. In Sect. 4, exact vacuum solutions
with three-form fields are presented, for the specific cases
of a zero potential and for a constant potential. In Sect. 5,
numerical solutions of the field equations are explored, for
the Higgs potential and the exponential potential. The ther-
modynamic properties of the black holes solutions obtained
are studied in Sect. 6. Finally, in Sect. 7, we discuss and
summarize our results.

2 Einstein gravity with a three-form field: general
formalism

We start by considering the following action for Einstein
gravity with a standard three-form field Agyg) :

S— /d4xJ—_g (z—izR + .cA) , (1)

with R being the Ricci scalar, g = det g, the determi-
nant of the metric tensor, k2 = 87 G and £ 4 stands for the
Lagrangian density for our three-form, which reads [1,5]

b, 2
La= 48F V (A7), ()

where we have used the notation
F? = Fup,sF*P7%  and A% = Ayp, A%PY. (3)

Here V (A?) is the three-form potential and F = dA is the
field strength tensor [15,20], a four-form, whose components
can be written as

Fopys = VaAgys — VsAapy +Vy Asap — VAysa, (4)
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with V,, being the covariant derivative. The equations of
motion for our three-form can be found by varying the action
Eq. (1) with respect to Agg) . They read [6,23]
Vv
9(A2)
Varying now Eq. (1) with respect to the metric g"*¥ one
finds the following field equations:

=12

VuF" ., Aapy- (5)

Gy = > Ty, (©6)

where G, is the Einstein tensor and T}, is the energy
momentum tensor of our form field source:

8L

TMV = _Z(Sgl“)

+ v L
(F F)p+6—5- ad
= - o
v 9 (AZ)
with a circle denoting contraction of all indices but the first,
ie., (FoF),, = FupyF,*

We will construct our three-form with the aid of its dual

vector (one-form) [23], via the Hodge star operator

1
3] /_
Inverting the last identity, we express the three-form compo-
nents in terms of its dual vector

Aapy = /=g €apysB’. )

We now build the three-form components by parameterizing
B" in terms of a radial scalar function ¢ = ¢(r), i.e.,

=(0,£(r),0,0)T. (10)

(Ao A)yy+Laguw, (D

B* = (xA)® = "By Aup,, . (®)

Due to the antisymmetric nature of differential forms, once
we attain a solution for ¢ (), all the three-form components
are automatically determined through Eq. (9).
Through Eqgs. (4) and (9), we may rewrite the kinetic term
in the action Eq. (1) as [7]
1

1
_48 ) 0123

We now consider applications of the general formalism
obtained here to the specific case of static and spherically
symmetric spacetimes.

%(VMB“)Z. (11)

3 Spherically symmetric and static background
3.1 Metric and field equations

Consider a static and spherically symmetric spacetime, given
by the following line element:

ds? = —e®0) g2 1 B0 g2 4 )2 (d92 +sin®6 d¢2) .
(12)

On this background geometry, the invariant A is given
by

A2 =620 (r)?, (13)

and the term expressing the kinetic energy of the three-form
is provided by

2 1 1 4 / ?
=06l +8 +; +2¢ |, 14)
where a prime denotes the derivative with respect to the radial
component.

The equations of motion (5) can now be written in terms
of ¢, using the metric Eq. (12), as

4
24”+(a +p8 + ); +(a”+ﬁ”—r—2>§+2\/,g =0,
(15)
where V. =0V /0¢.

Through Eq. (7), using Eq. (12), the components of the
energy momentum tensor are then found to be

2
T' = — -V Ve, 16
t P = 48 +§ Ne ( )
2
Tr_ = pr = F— —_ V’ (17)
' 48
% =1%=p=T", (18)

where the F2 term is given by Eq. (14) and we identify p,
pr and p with the energy density, the radial pressure, and
the tangential pressure, respectively, of the three-form. The
components of the Einstein tensor can be written as

1d -’

6= g e =] = " (1= =) (9)
-8

G = 5 (14ra =), 20)

—-B ,
Gl =G", = % [a” + (; + %) (o — ,3’):| L@

At this point, we have four variables, namely, «, 8, ¢
and V, and four independent equations, namely, the equation
of motion for ¢, i.e., Eq. (15) and the three field equations
(setting k = 1 for simplicity):

e P F?

1—rB —ef)=——V 4V, 22
T (= =)= e -V v, (22)
e P F?

_A =
i (1+ra' —ef) = 73 V, (23)
e_ﬁ " l a/ !/ / 2
T[a +<r+3)( ﬂ)}_48 V+Vy.
(24

@ Springer
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Combining the first two field equations, Egs. (22) and (23),
one finds

o +8 = —reﬂg“V,;. (25)
Using Eqgs. (22) and (24) yields

/

%(l—rﬁ’—eﬂ)=cx”+<l~|—a—)(a’—ﬂ/). (26)

r2
Moreover, from Eq. (22) we obtain
F2
rpl=1-¢f |:1+<4—8—V+§V;>r2:|. (27)

These expressions will be useful below.
3.2 Dynamical system formulation

The field equation (22) can be rewritten as

d , F?\ ,
E(re ﬂ):l—(V—;v,;—E)r , (28)
and can immediately be integrated to give
2Mege (r
o EMeitC )7 (29)
r

where the effective mass Mg () is defined as

Mt () ! / ' V-V Ll 24 (30)
r) == - — redr,
eff 2 ), Ve 13
and satisfies the mass continuity-type equation
dMegr(r) 1 F2\ ,
— == |V =¢V, - — . 31
dr 2 < eTgg)” G1)

From Eq. (23) we obtain the expression of '
, P (F2/48 = V) 4 2Mesr (1)
r2 (1 = 2Mefe (r) /1)
With the use of Eq. (25), Eq. (15) can be reformulated as

p [2
4| -
;

where we have denoted

(32)

r¢ (V’( + {VZ;;/Z)

1 —zMeff(r)/r }C _G(r’ {)C"’V’{ :0’(33)

G ==+ Ve
r = —
= 2 I 2Mer ()]
1+ (F%2/48 —V 4+ ¢V )r?
><|:2— +(F?/ +¢Ve)r } (34)
1 —2Me (r) /7
Finally, for the function F> we obtain
4 reVig 2
Fl=—6|(-—-— 2>t 207 . 35
[(r 1—2Meff(r)/r)§ + g} (33)

Here we have presented the relevant equations, which set
the stage for exploring solutions, both exactly and numeri-
cally.

@ Springer

4 Exact vacuum solutions with three-form fields

In the present section we will consider some solutions of
the system of the vacuum field equations (22)—(24), respec-
tively, which must be solved together with Eq. (15), once the
functional expression of the three-form potential V is fixed.

4.1 Firstcase: V =0

If the three-form field potential V identically vanishes, V =
0, then Eq. (25) can be immediately integrated, giving

o= _/3! (36)

where we have set, without loss in generality, the arbitrary
integration constant equal to zero. Then Eq. (26) becomes

o +a* = % (1—e@). (37)

By introducing a new variable « = In f, Eq. (37) becomes

2f 2

~ !/
f'= 5 =0, (38)

with the general solution given by
¢
f) =14t er’, (39)

where ¢ and ¢, are arbitrary constants of integration. Since in
the limit F2 — 0 the Schwarzschild solution of standard gen-
eral relativity must be recovered, it follows that c; = —2M,
where M is the mass of the gravitating body, while c; = —A
can be interpreted as the cosmological constant. Hence, we
have recovered the Schwarzschild—de Sitter solution, with
the cosmological constant naturally included,

oM
=P =1-"" _ ArZ (40)
p

Equation (15), giving the evolution of the function ¢,
becomes

" 2 / 2
"+ == 5¢=0, (41)
r r
and it has the general solution
C>
(ry=Cir+ 7. (42)

where C| and C, are arbitrary constants of integration. With
the use of Eq. (42), we obtain finally for 2 the expression

F? = —216C7} = constant, (43)

as expected. On the other hand with the use of the field equa-
tion (23) we obtain F? = 144¢; = —288M. By comparing
the two expressions for F2 we obtain for C the representa-

tion C1 = /4M /3.
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4.2 The constant potential V' = V) = constant

In the case of the constant potential V = V = constant,
Eq. (33) take the same form as in the case of the vanishing
scalar potential of the three-form field, Eq. (41), and its solu-
tion is given again by Eq. (42). As for 2, given by Eq. (35),
we obtain again F?> = —216C 12 By integrating the mass
continuity equation, Eq. (31), we obtain

1 9
Meii () = ¢ [ o+ EC%} 3+, (44)

where ¢ is an arbitrary constant of integration. Hence for
e~# we immediately obtain
5 _ a1 9 2|2
elr=1————(Vo+=Ci|r~. 45
roel 2! )
Since also in the constant potential case the general rela-
tion & + 8 = 0 holds, we obtain the metric tensor coefficient
e* as
a a 1 9 2] 2
ef=1————|Vo+Cy|r-. 46
r 6 0 21 (46)
The solution is again of the Schwarzschild—de Sitter type,
with the potential Vj generating, together with F2, an effec-
tive cosmological constant. On the other hand, the arbitrary
integration constant ¢ is undetermined by the field equa-
tions, and must be chosen from physical considerations. If
the integration constant C'| and the constant potential V van-
ish, the metric reduces to the standard Schwarzschild form.
Moreover, there are no restrictions on the integration constant
c1, whose sign and physical interpretation remains arbitrary.

5 Numerical solutions of the field equations

The system of three Egs. (31), (32) and (33) for the three
unknown functions Mg, o and ¢, representing a strongly
nonlinear system of differential equations, determines the
vacuum solutions of the three-form field model gravity. In
order to integrate the equations we introduce a new indepen-
dent variable 1, defined as

= (47)
Then we can reformulate the gravitational field equations
as the following first order dynamical system:

d

i:u, (48)
dn

dMys 1 (F? 1

— =4V, =V | =, 49
dn 2(48“ < n* “49)

do F2/48 —V 4+ 21> Mgy

dn 7 (1 — 2nMegr)

(50)

du Vie+¢Viee/2 1 Ve
dn (1 —2nMegr)  n* n*
where

¢V
2(1 = 2nMeg)

2 24
5 [2_ n? + (F2/48 v+gv,;)} )

G, ¢) =20+

n? (1 — 2nMegr)
and

F2=-6 4;7—L ¢ —2n*u ’ (53)
n (1 —2nMetr) '

respectively. In order to obtain the above equations we have
used the mathematical relations d¢ /dr = —n2d¢ /dp, and

de_ et

d¢
3
a2 " dn? 2y,

an’ (54)

respectively. The system of Egs. (48), (49), (50) and (51)
must be integrated with the initial conditions at infinity, given
by Merr(0) = M}, @(0) = 0, £(0) = Zo, and u(0) = uo,
respectively.

5.1 The Higgs potential: V (¢) = u2¢% + vt
5.1.1 General considerations

The Higgs-type potential
V(©) = p?e? + gt (55)

plays a fundamental role in elementary particle physics. From
a physical point of view we may assume that —” represents
the mass of the three-form field associated to the gravitational
interaction. For the strong interaction case the Higgs self-
coupling constant v takes the value v &~ 1/8 [38], a value
which follows from the analysis of accelerator experiments.
But of course in the case of the gravitational models in the
presence of a three-form field the values of both u? and &
may be very different from those suggested by elementary
particle physics.

In the case of the Higgs-type potential of the three-form
field the vacuum gravitational field equations take the form

de _ o dMex _1F? 0 5 22| L

b el (R ene) e e
do _ F?/48— (1 +v¢?) 2 + 20° Mesr 57)
dn 03 (1 — 2nMefr) ’

du (3u? + 10v¢%) ¢ 2 (u? +2v¢?)

1
2 A T R G-
dn (=20 Mer) P (. £3¢ n*

(58)

@ Springer
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Fig. 1 Specific case of the Higgs potential: Variation of the metric
tensor coefficient ¢ as a function of the coordinate n, for v = 0.01 and
for different values of u2: 2 = 0.0001 (solid curve), u2 = 0.00012
(dotted curve), u% = 0.00013 (short dashed curve), u2 = 0.000138
(dashed curve), and Mz = 0.000141 (long dashed curve), respectively

where G (1, ¢) and F? are given by
) (M2 + 2v§2) ¢2
2(1 = 2nMegr)
P+ [FP/A8+ (1w +3v¢7) &7
% (1 — 2nMetr)

G (n,¢) =2n"+

2

(59)

and

2
F?=—-6{|4n— M -

n (1 —2nMesr)

respectively. Equations (56)—(58) must be considered with
the initial conditions at infinity Mg = 1, £(0) = 1077,
u(0) = 40, and «(0) = 0, respectively. In Figs. 1, 2, 3 and
4 we present the variations with respect to n of the metric
tensor coefficients e, e #, of the effective mass Megr and of
the radial scalar function ¢.

The variation of the metric tensor coefficient e“ is repre-
sented in Fig. 1. The metric function monotonically decreases
from its constant, Minkowskian value at infinity, to zero, a
value reached for finite values of 7, and which defines the
singular surface of the black hole, or its event horizon. The
position of the event horizon is strongly dependent on the
numerical values of 2. A similar behavior characterizes the
metric tensor component ¢~ P, whose variation with respect
to n is represented in Fig. 2. The inverse of the metric ten-
sor component decreases linearly from infinity to the event
horizon of the black hole, where the metric tensor becomes
singular. Similarly to e, the variation of ¢ ~# is significantly
influenced by the numerical values of ;2. The changes in the
effective mass M. are plotted in Fig. 3. The mass increases
rapidly from its initial value at infinity to a maximum value,
reached before the event horizon, an effect due to the pres-
ence of the three-form field, and its mass—energy contribution

20%ut . (60)

@ Springer

e-B(m

Fig. 2 Specific case of the Higgs potential: Variation of the metric
tensor coefficient ¢ ~# as a function of the coordinate n,forv = 0.01,and
for different values of u2: u? = 0.0001 (solid curve), u2 = 0.00012
(dotted curve), u> = 0.00013 (short dashed curve), u> = 0.000138
(dashed curve), and % = 0.000141 (long dashed curve), respectively

FT T T T T

0.0 0.2 0.4 0.6 0.8

Fig. 3 Specific case of the Higgs potential: Variation of the effective
mass Mg as a function of the coordinate n, for v = 0.01, and for
different values of u?: u?> = 0.0001 (solid curve), u?> = 0.00012
(dotted curve), u% = 0.00013 (short dashed curve), u2 = 0.000138
(dashed curve), and pLz = 0.000141 (long dashed curve), respectively

1.0

0.8

0.2

0.0

Fig. 4 Specific case of the Higgs potential: Variation of the radial scalar
function ¢ as a function of the coordinate 1, for v = 0.01, and for
different values of u?: u2 = 0.0001 (solid curve), u2 = 0.00012
(dotted curve), u2 = 0.00013 (short dashed curve), u2 = 0.000138
(dashed curve), and /ﬁ = 0.000141 (long dashed curve), respectively
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Fig. 5 Variation of the metric tensor coefficient e*, for the Higgs
potential, as a function of the coordinate 7, for u? = 0.000095, and
for different values of v: v = 0.04 (solid curve), v = 0.08 (dotted
curve), v = 0.12 (short dashed curve), v = 0.16 (dashed curve), and
v(0) = 0.20 (long dashed curve), respectively

to the mass of the central object. After reaching its max-
imum value the effective mass decreases before reaching
the event horizon. However, for some particular values of
w?, the mass becomes approximately constant beginning for
some finite value of 5. This indicates that the model enters
very quickly in an approximate Schwarzschild regime, with
e Pr~1— 2Megn, with Megr a function of the parameters of
the Higgs-type potential, and of the initial conditions for ¢.
This dependence on the initial conditions and on the param-
eters of the potential also determines the modifications of the
position of the event horizon of the black hole, with respect to
its standard general relativistic value. The dependence of the
scalar radial function ¢ is depicted in Fig. 4. The behavior of
¢ indicates a complex dynamics, with ¢ increasing initially,
reaching a maximum value, and then becoming again zero
at the event horizon. For some values of the Higgs potential
the variation has a quasi-oscillatory behavior, characterized
by an alternation of local maxima and minima.

The behavior of the geometric and physical quantities in
vacuum for the three-form supported black holes also depend
sensitively on the numerical values of the self-coupling con-
stant v of the Higgs potential. In Figs. 5, 6, 7 and 8 we present
the behavior of the metric tensor components, of the effec-
tive mass and of the scalar function ¢ for different values
of v. To integrate the gravitational field equations we have
fixed the values of ,u,2 = 0.000095, ¢(0) = 0, u(0) = 40,
M.t (0) = 1, and ¢ (0) = 0, respectively, and we have varied
the values of v.

The metric tensor components e® and e~#, represented in
Figs. 5 and 6, decrease from their Minkowski values at infin-
ity to zero, corresponding to a finite value of 5, indicating the
presence of a singularity corresponding to the formation of
a black hole. Their numerical values depend effectively on
the numerical values of v, which also strongly influence the

Fig. 6 Variation of the metric tensor coefficient ¢#, for the Higgs
potential, as a function of the coordinate 7, for /Lz = 0.000095, and
for different values of v: v = 0.04 (solid curve), v = 0.08 (dotted
curve), v = 0.12 (short dashed curve), v = 0.16 (dashed curve), and
v(0) = 0.20 (long dashed curve), respectively

Fig. 7 Variation of the effective mass M.gr, for the Higgs potential, as
a function of the coordinate 7, for u2 = 0.000095, and for different
values of v: v = 0.04 (solid curve), v = 0.08 (dotted curve), v = 0.12
(short dashed curve), v = 0.16 (dashed curve), and v(0) = 0.20 (long
dashed curve), respectively

06F : : : : 4
05F
04}
= 03f
G F
02}
0.1F

0.0}

Fig. 8 Variation of the radial scalar function ¢, for the Higgs potential,
as a function of the coordinate 7, for /ﬂ = 0.000095, and for different
values of v: v = 0.04 (solid curve), v = 0.08 (dotted curve), v = 0.12
(short dashed curve), v = 0.16 (dashed curve), and v(0) = 0.20 (long
dashed curve), respectively

@ Springer
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Table 1 The position of the event horizon ng for selected values of the
initial conditions and Higgs model parameters

o uo u? v Ns

1073 40 0.0001 0.01 0.88
1073 40 0.00012 0.01 0.46
1073 40 0.00013 0.01 0.49
1073 40 0.000138 0.01 0.61
1073 40 0.000141 0.01 0.76
1073 40 0.0001 0.015 0.59
1073 40 0.0001 0.02 0.51
1073 40 0.0001 0.015 0.48
1073 40 0.0001 0.015 0.46
1073 45 0.0001 0.01 0.75
1073 50 0.0001 0.01 0.66
1073 55 0.0001 0.01 0.58
1073 55 0.0001 0.01 0.54
10~* 40 0.0001 0.01 0.78
5x107* 40 0.0001 0.01 0.56
1073 40 0.0001 0.01 0.48
5x107° 40 0.0001 0.01 0.44

position of the event horizon. The effective mass, shown in
Fig.7,increases from its value at infinity towards a maximum
value reached far away from the event horizon. The value of
the effective mass also strongly depends on the self-coupling
constant v. For some numerical values of v the mass becomes
roughly a constant beginning from a finite 7, and the geom-
etry near the compact object becomes quasi-Schwarzschild,
with the effective mass of the black hole strongly dependent
on the values of v. The radial scalar function ¢, represented
in Fig. 8, also shows an effective dependence on v, reach-
ing, similarly to the effective mass, a finite value at the event
horizon of the black hole.

The numerical values of the event horizon ng are pre-
sented, for a selected value of the initial conditions and of
the model parameters, in Table 1. In the adopted system of
units the position of the Schwarzschild singularity corre-
sponds to ng = 1/2. The position of the event horizon ry
of the black hole is found to be ry = r¢/ng, where r is the
Schwarzschild gravitational radius of the object, defined as
re =GM /c?, where M is the total mass of the object. For
example, the physical position of the event horizon of the
black hole supported by a three-form field with Higgs poten-
tial having ng = 0.88 is located at ry = 1.13r,, indicating a
black hole more extended that its Schwarzschild counterpart.
For a three-form field black hole with ng = 0.44, the event
horizon s located atry = 2.27r,. The three-dimensional dis-
tribution of the event horizons of the black holes supported
by three-form fields is represented in Fig. 9.
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Fig. 9 Distribution of the event horizons of the three-form field sup-
ported black holes as a function of the parameters 2 and v of the
Higgs potential for ¢y = {1, 1.105,1.21,1.315, 1.42} x 10~%, and
uo = {1,2,3,4,5} x 1072

5.1.2 Interpolating functions

In order to facilitate the further investigations of the prop-
erties of the three-form field supported black holes in the
following we will present some explicit analytic expressions
for the basic physical and geometrical quantities, obtained
from the interpolation of the numerical results. For the effec-
tive mass function Megr(n) we assume a general expression
of the form

Megr () = Amu + Bvnn + Cvmn?, (61)

where the coefficients Apu, Bmp, and Cyvy are functions of
(uz, v, {o, Uo). In the following analysis we will concentrate
mostly on the dependence on the initial conditions, and hence
we will fix the parameters of the Higgs potential as u?> =
1074, and v = 1072, respectively. Then we obtain

Av = —1.915 — 3031.75¢ — 500,327 Y%
uo
14218252 40,1444 — 0.0016u3, (62)
uo

with the correlation coefficient R = 0.999,

Byu = 70.627 + 81785.60 — 5.312 x 107¢}

298 x 1002 _ 3.27ug + 0.036u2, (63)
ug

with RZ = 0.989, and

Cvmu = —294.508 + 91641779 — 1.4889 x 10750
uo

+12.86up — 12456.8%pup — 0.129447u%, (64)
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with R? = 0.99. The general expression of the metric tensor
component e* is

e = Ayy + Buun + Conn?, (65)

with the coefficients Ay, Bon, Con given, for fixed u2 and
v, as functions of (¢, up) by

Aqy = 0.847 — 125.916¢) — 36.981\/—?O + 9656.83{—0
ug ug
+0.0069ug — 0.000059u(2), (66)

with R? = 0.999,
Bun = 0.62 +2036.19Z0 — 4.162 x 10°¢3
102912 x 1065—0 — 0.0942u¢ + 0.000678u3,
’ (67)
with R? = 0.999, and
o
u

Con = —2.754 4 90221.2¢0 — 1.96 x 10°=
0

+0.0005810 — 882.929z0u — 0.00193u3,  (68)

with R? = 0.998.
For the metric tensor component ¢? the general interpo-
lating function can be taken as

P ZA,BH+B/3H77+CBH772’ (69)

with the coefficients Agy, Bgy, and Cgp given as functions
of (o, up) by

Vo — 353829

g 1o
(70)

Agn = 1.653 4 730.135¢0 + 67.886

40.0324u0 — 0.000353u3,
with R? = 0.999,

B = 12.688 — 16943.1¢ + 9.355 x 10°¢3 + 73725052
uo
—1.12u¢ + 0.0296u3 — 0.000243u3, (71)

with RZ = 0.976, and

Cpn = 59.249 + 212369¢) + 3.0549 x IOf’;—O — 2.506u¢
uo

+2762.06Z0uo + 0.0206u3, (72)

with R? = 0.999.
5.2 The exponential potential: V (¢) = Voert

As a second example of black hole solutions supported by
a three-form field with non-zero potential, we consider the
case of the exponential-type potential, V (¢) = Vpe*¢, where
Vo and A are constants. There are many physical processes
in string theory and elementary particle physics described
by this type of potential. For example, an exponential-type

potential is obtained in string-type theories and in four-
dimensional effective Kaluza—Klein theories from the com-
pactification of the higher dimensions. Moduli fields and non-
perturbative effects in quantum field theory such as gaugino
condensation can also generate exponential-type potentials
for scalar fields [39]. The role of the exponential potential
has been intensively investigated especially in the framework
of scalar field cosmological and gravitational models and for
many field configurations, including the inhomogeneous and
homogeneous scalar fields [40—48]. In the presence of an
exponential potential the gravitational field equations (48)—
(51) take the form

dc dMez 1 [ F? e |1
—_— = , = — —_— V )\, - 1 C T 73
a u a 2[48+ o0& —1e = (73)

da _ F?/48 = Voe™ + 20 Mege

= , (74)
dn n3 (1 — 2nMegr)
du Vo (1 + AZ/2) ¢ 1 AVoet
—=- e+ —G .0~
dn n° (1 — 2nMesr) n n

(75)

where
)\Voé'e)‘g
2 (1 = 2nMesr)
X{2 n2+[F2/4s+vO<x;—1)e“]}

G (n,¢) =2n*+

n? (1 —2nMegr)

(76)
and
AVocert 2
F2=—6{|:4n——}§—2n2u} , (77)
n[1 —2nMes]
respectively.

5.2.1 Naked singularity solutions

The description of the state and structure of ordinary mate-
rial systems, forming an initial regular distribution, after the
gravitational collapse, is one of the most important theoret-
ical and observational problems in general relativity. There
are two questions one should consider when investigating
the gravitational collapse. The first question is to find the ini-
tial conditions of the gravitational collapse that lead to the
formation of a black hole. On the other hand a careful inves-
tigation of the gravitational collapse shows that it does not
end always with the creation of a black hole. Depending on
the initial conditions, another type of object, called a naked
singularity, can also be born as the final state of the collapse
[49-54]. For reviews of the naked singularity problem see
[55,56], respectively.
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Fig. 10 Variation of the metric tensor coefficient ¢* as a function of
the coordinate n for the case of the exponential three-form potential
V = Vyert, forx = —1073, and for different values of Vo: Vo = 0.001
(solid curve), Vo = 0.0012 (dotted curve), Vo = 0.0013 (short dashed
curve), Vo = 0.0014 (dashed curve), and Vy = 0.0015 (long dashed
curve), respectively

The second question one must also necessarily consider
is the question if the physically realistic collapse solutions of
the Einstein gravitational field equations that indicate the for-
mation of naked singularities do really correspond to existing
natural objects, which can be observed by astrophysical or
astronomical methods. If detected observationally, the exis-
tence of the naked singularities would be counterexamples of
the Cosmic Censorship Hypothesis, proposed by Roger Pen-
rose [57]. The Cosmic Censorship Hypothesis conjectures
that curvature singularities are always covered in asymptoti-
cally flat spacetimes by event horizons. In fact, one can for-
mulate the Cosmic Censorship Hypothesis in a strong sense
(in a geometry that is physically appropriate naked singular-
ities cannot form), and in a weak sense (if naked singular-
ities do really exist, they are securely covered by an event
horizon, and therefore they cannot be detected by far-away
observers). There have been many attempts to prove the Cos-
mic Censorship Hypothesis (see [58] for a review of the early
investigations and results in this field). For the possibilities
of observationally identifying naked singularities see [59],
and the references therein.

For a certain range of parameters and of initial conditions,
naked singularity solutions of the gravitational field equa-
tions in the presence of a three-form field with exponential
potential can also be obtained. In Figs. 10, 11, 12 and 13 we
present the behavior of the metric tensor coefficients %, e 7,
of the effective mass M., and of the radial scalar function ¢
for the initial conditions M (0) = 1, «(0) = 0, £(0) = 107,
and u(0) = 107*, respectively. For A we have adopted the
value A = —1073, and we have slightly varied the numerical
values of Vj.

As one can see from Figs. 10 and 11, the metric tensor
coefficients are monotonically increasing functions of n, and
they are singular only at the origin n — 00, or, equivalently,
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Fig. 11 Variation of the metric tensor coefficient e ~# as a function of
the coordinate n for the case of the exponential three-form potential
V = Vpe*t, for . = —1073, and for different values of Vy: Vo = 0.001
(solid curve), Vo = 0.0012 (dotted curve), Vo = 0.0013 (short dashed
curve), Vo = 0.0014 (dashed curve), and Vy = 0.0015 (long dashed
curve), respectively
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Fig. 12 Variation of the effective mass M. as a function of the coordi-
nate 7 for the case of the exponential three-form potential V = Vpe*?,
for A = —1073, and for different values of Vo: Vo = 0.001 (solid
curve), Vo = 0.0012 (dotted curve), Vy = 0.0013 (short dashed curve),
Vo = 0.0014 (dashed curve), and Vy = 0.0015 (long dashed curve),
respectively
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Fig. 13 Variation of the radial scalar function ¢ as a function of the
coordinate 7 for the case of the exponential three-form potential V =
Voert, for . = —1073, and for different values of Vy: Vo = 0.001
(solid curve), Vo = 0.0012 (dotted curve), Vo = 0.0013 (short dashed
curve), Vo = 0.0014 (dashed curve), and Vp = 0.0015 (long dashed
curve), respectively
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Fig. 14 Variation of the metric tensor coefficient ¢ as a function of
the coordinate n for the case of the exponential three-form potential
V = Vye*t, for Vo = 9.9 x 10719, and for different values of A:
X = —40 (solid curve), A = —120 (dotted curve), A = —200 (short
dashed curve), A = —280 (dashed curve), and A = —360 (long dashed
curve), respectively

r — 0. The correspondent massive object does not have an
event horizon, and therefore it corresponds to a naked singu-
larity, with the only singular point located at the center. The
effective mass of the naked singularity, presented in Fig. 12,
becomes negative at infinity, and takes a constant, negative
value up to the singular center of the naked singularity. Hence
the metric of this exotic object can be represented as

2MCff (V()v )"7 CO’ C/(O))

r

) = 7P =1 4 : (78)

The numerical values of the (negative) effective mass are
determined by the initial conditions of the gravitational field
equations at infinity, as well as by the parameters of the
exponential potential. The solutions of the gravitational field
equations depend sensitively on these parameters. The radial
scalar function ¢, shown in Fig. 13, diverges at the center of
the naked singularity. Its behavior is also dependent on the
initial conditions used to solve the gravitational field equa-
tions, and on the parameters of the exponential potential.

5.2.2 Black hole solutions

The static spherically symmetric vacuum gravitational field
equations in the presence of a three-form field also admit
black hole-type solutions. In Figs. 14, 15, 16 and 17 we
present the results of the numerical integration of the gravita-
tional field equations for M (0) = 1, «¢(0) = 0, ¢(0) = 1072,
Z'(0) = 1071, Vo = 9.9 x 10710, and different values of A.

As one can see from Figs. 14 and 15, the metric tensor
coefficients e® and e~ decrease monotonically from their
Minkowskian values at infinity to zero, a value reached for a
finite value of n = ng. Hence the compact object possesses
an event horizon, and is thus a black hole. The effective mass
M., depicted in Fig. 16, decreases very quickly from its

Fig. 15 Variation of the metric tensor coefficient e ~# as a function of
the coordinate n for the case of the exponential three-form potential
V = Vye*t, for Vo = 9.9 x 10719, and for different values of A:
X = —40 (solid curve), A = —120 (dotted curve), A = —200 (short
dashed curve), A = —280 (dashed curve), and A = —360 (long dashed
curve), respectively
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Fig. 16 Variation of the effective mass M. as a function of the coor-
dinate 7 for the case of the exponential three-form potential V = Ve,
for Vo = 9.9 x 1071, and for different values of A: 1 = —40 (solid
curve), A = —120 (dotted curve), A = —200 (short dashed curve),
L = —280 (dashed curve), and A = —360 (long dashed curve), respec-
tively

initial value at infinity, and becomes a constant, having the
same numerical value from infinity to the event horizon of
the black hole. Hence the metric is of the Schwarzschild type,
with

ea(”) — e_/s(l') —-1— 2Meff (V(), )‘47 é‘(o)» g/(o))
r

; (79)

with the effective mass, and the position of the event hori-
zon depending on the initial conditions at infinity, and on
the parameters of the exponential potential. The radial scalar
function increases rapidly from infinity when approaching
the event horizon, and takes a finite value for n = 75g.

We can obtain an interpolating expression for the effective
mass function M. in the case of the exponential potential,
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Fig. 17 Variation of the radial scalar function ¢ as a function of the
coordinate 7 for the case of the exponential three-form potential V =
Voert, for Vo = 9.9 x 10719, and for different values of A: A = —40
(solid curve), A = —120 (dotted curve), A = —200 (short dashed
curve), . = —280 (dashed curve), and A = —360 (long dashed curve),
respectively

Fig. 18 Variation of the position of the event horizons of the
three-form field supported black holes as a function of the
parameters Vo and A of the exponential potential for ¢y =
{0.0004, 0.0064, 0.0124, 0.0184, 0.0244} and uo = {4, 8, 16, 32, 64}

Megr () ~ AP (80)

with the coefficient Al(\i’;f) given, for fixed V and A, by

AI(\Z)I})) ~ 0.74 + 9.78¢0 + 15'812@ _ 146.854{—0
uo uo
+0.00134u0 — 0.0000528u, 81)

with R? = 0.997.

The distribution of the position of the black holes event
horizon supported by a three-form field with exponential
potential are represented, for fixed Vj and A, in Fig. 18.
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6 Thermodynamic properties of black holes

In the present section we consider the thermodynamic prop-
erties of the black hole solutions supported by a three-form
field. In particular we will concentrate on the surface grav-
ity of the black holes, their Hawking temperature, their spe-
cific heat, their entropy and their Hawking luminosity. In our
investigation of the vacuum field equations in the three-form
fields model we have adopted the simplifying assumption
that the effective mass function and the lapse function ¢* are
functions of the radial coordinate r only. Hence the space-
time is static and a timelike Killing vector t# exists [60,61].
In the present section, for the sake of clarity, we will restore
the physical units in all mathematical expressions.

6.1 Brief summary of black hole thermodynamics

For a static black hole that possesses a Killing horizon the
definition of the surface gravity « is given by [60,61]

"V, " =1k, (82)

where t# is a Killing vector, and V,, denotes the covariant
derivative with respect to the metric. For a static, spherically
symmetric geometry, with the line element given by

d 2
ds? = 52" f(r)2d? + 2 4 2a0?, (83)
f@)
we can adopt a suitable normalized Killing vector defined as
tr = (1/6%, 0, 0, 0). Then the surface gravity of the black
hole is found to be [61]

B Ghor A . 2GM'(r)
K=\|— —
oo /) 4G Moy c?

The subscript hor requires that all physical quantities must be
evaluated on the outer apparent horizon. If the function 6 =
1, and M = constant, from the above definition we reobtain
the standard result of the surface gravity of a Schwarzschild
black hole, which is given by [60]

(84)

hor

4
i — (85)
4G Mhor
The temperature Ty of the black hole is found to be
T P g (86)
= K N
BH 2 CkB

where kg is Boltzmann’s constant. Equivalently, in the vari-
able r = r¢/n we obtain for the Hawking temperature of the
black hole the expression

T dM,
Tan — H (1 LI (n))
Meff (77S) d’? n=ns
=Tn 0l y=ys » (87)
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where

kel

Ty = ——o
"= 87 Gkg M,

(88)

M is the standard general relativistic mass of the black hole,
and we have denoted

(1 2 et (1) (")> . (89)
dn

0(n) =
) Megr (1)

The specific heat Cgy of the black hole is defined as

Conr — dM _ dM dr (90)
BH dTgH Todr dTgsH - ’
and it takes the dimensionless form
My dM d
Chy = Mo eff (17) _77 . ©1)
Ty dnp de n=ns

The Hawking entropy Sgg of the black hole is found to
be

Thor q M Thor
Tin TBH Tin

1 de ©2)
——— ”'7
Tgy dr

or, in a dimensionless form,

71 dMeg ()
Sn (n5) = Ciy f el g,
0

93
6@ dn o)

The black hole luminosity due to Hawking evaporation
can be found to be

Lgu = BT —o AguTgy, 94)
where o is a parameter depending on the adopted physical
model, while

Apn = 471, (95)

is the surface area of the event horizon. Then for the black
hole evaporation time t we find

tfin 1 trin  dAM
fzf ar=—— [ (96)
t 470 Jiw  ThorTn

in n

Hence for the black hole evaporation time t we obtain the
expression

tfin 1 tfin dM
z= / TR . 97)
i 4no Thor [BH

n tin

F — T
18 q
1.6; -
14 ]

S

I L
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Fig. 19 Variation of the dimensionless Hawking temperature of the
three-form field supported black holes as a function of the event horizon
radius ng for the case of the Higgs-type three-form field potential, for
/Lz =104, v =102, ug € [40, 60], and for different values of ¢p:
Zo = 1073 (solid curve), gy = 2 x 10~ (dotted curve), Zp = 4 x 1073
(short dashed curve), ¢y = 8 x 1075 (dashed curve), and o = 16x 1073
(long dashed curve), respectively

or, in an equivalent dimensionless form,

o) /"S 1 dMey ()
T(ns) = —tH
o n**(m dp

where we have denoted

dn, (98)

A

A 99
" 8w Gro My T, ©9)

6.2 Thermodynamics of the Higgs-type black holes

With the help of the interpolating function for the effective
mass the Hawking temperature of a black hole supported by
a three-form field is obtained explicitly:

1+ n* (Bmi + 2Cvnn)
Amn + Bynan + Cvun? |

Ty (ns) =Tn (100)

The variations of the Hawking temperature of the three-
form field black holes are represented in Fig. 19.

The Hawking temperature depends on the position of the
event horizon of the three-form black hole, and it monotoni-
cally increases in time with ng. Forng = 0.80, Tgy ~ 1.6Ty,
while for ng = 0.60, Tgg ~ 1.2Ty. The standard Hawk-
ing temperature is of the order of Ty = 6.169 x 1078 x
(Mg /M), and for astrophysical-type three-form field black
holes, having large masses, the shifts in the position of the
event horizon produce negligible effects.

The specific heat of the Higgs-type three-form field black
hole can be found to be

Cart (1) = {Cir (Bun + 2Cyam)

[Amu + 1 (Bmu + Cvun) 1 }/
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Fig. 20 Variation of the dimensionless specific heat of the three-form
field supported black holes as a function of the event horizon radius ng
for the case of the Higgs-type three-form field potential, for 42 = 1074,
v = 1072, u¢ € [40, 60], and for different values of Zy: £y = 107 (solid
curve), {p = 2 X 1073 (dotted curve), Lo = 4 x 10~ (short dashed
curve), o = 8 x 107 (dashed curve), and go=16x 1073 (long dashed
curve), respectively

[BMH (2AMH77 +4Cvmn® — 1)
+n [CMH (6Amun —2) + 2C§4Hn3]

+ B’ . (101)
and its variation with respect to the event horizon is repre-
sented in Fig. 20.

The specific heat of the three-form black holes shows a
complicated behavior. After initially increasing as a function
of ng, Cpy reaches a maximum, and then it monotonically
decreases towards a minimum value reached at n)S ~ 0.90.
In the range ns € (0.50, 0.65) there is an increase in the
numerical values of Cpy as compared to the standard general
relativistic case, so that, for ng = 0.65, Cgyg ~ 1.45Cy.

The variation of the black hole entropy as a function of
the event horizon, as given by Eq. (93), is represented in
Fig. 21. The behavior of the Hawking entropy of the three-
form field black holes has a similar behavior like their specific
heat. The entropies are monotonically increasing functions
for small 5g, they reach a maximum, and they decrease for
larger values of ng. The maximum values of the entropy are
of the order Sgyg ~ 1.55y.

With the use of the general Eq. (98), the ratio of the black
hole evaporation time and of the Hawking evaporation time
is represented in Fig. 22. As a function of ng the evaporation
time monotonically decreases from a maximum value tgy ~
1207y, reached for ng ~ 0.55, to a value of gy =~ 207y for
ns ~ 0.85. Since the standard Hawking evaporation time of
a black hole is of the order 77 ~ 4.8 x 10727 x (Mo/g)3,
it turns out that the evaporation time for three-form field
supported black holes can be one or two orders of magnitude
higher. Even so, the evaporation time for astrophysical size
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Fig. 21 Variation of the dimensionless Hawking entropy of the three-
form field supported black holes as a function of the event horizon
radius ng for the case of the Higgs-type three-form field potential, for
u? =107 v = 1072, ug € [40, 60], and for different values of ¢o:
o= 1075 (solid curve), Lo =2x 1075 (dotted curve), Lo =4 x 10—3
(short dashed curve), o = 8 x 1075 (dashed curve), and o = 16x 1073
(long dashed curve), respectively
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Fig. 22 Variation of the dimensionless evaporation time of the three-
form field supported black holes as a function of the event horizon
radius ng for the case of the Higgs-type three-form field potential, for
u? = 107%, v = 1072, uo3[40, 60], and for different values of Zo:
o= 1075 (solid curve), Lo =2x 1073 (dotted curve), Lo =4 x 10—3
(short dashed curve), o = 8 x 1073 (dashed curve), and o = 16x 1073
(long dashed curve), respectively

objects remains very high, with a three-form field black hole
having one solar mass completely evaporating via Hawking
radiation in around 1092 — 1093 years.

6.3 Exponential potential-type black holes

In the presence of an exponential potential of the three-form
field, the metric of the black holes are quasi-Schwarzschild,
with the effective mass a constant for most of the range of the
variation of 7. Hence the thermodynamical properties of the
black holes can be obtained by the thermodynamic properties
of the Schwarzschild black holes, with the mass substituted
by the effective mass Mg, as given by Eq. (80). For the
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Hawking temperature of the exponential-type black hole we
obtain

hc? hc?

~ 87GksMeri (15) 8w Ghkp A (Vo, 4, G0, )

Tsu . (102)

Hence the Hawking temperature of the black hole is depen-
dent on the parameters of the potential, and of the initial
conditions at infinity of the field ¢. For the specific heat of
the black hole we obtain

8mkgG
Cpit = — air ¥~ == Ay (Vo. &, Go.wo) . (103)

There is a dependence of the specific heat on the potential
parameters, and on the initial values for ¢. The negative sign
indicates that, as a black hole loses mass, and hence energy,
its temperature increases. For the entropy of the black hole
we can write down the standard expression,

S kgc? wkpcd 2

= = ——-7

BH = 4nG "BH T TG hor
mkgG M} 1

= . (104)
he  nE (Vo A, Go, o)

The numerical value of the black hole entropy is deter-
mined by the mass of the central compact object, as well as
of the initial condition at infinity of the radial scalar function
¢ . Finally, for the rate of the mass loss we have the relation

M et 1
dr — 153607G? M?’
which yields for the lifetime of the black hole the expression

(105)

5120mG2M; 5 5120mG2MJ .

t=—— g Moy =——F 53— My

_ 5120nG*M;
- hct

The corrections to the black hole lifetime are given by the

3
(A8 Vo, 3 0, u0) | (106)

third power of the function Al(\iﬁ) Vo, A, o, uo), determined
by the parameters of the potential and the initial conditions at
infinity. However, the evaporation time of the black holes is
not significantly influenced by the potential parameters, and
the initial conditions.

7 Discussion and final remarks

In the present paper we have investigated the possible exis-
tence of massive compact astrophysical objects, described
by black hole and naked singularity-type geometries, in the
framework of the three-form field gravitational theory, in
which the standard Hilbert-Einstein action of general rel-
ativity is extended by the addition of the Lagrangian of a

three-form field. In order to investigate the gravitational prop-
erties of the model we have considered the simplest case,
corresponding to a vacuum static and spherically symmet-
ric geometry. In this case the system of gravitational field
equations depend on the scalar radial function ¢, the radial
component of the dual vector B® of Aqpy,and on the arbitrary
potential V (¢) of the three-form field.

Even within the simple vacuum spherically symmet-
ric static model the field equations of the theory become
extremely complicated. However, the exact solution of the
field equations can be obtained in the case of a constant poten-
tial. In this case the metric functions can be obtained in a form
similar to the Schwarzschild—de Sitter geometry, but with
the solution containing two arbitrary integration constants
c1 and ¢;. Similarly to the metric, the radial scalar function
also depends on two arbitrary constants. Depending on the
choice of these constants, several types of compact geome-
tries can be obtained. We can first reproduce the standard
Schwarzschild—de Sitter geometry, in which the three-form
field generates a cosmological constant. However, different
choices of the constants are also possible, with the solutions
corresponding to the Schwarzschild—anti de Sitter geometry,
or, more interestingly, to naked singularities having no event
horizon, and with the singularity located at the center r = 0
of the massive object.

For arbitrary non-constant potentials V ({) in order to
obtain solutions of the vacuum field equations one must use
numerical methods. In order to investigate numerically the
static spherically symmetric Einstein field equations in the
presence of a three-form field we have reformulated them in
a dimensionless form, and, moreover, we have introduced as
the independent variable 7 the inverse of the radial coordinate
n = rg/r. In this representation the numerical integration
procedure of the field equations is significantly simplified.
On the other hand to proceed with the numerical integration
we need to fix the numerical values of the effective mass,
of the radial scalar field ¢, and of its derivative ¢’ at infin-
ity. In our present numerical approach we have assumed that
at infinity the geometry is asymptotically flat, and therefore
the metric tensor components take their Minkowskian values
when r — oo. But at infinity the values of ¢, and of ¢’ may
be arbitrary (but small), and this choice is consistent with
the interpretation of the radial scalar field as a cosmological
constant.

When integrating numerically the gravitational field equa-
tions two possible behaviors are detected. The presence of a
singular behavior at finite = ng in the field equations, or,
more precisely, in the variation with the distance of the met-
ric tensor coefficients, is explained as indicating the existence
of an event horizon. We detect the presence of the horizon
from the conditions ¢*s) = (0 and ¢~ 8Us) = 0, respec-
tively. Consequently, a singularity at finite n corresponds to
a black hole-type massive astrophysical object. The physical
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mass of the black hole corresponds to the effective mass of
the three-form field model, which is found to be the sum of
the standard mass of the black hole plus the energy contribu-
tion from the scalar component of the three-form field. The
second situation is related to the location of the singularity
at the center of the massive object 7 = 0 only, with the cor-
responding object representing a naked singularity, an object
not covered by an event horizon.

We have considered two classes of numerical solutions of
the gravitational field equations in the three-form field theory,
corresponding to two choices of the three-form field potential
V (¢). The potentials we have chosen for our investigations
are the Higgs-type potential, and the exponential-type poten-
tial, respectively. In the case of the Higgs potential we have
restricted our investigations to initial conditions that lead to
the formation of an event horizon, and consequently of black
holes. The locations of the event horizons are strongly depen-
dent on the values at infinity of the radial scalar field and of its
derivative (the initial conditions), indicating the existence of
an important and subtle relation between the initial values of
the three-form field at infinity, and the black hole properties.
The location of the event horizon is also strongly dependent
on the parameters ;2 and v of the potential Higgs-type poten-
tial, indicating a complex multi-parametric dependence of
the position of the event horizon, and of the black hole prop-
erties. The event horizon for three-form field models with
Higgs potential can be located at distances of the order of
2r, from the massive object center, at distance much higher
than those of the standard Schwarzschild black holes, indicat-
ing the formation of more massive black holes than predicted
by standard general relativity. In the case of the Higgs poten-
tial the numerical results can be fitted well by some simple
analytical that depend on the initial conditions at infinity.

In the case of the exponential potential we have identi-
fied numerically two distinct classes of solutions, depend-
ing on the initial values of ¢ and ¢’ at infinity, and on the
potential parameters. These two classes correspond to naked
singularity-type solutions, with the singularity located at the
center, and no event horizon present, and to standard black
holes, characterized by the presence of an event horizon. In
both cases the numerical solutions for the metric functions
can be approximated well by a Schwarzschild-type form with
e =e P =1+2M /1, where Mg depends on the initial
conditions at infinity, and on the parameters of the expo-
nential potential. The positive sign indicates the presence of
a naked singularity, while the negative sign corresponds to
an object with an event horizon. The analytical fittings of
the numerical results are extremely useful in the study of
the thermodynamic properties of the three-form field black
holes. They also greatly simplify the study of the dynamics
and motion of matter particles around black holes and naked
singularities.

@ Springer

One important question in the physics of the naked singu-
larities is if the energy conditions are satisfied for this type
of objects. For example, in [53] it was shown that in the case
of a mixture of a null charged strange quark fluid and radia-
tion collapsing in a Vaidya spacetime a naked singularity can
be formed, with the matter satisfying the weak, strong and
dominant energy conditions. The formation of a naked sin-
gularity or of a black hole depends on the initial distribution
of the density and velocity, and on the constitutive nature of
the collapsing matter. In the case of the naked singularities
generated by the three form fields one could also formulate
a number of energy conditions, similar to the case of ordi-
nary matter, as p > 0, p > 0, p > 0, p > p, > 0, and
p > p > 0. However, from a physical point of view, these
conditions refer to some effective quantities constructed from
the three form field, and generally they are not satisfied for
arbitrary three form field configurations.

The problem of the existence in nature of the naked sin-
gularities is closely related to their stability properties. The
Reissner—Nordstrom naked singularity with |Q| > M is
unstable under small linear perturbations, and a similar insta-
bility occurs for the rotating (Kerr) solution with angular
momentum a > M [62]. These results suggest that these
spacetimes cannot be the endpoint of physical gravitational
collapse. In [63] it was shown that as a result of the gravita-
tional collapse of a spherically symmetric scalar field the
formation of the naked singularities occurs, but this phe-
nomenon is unstable. However, as compared to the above-
mentioned types of naked singularities, those formed in the
presence of a three form field are of a modified Schwarzschild
type, with the sign of the term M /r changed from negative
to positive. The problem of their stability/instability is a very
interesting one, due to the different nature of the metric. It
is well known that the Schwarzschild black hole is linearly
stable under gravitational and electromagnetic perturbations
[64], so that one may conjecture that a similar property holds
for a three form field supported by Schwarzschild-type naked
singularities. Hence the investigation of the stability prop-
erties of the three form field naked singularities may lead
to different results as compared to the Reissner—Nordstrom,
Kerr or scalar field collapse cases.

We have also investigated in detail the thermodynamic
properties of the three-form field black hole solutions
obtained by numerical methods. The Hawking temperature is
an interesting and essential physical property of black holes.
The horizon temperature of the three-form black holes indi-
cates a strong dependence on the initial conditions at infinity
of the radial scalar field, and of the properties of the radial
scalar field potential. This is very different from the proper-
ties of the standard general relativistic Hawking temperature,
which depends only on the mass of the black hole, and is
independent of the asymptotic conditions at infinity. Simi-
lar properties characterize the behavior of the specific heat,
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entropy and evaporation time of the three-form field black
holes. The numerical results show that these quantities are
also strongly dependent on the initial conditions of the radial
scalar field ¢ at infinity.

Moreover, in the three-form field gravitational theory the
black hole evaporation times may be very different as com-
pared to the similar results in standard general relativity. But
we should note that our results on the thermodynamics of
black holes, obtained for only two radial scalar field poten-
tials and for a limited range of initial conditions at infinity
may be considered of qualitative nature only. But even at this
qualitative level they show the complexity of the compact
objects supported by the three-form fields, and of the inter-
esting physical and astrophysical processes related to them.
In particular, the analytic representations of the numerical
results may be applied for the study of the electromagnetic
properties of the thin accretion disks existing around black
holes. These properties may help in discriminating the three-
form field black holes from other similar theoretical objects
as well as from their general relativistic counterparts, and
for allowing to obtain observational constraints on the model
parameters.

The no-hair theorem [65-68] is an important result in
black hole physics. It states that asymptotically flat black
holes do not allow for the presence of external nontrivial
scalar fields, with non-negative field potential V (¢). The
results obtained in our present investigations indicate that
in its standard formulation the no-hair theorem cannot be
extended to the static spherically symmetric solutions of the
three-form field gravitational theory. All the numerical black
hole solutions we have obtained are asymptotically flat, and
three-form fields with positive radial scalar field potentials
exist around them. Similar results have been obtained for
the black hole solutions in the hybrid metric-Palatini gravity
theory [24], suggesting that the no-hair theorems may not be
valid in some modified gravity theories. But the answer to
the question if such properties are a result of the particular
choice of the three-form field radial scalar potentials, of the
initial conditions and of the scalar potential parameters, or
that they are some generic properties of the theory, requires
further and detailed investigations, at both theoretical and
computational levels.

Different types of physical fields may play an important
role in astrophysics and cosmology, especially as potential
constituents of the dark energy and dark matter components
of the Universe. In particular the role of the scalar fields
has been intensively investigated. From a qualitative point
of view, since there is a dual representation of the three-
form theory to a scalar field [15,16] one may explore partic-
ular astrophysical settings describing objects such as oscil-
latons [69,70] or maybe, their complex relatives, boson stars
[71,72], in the scalar representative frame. In the latter case,
since boson stars are usually constructed from a complex

scalar field (decomposed as two real scalar fields), the exis-
tence of the dual description from a single three-form field
could be arguable. However, it is important to note that this
dual nature, three-form <> scalar field, breaks down in some
cases, even for fairly simple self-interactions [5], depending
on the choice for the potential V/ (Az). This fact, however, is
not problematic, and, on the contrary, simply suggests that
three-forms can provide us with new physics upon richer
cosmological and astrophysical settings, undoubtedly worth
exploring.

In particular, one may mention Bose—Einstein conden-
sates consisting of ultralight bosons, and which can form
localized and coherently oscillating stellar-type configura-
tions [73]. For bosons having a higher mass, the bounded con-
figurations may have typical masses and sizes of the order of
magnitude similar to those of the neutron stars. Such objects
formed from a primordial scalar field are known as boson
stars (for reviews on the structure and properties of boson
stars see [71] and [72]). Usually boson stars are constructed
from a complex scalar field coupled to gravity, with the scalar
field ¢ (¢, 7) decomposed into two real scalar fields ¢g (¢, F)
and ¢y (¢,7) sothat g (t,7) = ¢g (t,7)+i¢; (t,7)[72). The
evolution and properties of a boson star can be obtained from
the action [72]

1
Sps = /d4x«/—g (—2R + Esp) : (107)
2k
where
1 -
Ls =5 ¢ V@ Vg +V (101)]. (108)

where ¢ is the complex conjugate of the field, while V/ (191%)
is the scalar field potential depending only on the magnitude
of the scalar field. There is a formal analogy between scalar
field models, and the three form field model investigated in
the present paper. In both cases the action is constructed from
the standard Hilbert—Einstein term plus the field Lagrangian,
which in our approach is given by Eq. (2). Hence if one
could map in the complex plane the three-form Lagrangian
LA +— Lgr, then the present three form field extension of
Einstein gravity would become equivalent with a scalar field
model, and the corresponding solutions, assuming that the
mapping three forms field — scalar field does exist, would
describe boson stars of different types.

In our analysis we have considered as a particular case
of the three-form field potential the Higgs-type potential,
given by Eq. (55). In the case of boson stars the gravitation-
ally bounded configuration with the quartic self-interaction
potential V (|¢|2) = m?|p)> + % |p|* was investigated
in [74]. The physical properties of such a potential can
be parameterized by the quantity A = kM%lanck /4w Gm?,
where Mpjanck 18 the Planck mass. The maximum mass of a
boson star with quartic self-interaction potential is given by
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Mumax = 0.22AY2 Mpiane/m [72,74]. 1t is also interesting
to point out that in the Thomas—Fermi limit the scalar field
becomes equivalent with a fluid, which in the low or moderate
density limit has the equation of state P oc p? [74].

By assuming that the three form field-scalar field corre-
spondence is valid, by parameterizing the Higgs-type poten-
tial with the help of the parameter A = v/47Gu>, the
maximum mass of a stable three form field star is given by
Mmax < /V// 471G 13, which could lead to masses of the
same order of magnitude as the Chandrasekhar limit for neu-
tron stars, Mmax &~ 3M. However, the similarity (or equiva-
lence) between three-form field stars and boson stars strongly
relies on the fulfilling of the condition p, o ,02, which, with
the use of Egs. (16) and (17) becomes

F2_V (F2/48—V+§V,;>2. (109)

If this differential equation has a solution for ¢, then the
corresponding three form field stellar model has similar prop-
erties to a boson star. On the other hand, if no such solution
for the radial function ¢ exists, then in the absence of ordi-
nary matter the modified Einstein gravity in the presence of
the three form fields admits only black hole-type solutions.
We would like to point out that the above conclusions about
the relations between boson and three form stars are mostly
of qualitative nature, and in order to fully clarify these issues
a detailed investigation of the properties of the three form
field stars is required. From a technical point of view one
can identify the formation of a star-like object from the con-
ditions ¢*(1s) =£ 0 and e~ P1s) =£ 0, respectively. Thus, as
mentioned above, since the physical properties of the solu-
tions of the Einstein field equations in the presence of a three
form field are strongly dependent on the parameters ;> and
v of the Higgs potential the formation of stellar-type objects
with no event horizon is possible.

In summary, the three-form field gravitational theory pos-
sess arich mathematical structure, with theoretical properties
that generate an intricate external dynamics. Consequently,
the properties of the black holes in the three-form field theory
are more complex as compared with the standard general rel-
ativistic black holes. These properties are related to the intrin-
sic properties of the three-form fields, which, from a math-
ematical point of view, lead to very complicated, strongly
nonlinear, gravitational field equations. The new physical
and geometrical effects generated by the presence of the
three-form fields can also lead to some specific astrophys-
ical and cosmological effects, whose observational detection
may open new perspectives in the testing of gravitational
theories. The astrophysical and observational implications
of the black holes supported by a three-form field will be
investigated in a future publication.
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