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Abstract: We construct scalarized wormholes with a NUT charge in higher curvature theories. We
consider both Einstein-scalar-Gauss-Bonnet and Einstein-scalar-Chern-Simons theories, following
Brihaye, Herdeiro and Radu, who recently studied spontaneously scalarised Schwarzschild-NUT
solutions. By varying the coupling parameter and the scalar charge we determine the domain of
existence of the scalarized nutty wormholes, and their dependence on the NUT charge. In the
Gauss-Bonnet case the known set of scalarized wormholes is reached in the limit of vanishing NUT
charge. In the Chern-Simons case, however, the limit is peculiar, since with vanishing NUT charge
the coupling constant diverges. We focus on scalarized nutty wormholes with a single throat and
study their properties. All these scalarized nutty wormholes feature a critical polar angle, beyond
which closed timelike curves are present.
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1. Introduction

The fascinating phenomenon of scalarization has led to a large variety of interesting
observations in the context of compact objects. Scalarization arises, when the generalized
Einstein—Klein—-Gordon equations lead to solutions with a non-trivial scalar field, caused
by the presence of an adequate source term. Depending on the properties of this source
term distinct types of scalarized solutions arise. When the source term in the scalar field
equation does not vanish for vanishing scalar field, all solutions will be scalarized, and
the solutions of ordinary General Relativity (GR) will not be solutions of the coupled set
of field equations. In contrast, when the source term in the scalar field equation does
vanish for vanishing scalar field the GR solutions do remain solutions of the generalized
set of field equations. However, they develop tachyonic instabilities, where new scalarized
solutions arise.

The latter phenomenon was first observed for neutron stars in scalar-tensor theories [1]
where it is referred to as matter-induced spontaneous scalarization, since the source term
for the scalar field is provided by the highly compact nuclear matter. Only much more
recently it was observed that in the case of the vacuum black holes of GR spontaneous
scalarization is possible as well, when another type of source term for the scalar field is
provided. Coupling the higher curvature Gauss—Bonnet (GB) invariant to the scalar field
with an appropriate coupling function curvature-induced spontaneously scalarized black
holes arise, representing scalarized Schwarzschild and Kerr black holes [2-24]. Moreover,
the curvature-induced spontaneous scalarized Kerr black holes come in two types, those
that arise in the slow rotation limit from the scalarized Schwarzschild black holes, and
those that do not possess a slow rotation limit [25-27]. We note that for GB theories with
coupling functions allowing for spontaneous scalarization the current constraints from
gravitational waves produced in binary black hole mergers can be avoided, since the scalar
field can be set to zero in cosmological applications, implying the cosmological standard
results. In the case of localized compact objects, however, the deviation of the speed of
gravitational waves from the speed of light decays rapidly with distance [28-30].

Symmetry 2021, 13, 89. https://doi.org/10.3390/sym13010089 https:/ /www.mdpi.com/journal /symmetry


https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0003-3841-3575
https://orcid.org/0000-0001-9751-4400
https://orcid.org/0000-0001-7990-8713
https://orcid.org/0000-0003-2360-4475
https://doi.org/10.3390/sym13010089
https://doi.org/10.3390/sym13010089
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13010089
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/2073-8994/13/1/89?type=check_update&version=2

Symmetry 2021, 13, 89

20f18

An alternative higher curvature invariant to study curvature-induced spontaneously
scalarized black holes is the Chern-Simons (CS) invariant. However, in the static case of
the Schwarzschild metric the invariant vanishes, and therefore no spontaneously scalarized
Schwarzschild black holes arise. This is different for the Kerr metric, since rotation leads to
a finite CS source term for the scalar field [31-38], which should allow for spontaneously
scalarized Kerr black holes. In order to learn about scalarized rotating CS black holes
without having to deal with the full complexity of the challenging set of the resulting
coupled partial differential equations, one may first resort to the technically much simpler
case and include a NUT charge [39-45] instead of rotation, as pursued successfully by
Brihaye et al. [46,47]. In that case, a much simpler set of ordinary differential equations
(ODEs) results, since the angular dependence of the scalarized solutions factorizes.

Inspired by Brihaye et al. [46,47], we here follow their motivation and apply this strat-
egy to wormholes, constructing scalarized nutty wormholes in higher curvature theories
employing either a GB term or a CS term as source term for the scalar field. Following
Brihaye et al. [46], we here employ a quadratic coupling function. The spontaneously
scalarized Schwarzschild-NUT solutions of [46] then represent one of the boundaries of the
domain of existence of the scalarized nutty wormholes. However, the wormhole solutions
are not spontaneously scalarized, since when the scalar field vanishes, pure vacuum GR is
retained, and there are no Lorentzian traversable wormhole solutions in vacuum GR (see
e.g., [48-52]).

To obtain traversable wormhole solutions the energy conditions must be violated.
In GR this can be achieved by the presence of exotic matter. However, by allowing for
alternative theories of gravity traversable wormholes can be obtained without the need
for exotic matter (see e.g., [53-63]). Employing the string theory motivated dilaton-GB
coupling, static scalarized wormholes were shown to exist, and their domain of existence
and their properties were studied before [59-61]. In the dilatonic case, the black hole
boundary of the domain of existence corresponds to static dilatonic black holes [64]. For
other coupling functions, which give rise to spontaneously scalarized GB black holes, the
black hole boundary of the domain of existence of scalarized wormholes [59,65] consists of
the corresponding spontaneously scalarized black holes [2—4].

The domain of existence of scalarized wormholes is further bounded by a set of solu-
tions, where singularities are encountered, and by a set of solutions, where the wormhole
throat becomes degenerate [59-61,65]. In the latter case, this degeneracy reveals, that in
addition to wormholes with a single throat also wormholes with an equator and a double
throat exist. The throat(s) and equator arise naturally in these solutions in one of the two
parts of the spacetime. However, when simply continuing the solutions beyond the throat
(or equator) a singularity will invariably be encountered. In order to obtain wormholes
without such singularities, symmetry has been imposed with respect to the throat (or equa-
tor). This entails that a thin shell of matter is needed at the throat (or equator), to satisfy the
respective Israel junction conditions [66,67]. Typically, this matter can be ordinary matter,
thus no exotic matter is needed [59-61,65].

Here we generalize these scalarized wormhole solutions in two ways. On the one
hand, we include a NUT charge and on the other hand we consider besides the GB invariant
also the CS invariant. The presence of the NUT charge implicates a Misner string on the
polar axis. Therefore the resulting spacetimes are not asymptotically flat in the usual
sense. However, all unknown functions of the wormhole solutions are only functions of the
radial coordinate, and their asymptotic fall-off is of the usual type of an asymptotically flat
spacetime, as in the case of scalarized Schwarzschild-NUT solutions [46,47]. As always, the
presence of a NUT charge gives rise to closed timelike curves, since the metric component
of the azimuthal angle, g,,, changes sign in the manifold at a critical value of the polar
angle 0. Here we show that all scalarized nutty wormhole solutions possess such a critical
polar angle at their throat. In the black hole limit the throat changes into a horizon, where
the critical polar angle goes to zero.
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The paper is organized as follows: In Section 2 we present the actions involving the
GB and the CS term and exhibit the equations of motion for both cases. We then discuss the
boundary conditions, the conditions for the center, i.e., the throat (or equator), the junction
conditions, and the null energy condition (NEC). Subsequently we address the numerical
procedure and present our results in Section 3. These include, in particular, the profile
functions for the scalarized nutty wormhole solutions, the violation of the NEC, the domain
of existence with its outer boundaries, and an analysis of the junction conditions for the
thin shell of matter at the throat. We give our conclusions and an outlook in Section 4.

2. Theoretical Setting
2.1. Action and Equations of Motion

Following Brihaye et al. [46], we consider the effective action for Einstein-scalar-higher
curvature invariant theories

1 1
5= 1om | |[R— 300090+ FOIT(5)| /=g, W

where R is the curvature scalar, and ¢ denotes the massless scalar field without self-
interaction, that is coupled with some coupling function F(¢) to an invariant Z(g). For the
coupling function F(¢) we choose a quadratic ¢-dependence with coupling constant «,

F(¢) = a¢?, &)

the simplest choice leading to curvature-induced spontaneous scalarization of black holes.
For the invariant Z(g) we make two choices, (i) the Gauss—Bonnet term

Z(g) = R&p = Ruvpe RMP7 — 4Ry RM + R?, (3)
and (ii) the Chern-Simons term
I(g) = REs ="R""RY 0 , )

where the Hodge dual of the Riemann-tensor *R" S = FnP7ARY . is defined with the 4-

dimensional Levi-Civita tensor 7} = 777/, /—g. While both invariants are topological
in four dimensions, the coupling to the scalar field ¢ via the coupling function F(¢)
provides significant contributions to the equations of motion.

We obtain the coupled set of field equations by varying the action (1) with respect to
the scalar field and to the metric,

VEV 4o + dFd((;P)I =0, (5)
1 (e
Gpn/ = ET‘L(H/H) ’ (6)

(eff)

where G,y is the Einstein tensor and T, denotes the effective stress-energy tensor

T =T + 1 @)
which consists of the scalar field contribution
1
T;E‘f) = (Vi) (Vo) — §8HV(VP ¢)(VFe), ®)

and a contribution from the respective invariant Z(g). For the chosen invariants we
obtain (i)

GB *
T;(u/ = (gp}tg/\u +g/\ygpv)77m\a'8 vaaﬁv'yvxp((l)) ’ )
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and (ii)
T = _8[V,F(¢)]e?” #V R+ [V,V,F(¢)] R, (10)

To obtain static, spherically symmetric wormhole solutions with a NUT charge N we
assume the line element to be of the form

ds? = —e/0(dt — 2N cos 8dg)? + eft {drz +7? (d92 + sin® Qd(l’z)} ’ (11)

All three functions, the two metric functions fy and f; and the scalar field function ¢,
depend only on the radial coordinate r.

When we insert the above ansatz (11) for the metric and the scalar field into the scalar-
field Equation (5) and the Einstein Equation (6) with effective stress-energy tensor (7),
we obtain five coupled, nonlinear ODEs. However, these are not independent, since the
8-dependence factorizes, and one ODE can be treated as a constraint. This leaves us with
three coupled ODEs of second order. Note that in case (i) the system can be reduced to one
first order and two second order ODEs.

Inspection of the field equations reveals an invariance under the scaling transformation

r—xr, N—xN, t—xt, F— x°F, (12)
with constant x > 0.

2.2. Throats, Equators, and Boundary Conditions

In order to obtain scalarized nutty wormhole solutions, we need to impose an appro-
priate set of boundary conditions for the ODEs, which we now address. We first introduce
the circumferential (or spherical) radius

f
Rc = etr (13)

of the wormhole spacetimes, which may possess one or more finite extrema. If there is a
single finite extremum, this corresponds to the single throat of the respective wormholes.
Here we will mainly consider such single throat wormholes, thus featuring a single mini-
mum. But wormholes with more extrema may also exist. They might, for instance, possess
a local maximum surrounded by two minima. The local maximum would then correspond
to their equator, while the two minima would represent their two throats, making them
double throat wormholes.

To obtain the first set of boundary conditions we therefore require the presence of an
extremum of the spherical radius at some r = rp. This yields

dR¢

_ df _ 2
Ll =0 = B =2 (14)

r=ry r=ry o

Some details on the condition R (rg) > 0 are given in the Appendix A. In the following
we will refer to the two-dimensional submanifolds defined by r = rg and ¢ = const. as the
center of the configurations.

We note that the presence of a NUT charge leads to an interesting feature of these
wormholes. Unlike the usual case, the throat metric of these nutty wormholes

ds? = ef(0)yZ <d92 +

2
sin? 6 — %efo(ro)*h (1) cog2 91 dq)2> (15)
"o
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changes its signature at the critical angles 6, and 7t — 6., where the coefficient of d¢? changes
sign. We obtain 6. from the condition det(gy,) > 0, which requires 6, < 6 < 7T — 6, with

<2 N| fof1>
0. = arctan| ——e 2

|
Py (16)

o

Only for 6. < 6 < 71 — 6, the signature of the metric is positive, as required for a
two-dimensional Riemannian surface. The change of signature is a consequence of the
non-causal structure of a spacetime in the presence of a NUT charge N, which allows for
closed timelike curves.

We obtain the second set of boundary conditions by requiring the usual boundary
conditions for r — oo [46]. The associated asymptotic expansions of the metric functions
and the scalar field read

fo = *¥+(9(F3), (17)
A= g +0(r?), (18)
b = oo— ? + o(r?’), (19)

where M denotes the mass of the wormholes and D corresponds to their scalar charge. The
quantity ¢ represents the asymptotic value of the scalar field. We note that all higher
order terms in the expansion can be expressed in terms of M, D and ¢w. Thus the solution
is uniquely determined by these quantities (and parameters of the theory). Since we are
interested in the relation of the wormhole solutions to the spontaneously scalarized black
hole solutions of Brihaye et al. [46] we need to choose the same asymptotic value ¢, = 0.

2.3. Junction Conditions
In order to obtain wormholes whose geometry is symmetric with respect to the center
and which do not possess any singularity (apart from the Misner string), we need to impose

junction conditions at the center. For the discussion of the junction conditions it is useful to
introduce the radial coordinate 7,

’7—7’0<r—ro>, (20)

1o r

where rj is a constant. We then define the constant 7 via g = 2rg. In terms of the new
radial coordinate # the metric reads

ds? = —efo(dt — 2N cos 0dg)* + eh [dnz + (172 + 173) (dez +sin? edgoz)] ;@

where we have introduced the new metric function Fy,

2\ 2
”

et =eh <1+g> .
r

Thus the center is located at # = 0, and the solution on the # < 0 part of the manifold
can be obtained from the solution on the # > 0 part of the manifold by imposing the
symmetry conditions fo(—#%) = fo(n), Fi(—n) = Fi(n) and ¢(—n) = ¢(n). However,
these conditions generically introduce jumps in the derivatives of the functions fy and ¢
at the center 7 = 0, which may be attributed to a thin shell of matter that is localized at
the center.
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To properly embed such a thin shell of matter in the complete wormhole solution, we
make use of an appropriate set of junction conditions [66,67]. In particular, we consider
jumps in the coupled set of Einstein and scalar field equations that arise wheny — —7,

<GH1/ - T}‘v> = 5”1/ , <V2‘P + FI> = Sscal / (22)

with the abbreviation dF(¢)/d¢ = F for the derivative of the coupling function. Here we
have denoted the stress-energy tensor of the matter at the center by s",, and the source
term for the scalar field by ss.,. We would like the matter forming the thin shells to be
some form of ordinary (non-exotic) matter. We will therefore assume that there is a perfect
fluid at the center which has pressure p and energy density €., and that there is a scalar
charge density pg., together with a gravitational source [60,61]

Sy — / (A1 + 2A0F(¢)R]V —hidPx , (23)

that has been employed before for GB wormholes without NUT charge. Here we have
introduced the constants Ay and Ag, &, denotes the induced metric at the center, and R
denotes the associated Ricci scalar. In order to obtain the junction conditions, we substitute
the metric into the set of equations (22).

Now we derive the junction conditions for both invariants separately. Note, that here
and in the following all functions and derivatives are evaluated at the center. In the case of
the Gauss-Bonnet invariant we find the equations

. 2 7F1 3N2 fo*ZP]
2 By (me3f +aN2%N—3R) = Ayt + PPYS /L —eni, (24)
Mo Mo
F A 2 2,—F 4N2 fo—2F
N cos 6 lq%fée’} — 8F¢’ (egF] + 41\216ng5>] = 2Ncosf| (e +p)nt — 4)&01—";706 i 5 ‘ ,  (25)
0 Mo
241 p ANZ . fo—2F
’702f0 e > F(])'(&fr%ﬁ = pd s — 4A0N2F€ 2 (26)
0 0
F F
e g — 4 fo (e +3N2eN—3h ) = 4o g (3eFr + N2fo2h ) 4 Bl 27)
0 0

which follow from the (*,), (t q,) ,and ((Pq,) components of the Einstein equations and from

the scalar field equation, respectively. Note that the (99) equation is equivalent to the (q)q,)
equation, and that all other equations are satisfied trivially. We also remark that the 6

dependence in the (t q,) equation factorizes, and that this equation is satisfied once the (*,)

and (‘Pq,) equations are solved.
As an example we consider pressureless matter, p = 0. With

©F ! F
Ao = ge*%q;’, A = %e*% , (28)
we find the simple result
! F
€ = %6_71 . (29)

Since for our solutions f} > 0 the energy density e is always positive for this choice
of the constants Ag and Aq.
We now turn to case of the Chern-Simons invariant where we find the equations
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8NF¢,f6€f708_2F1 _ /\1175 1 4AoF 77(%6_1:1 +1;32]\]2ef0—21:1 B ecmz) , (30)
0
N cos0f} (U%erl — 24NF¢’ef202F1) = 2Ncosf(e + p)n3 — 8N cos 9/\01:17%641 +;2NZEfO2Fl , (31)
0
fo (;yge—z - 8NP¢’efz”—2F1) = g+ A - 4AON2Fef°U_;F1 , (32)
0
e gl — ( AR = —4)\01%(;7565 + NZf2R) 4 Lol (33)

which follow again from the (%), (t (p) , ((Pq,) components of the Einstein equations and

the scalar field equation, respectively.
Again we consider as an example pressureless matter, p = 0. With

770 0 fo -4
A Al = 4
0= NF 7 1 (3 )
we now find ,
F. . fi
€ = ﬁ (Nez1 - 8F¢’ez°Fl> + —F4> 'fle B-2h (35)

2.4. Energy Conditions
In wormbhole solutions the null energy condition (NEC)

Tntn’ >0 (36)

must be violated, where n* is any null vector (n#n;, = 0). Thus it is sufficient to show that
null vectors exist, such that Ty, n#n" < 0 in some spacetime region. Such a null vector n* is

given by
nh = (1, =811/ 8,0, o) ) (37)

and thus n;, = (gtt, /=8t &, 0, O). The NEC then takes the form

Twn'n' = Tin'ng + Tn'ny = —gu (=T} + T))) . (38)
Consequently the NEC is violated when
~T{+T] <0. (39)

Alternatively, considering the null vector

nt = (1, 0,/ *gtt/geero) , (40)

the NEC is violated when
~TI4+ T <0. (41)

These conditions have been addressed before for various scalarized wormhole so-
lutions [48,59-61]. We analyze these conditions in Section 3.2 for the scalarized nutty
wormholes.
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3. Results
3.1. Numerics

In order to solve the coupled Einstein and scalar field equations numerically we
introduce the inverse radial coordinate x = 1/r. The asymptotic region r — oo then
corresponds to x — 0. In this region the expansion of the metric functions and the scalar
field reads (see Equations (17)—(19))

fo=-2Mx+0(x%), fi=2Mx+0(x?), ¢=¢u-Dx+0(¥*). @42

We treat the system of ODEs as an initial value problem, for which we employ the
fourth order Runge Kutta method. From the above expansion we read off the initial values,

foini =0, foini = —2M, fimi =0, fii=2M, ¢ni=0, ¢i;=-D. (43

The computation then starts at spatial infinity, x = 0, and ends at the center at some finite
X = xo, where the condition (14) is reached. Note that the initial conditions determine the
solution uniquely, as discussed in Section 2.2 There is no fine-tuning of parameters needed.

3.2. Solutions

By following the above numerical procedure we obtain the sets of nutty wormhole
solutions for both invariants Z(g). Here we demonstrate some typical solutions for both
cases. We exhibit in Figure 1 the metric profile functions e/0, ¢1, and the scalar field
function ¢ versus the radial coordinate 77/ M for the GB invariant (a) and the CS invariant
(b), choosing parameters a/M? =25 D/M =2andn = N/M = 3, and a/ M? = 4,
D/M =1and n = N/M = 3, respectively. The figures also show the circumferential
radius R./ng versus 17/ M (179/ M = 0.517: GB invariant, 1o/ M = 0.495: CS invariant). As
required, R. reaches an extremum at the center 7 = 0. We note that the solutions have
rather similar properties for both invariants.

To see that the wormhole solutions violate the energy conditions, we inspect the
components of the effective energy momentum tensor, Ttt, T(;,, T,? , and Tg. These are
shown for the same solutions and the GB and CS invariants in Figure 1c,d, respectively.
In particular, we note, that the component T,;7 is negative in the vicinity of the center for
both invariants. Moreover, all components are negative in some region of the spacetime.
We exhibit in Figure 1e,f the NEC conditions — T} + T,? > 0and —T} + T§ > 0 for the GB
and CS invariants, respectively. The figures clearly demonstrate the NEC violation for
both invariants.

3 ‘ ‘
R o/M?=2.5, D/M=2, n=3 o/M?=4, D/M=1, n=3

25 ¢ oMo 1 1
o | | |
1510 7 1 ]
1L I — 1t I ]
05 L efo . 0.5 glo 1
0r 1 0r 1
05 F o 1 -0.5 0 1

-1 | 1 _1 L L L
0 5 10 15 20 0 5 10 15 20

M M
(a) (b)

Figure 1. Cont.
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> : 0.06 o :
WM?=2.5, D/M=2, n=3 o/M?=4, D/M=1, n=3
0.04 | 1
0.04 | 1
0.02 |
0.02 | |
0
ol <
t
\/ i
-0.02 1 -0.02 | Ty/10 1
™
-0.04 | 9 1 ] I |
0.0 79 0.04 79
0 2 4 6 8 10 0 2 4 6 8 10
n/M n/M
(c) (d)
0.01 - ‘ 0.01 . :
a/M°=2.5, D/M=2, n=3 0 o/M“=4, D/M=1, n=3
0Fr e —
-0.01 :
-0.01 | 1 -0.02 J
-0.02 | | -0.03 |
-0.04 1
-0.03 | ] -0.05 ]
-0.04 | : -0.06 t o 1
T —— 0.07 | Ty ]
’ t —6
o f T T | 0.08 “Ti+To ]
_006 ! ! ! ! _009 ! ! ! !
0 2 4 6 8 10 0 2 4 6 8 10
M /™M
(e) ®

Figure 1. Examples of nutty wormhole solutions (left plots: Gauss-Bonnet with parameters a/ M? = 2.5, D/M = 2 and
n = N/M = 3, right plots: Chern-Simons with «/ M?=4D/M=1andn=N/M= 3): (a,b) metric profile functions
efo, ef1 | scalar field function ¢, and scaled circumferential radius R¢/1g vs radial coordinate 7; (c,d) stress-energy tensor
components Ttt, T(;, T,;7 ,and Tg vs. radial coordinate 77/ M; (e,f) NEC conditions —Ttt + T,7 >0and —Ttt + Tg > (0 vs radial
coordinate 7.

3.3. Domain of Existence

We now address the domain of existence of these nutty wormhole solutions. We
exhibit the domain of existence in Figure 2 for the GB (left) and CS (right) invariants, for
a set of values of the scaled NUT charge n = N/M. In particular, we show the outer
boundaries of the respective domains of existence, by presenting the scaled coupling
constant a / M? versus the scaled scalar charge D/ M.

The existence of the wormhole solutions requires the presence of a non-trivial scalar
field. Since the equations are invariant under the transformation ¢ — —¢, the domain of
existence is symmetric with respect to D — —D, and it is sufficient to only exhibit D > 0.
For D = 0 the scalar field vanishes, and thus D = 0 represents the trivial boundary of
the domain of existence, where pure GR solutions reside. The first non-trivial boundary
corresponds to scalarized nutty black holes, and is shown by the solid red curves. These
scalarized black holes were obtained before by Brihaye et al. [46]. Here the center/throat
turns into a black hole horizon.
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30

25

20

8oU/M?
o

0

70 T
black holes
L i 60 degenerate 1
: singular -+
I P 50 9 ]
- T - ne3 I ]
I TR | s ® _ _
3 ¢ .
@ 30| " ]
. singular ------ """n—S
== _ degenerate 1 T e ——— i
- ne %W]q n=2
N black holes 0 n=0.5 """
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2
D/M D/M

Figure 2. Domain of existence ((left) plot: Gauss—Bonnet, (right) plot: Chern-Simons) for several values of the scaled NUT

charge n = N/M: scaled coupling constant a / M? vs scaled scalar charge D /M. The solid red curves represent the black

hole limit, the dashed green curves the degenerate wormhole limit, and the dotted blue curves the singular limit.

The second non-trivial boundary in the figures is termed degenerate and shown by the
dashed green curves. To understand this boundary, we recall the numerical construction
of the solutions. The calculation is ended, when an extremum is reached. However, in
principle, we can continue the calculation beyond the extremum, where we might find
a second extremum. The first one then corresponds to a throat while the second one
corresponds to an equator. As the coupling constant is varied, the two extrema will
approach each other until finally a degenerate extremum is reached. This third boundary
represents precisely the values of the coupling constant, where such a degenerate extremum
is reached.

The last boundary has been labeled singular, and is shown by the dotted blue curves.
At this boundary the calculations reveal the appearance of a singularity somewhere in
the spacetime, that is of the cusp type (see [59,65,68,69]). Their presence is due to the
emergence of a node at some value of the radial coordinate 7, in the determinant, that
arises upon diagonalisation of the ODEs. These cusp singularities seem to be a rather
common feature of scalarized wormholes. Here we see, that they do not only arise for GB
theories, but are also present for CS theories.

The figures also show, that the domain of existence of wormhole solutions increases
strongly with increasing NUT charge. For the GB coupling, the limit of vanishing NUT
charge leads to the scalarized wormhole solutions of Antoniou et al. [59]. For the CS
coupling, the vanishing of the NUT charge needs special attention, since in this case two
branches of solutions arise, as shown for the Schwarzschild-NUT solutions by Brihaye
et al. [46]. Along the first branch the coupling constant decreases with decreasing NUT
charge, analogous to the GB case. However, along the second branch the coupling constant
increases with decreasing NUT charge. This is seen in Figure 2(right), where the solutions
forn = N/M = 3,2 and 1 are on the first branch, while the solutions forn = N/M = 0.5
are already on the second branch. Interestingly, the smaller the values of the NUT charge,
the larger the values of the coupling constant that are necessary to obtain scalarized
solutions. In fact, both conspire in such a way, that a finite domain arises also in the CS
case in the limit N — 0 as further discussed below.

3.4. Throat Properties

We next address properties of the wormhole center, and since we do not consider
equators here, but only throats, we refer to these properties as throat properties. In
particular, we consider the value of the circumferential radius R¢, Equation (13), at the
throat which we denote by Ry,, the value of the metric function efo, and the value of the
critical angle 6., Equation (16). For these properties we delimit their domains of existence
in Figure 3, by the extracting the boundaries of the respective domains. As before we show
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Figure 3. Properties at the throat (left plots: Gauss—Bonnet, right plots: Chern-Simons) for several values of the scaled NUT

charge n = N/M: (a,b) scaled circumferential radius Ry, /M, (c,d) metric function efo, (ef) scalar field ¢ Vs scaled scalar

charge D/ M. The solid red curves represent the black hole limit, the dashed green curves the degenerate wormhole limit,

and the dotted blue curves the singular limit.

We exhibit the domain of the scaled value Ry,/M versus the scaled scalar charge
D /M in Figure 3 for the GB invariant (a) and the CS invariant (b) for several values of the
NUT charge n = N /M. We note that for a fixed value of the NUT charge n = N /M, in the
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limit of vanishing scalar charge (D/M — 0) the same solution is approached for both the
GB invariant (a) and the CS invariant (b). In this limit the scalar field vanishes identically,
and thus there are no wormhole solutions. The limiting solution therefore corresponds to a
Schwarzschild-NUT black hole solution, for which the value of Ry, /M depends only on
the value of the NUT charge n = N/M.

When taking the NUT charge to zero, the boundary composed of scalarized black
holes remains finite. In the GB case the scalarized Schwarzschild solutions are approached.
In the CS case the coupling constant diverges, as the NUT charge goes to zero, leaving a
finite value for the source term of the scalar field. In fact a new coupling constant might
be considered, &’ = a/N such that &’ is finite and might be varied. Thus a peculiar set of
limiting solutions arises, that starts from the Schwarzschild black hole with R/M = 2 at
D/M = 0 and forms the black hole boundary.

Considering the full domain of existence, in the GB case in the limitn = N/M — 0
the known finite domain of scalarized wormhole solutions is approached [59]. In the CS
case the limit n = N/M — 0 leads to a finite domain of solutions as well, albeit solutions
resulting from a peculiar cancellation. Nevertheless, the change of the domain of existence
of the circumferential radius Ry, /M is completely smooth in the limitn = N/M — 0, as
calculations for several small values of n = N/ M have shown. The limiting domain is seen
in Figure 3b. In this figure it does not make a difference whether the solutions are on the
first (large n = N /M) or second (small n = N /M) branch.

Inspection of the metric function e/0, shown versus the scaled scalar charge D/M in
Figure 3 for the GB invariant (c) and the CS invariant (d), yields full agreement with the
above discussion. In the black hole limit the metric function vanishes as it must, while the
boundary of degenerate scalarized wormholes approaches also the black hole limit in the
limit of vanishing scalar charge, D/M — 0. On the other hand, the boundary of singular
wormbholes connects to the scalarized nutty black holes and contains the maximal value
of this metric function for a given value of the NUT charge n = N /M. This maximum
remains finite forn = N/M — 0.

The scalar field at the throat ¢y, is exhibited versus the scaled scalar charge D/M in
Figure 3 for the GB invariant (e) and the CS invariant (f). As argued above, for D/M — 0
the scalar field vanishes, and thus also ¢y, — 0. Analogous to the metric function /0, for a
given NUT charge n = N/M a maximum of ¢y, is reached on the singular boundary, and
forn = N/M — 0 the maximum remains finite.

3.5. Junction Conditions and Critical Polar Angle

As discussed above we need to satisfy junction conditions in order to obtain sym-
metric wormholes without singularities (except for the Misner string). We have therefore
introduced an action at the center and allowed for a thin shell of matter in the form of a
perfect fluid with energy density e.. Since we here focus only on wormholes with a single
throat, we denote this energy density by ey,. We exhibit in Figure 4 ey, for a pressureless
fluid for several sets of wormhole solutions with fixed values of the scaled scalar charge
D/M and NUT charge n = N/M = 1 versus the scaled coupling constant a/ M? for the
GB invariant (a) and the CS invariant (b).

The boundaries of these sets of solutions are given by the dashed green curves,
representing the degenerate wormhole limit, and the dotted blue curves, representing the
singular limit. We note, that the energy density ey, is positive in all cases shown. Thus
these wormholes need only ordinary matter at the throat to remain open.

Last we address the critical polar angle at the center 6., Equation (16). Denoting the
critical polar angle at the throat by 6y,, we exhibit 0y, also in Figure 4 versus the scaled
coupling constant &/ M? for the same sets of solutions for the GB invariant (c) and the
CS invariant (d). The critical angle reaches its maximal value of about 8y, . =~ 0.19 (c)
and ~ 0.18 (d) on the boundary of singular wormhole solutions. Along the boundary
of degenerate wormholes the critical angle decreases monotonically, until it vanishes,
precisely when the Schwarzschild-NUT solution is reached.
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Figure 4. Properties at the throat (left plots: Gauss—Bonnet, right plots: Chern-Simons) for scaled NUT chargen = N/M =1

and several values of the scaled scalar charge D/ M: (a,b) energy density ey,, (c,d) critical polar angle 8y, vs scaled coupling

constant a/M2. The dashed green curves represent the degenerate wormhole limit, and the dotted blue curves the

singular limit.

The horizon metric does not feature a finite critical polar angle for the Schwarzschild-
NUT and the scalarized nutty black holes. For these black holes 6y, = 0 only on the polar
axis, # = 0 and 6 = /2. Consequently, 8y, = 0 along the black hole boundary. Along
the degenerate wormhole boundary 6y, then increases again. Thus all scalarized nutty
wormbholes do possess a finite critical polar angle. The region of closed timelike curves
therefore extends to the throat of these nutty wormholes.

4. Conclusions

Following the reasoning of Brihaye et al. [46], who have studied spontaneously scalar-
ized Schwarzschild-NUT solutions, whose scalarization is caused by the presence of either
a GB term or a CS term in the scalar field equation, we have investigated scalarized nutty
wormhole solutions in these higher curvature theories. The presence of a NUT charge leads
to solutions with a Misner string on the polar axis. However, the dependence of the polar
angle factorizes and thus only a set of coupled ODEs for the metric functions and the scalar
field arises. Moreover the usual boundary conditions at spatial infinity are retained.

Solving numerically the ODEs we have obtained scalarized nutty wormhole solutions
for both higher curvature invariants. These wormhole solutions possess a minimum of the
circumferential radius, that arises naturally in these solutions, and that is identified with
the wormhole throat. When integrating the ODEs beyond the throat, a maximum may be
encountered, that would correspond to an equator. In any case, when integrating further
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into the second part of the manifold a singularity would be encountered at some value of
the radial coordinate. To avoid such a singularity, we have imposed reflection symmetry
on the wormhole solutions at the throat, and satisfied the resulting junction conditions in
terms of an action with a thin shell of ordinary matter at the throat.

The novel scalarized GB wormholes represent a NUT generalization of the previously
obtained scalarized wormholes [59-61,65]. In contrast, scalarized CS wormholes were not
studied before, since a finite CS term is necessary for their existence, while a spherically
symmetric metric leads to a vanishing CS invariant. Nevertheless the scalarized nutty
wormholes with both invariants show many features already known from the ordinary
scalarized GB wormbholes. In particular, their domains of existence contain the same type of
boundaries. These boundaries consist of the respective black hole boundary, of a boundary,
where singular solutions are reached, and of a degenerate boundary, where two extrema,
the equator and the throat, merge. However, the NUT charge gives rise to regions of the
spacetime, where closed timelike curves exist, that extend to the throat.

Considering the limit of vanishing coupling constant, the Schwarzschild-NUT solu-
tions are obtained for both invariants. Then wormhole solutions do not exist any longer,
since they need the higher order curvature terms in the (generalized) Einstein equations to
obtain an effective stress energy tensor that violates the NEC conditions. Considering on
the other hand the limit of vanishing NUT charge, for both invariants a finite domain of
existence of scalarized solutions results. For the GB term this is no surprise, since their exis-
tence was shown before [59-61,65]. For the CS, however, this limit is special. Scalarization
needs higher and higher values of the coupling constant, as the NUT charge is lowered
towards zero. In the limit, the coupling constant diverges as the NUT charge goes to zero.
In that case, the CS term approaches a finite limiting value, which gives rise to a finite
limiting domain of existence. Note that the spacetime of these wormhole and black hole
solutions do not possess a Misner string anymore and consequently no closed timelike
curves exist.

The presence of a NUT charge can be viewed as toy model for learning about scalarized
rotating wormhole solutions. Their construction still represents a challenging task, not only
because complicated sets of coupled partial differential equations need to be solved, but
also because the proper conditions for the throat need to be formulated together with the
proper set of junction conditions. However, further directions of research look promising
like, in particular, the inclusion of further fields (see e.g., [70,71]), or the investigation
of EGB theories viable in cosmological settings also for non-vanishing scalar field (see
e.g., [72,73]).

Author Contributions: All the authors contributed equally to the conceptualization, methodology,
software, validation, formal analysis, investigation, resources, data curation, original draft prepa-
ration, review and editing, visualization, supervision, project administration, funding acquisition.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by: DFG Research Training Group 1620 Models of Gravity; COST
Action CA16104.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: B.K. and J.K. gratefully acknowledge support by the DFG Research Training
Group 1620 Models of Gravity and the COST Action CA16104.

Conflicts of Interest: The authors declare no conflict of interest.



Symmetry 2021, 13, 89 15 of 18

Appendix A
With R, = ref1/2, the definition of the throat dR./dr(ry) = 0, d*R./dr?(ry) < 0, where

ro denotes the location of the throat, yields
1efl/Z(f’ +2) = 0
2 ! ’

1
f/2 (g _
Zroe (ff=2) > o,

where all quantities are evaluated at r = rp and the prime denotes the derivative with
respect to the dimensionless variable x = r/ry. f;’ can be expressed in terms of lower order
derivatives of the metric functions and the scalar field. This yields for the coupling to the
Gauss-Bonnet term

R =12802¢*1/2¢2r | —6N*e20 (3(£3)* — 2(¢0)? ) — N2eelird (6(£3)* — 7(¢0)?) + ¢ (95)rd]
+16a¢°1/ 205 [ 3R fipN? — 60 g4 N2 + e/ fipr — 2¢f |
+ /27 {1Zef0N2 —ef1(¢h)2r3 + 4eh r%} A1)
X {2048w3f64)3¢6 [9ezf0N4 + 6e/0ef11ZN? 4 &2/ ré}

-1
—51242/ ¢*r3 {21€2f0N4 + 10efoeN rAN? + e2h ré} + 8¢5 r(l)o}
>0,

where f| and ¢’ are related by the constraint
0 = 1l6afypg {&efON2 + eflr%} +efirg — {4@1(0N2 +eft (¢})?r3 + deh r%} . (A2)

Similarly, for the coupling to the Chern-Simons term we find

¢ = (1024763072 (£7) g%/ N
—a?ele1/2N? [1280ef0e 11 (f3)2¢2roN? + 192(£3)*9%(9')?ri — 256(f5) 471 |

+ue 2NN [16(f5) 20916 — 32f3(¢/)r§ — 352M0¢ 19/ rN? + 89 (¢ 1§ — 1609'r(

1260 7AII2N 4 9hi/2 ()28 — 4e9f1/2r8> (A3)
X {8 [192a2ef0 (f3)*¢*N? — 24ocef0/2e3f1/2<p(¢')r8N - e3f1r8} eflré}il
>0,
and the constraint
0 = ael0/2(f5)2pp' N + 4efoef1/2ryN? 4 3h1/2(¢) 213 + 4e3N /213 . (A4)

We note from Figure 3f that ¢ > 0 at the throat. As a consequence of the constraint we
find ¢’ < 0 at the throat.

References

1. Damour, T.; Esposito-Farese, G. Nonperturbative strong field effects in tensor—Scalar theories of gravitation. Phys. Rev. Lett.
1993, 70, 2220. [CrossRef]

2. Antoniou, G.; Bakopoulos, A.; Kanti, P. Evasion of No-Hair Theorems and Novel Black-Hole Solutions in Gauss—-Bonnet Theories.
Phys. Rev. Lett. 2018, 120, 131102. [CrossRef]

3. Doneva, D.D.; Yazadjiev, S.S. New Gauss—Bonnet black holes with curvature induced scalarization in the extended scalar-tensor

theories. Phys. Rev. Lett. 2018, 120, 131103. [CrossRef] [PubMed]


http://doi.org/10.1103/PhysRevLett.70.2220
http://dx.doi.org/10.1103/PhysRevLett.120.131102
http://dx.doi.org/10.1103/PhysRevLett.120.131103
http://www.ncbi.nlm.nih.gov/pubmed/29694191

Symmetry 2021, 13, 89 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

Silva, H.O.; Sakstein, ].; Gualtieri, L.; Sotiriou, T.P,; Berti, E. Spontaneous scalarization of black holes and compact stars from a
Gauss—Bonnet coupling. Phys. Rev. Lett. 2018, 120, 131104. [CrossRef]

Antoniou, G.; Bakopoulos, A.; Kanti, P. Black-Hole Solutions with Scalar Hair in Einstein-Scalar-Gauss-Bonnet Theories. Phys.
Rev. D 2018, 97, 084037. [CrossRef]

Blazquez-Salcedo, ].L.; Doneva, D.D.; Kunz, J.; Yazadjiev, S.S. Radial perturbations of the scalarized Einstein-Gauss—Bonnet black
holes. Phys. Rev. D 2018, 98, 084011. [CrossRef]

Doneva, D.D.; Kiorpelidi, S.; Nedkova, P.G.; Papantonopoulos, E.; Yazadjiev, S.S. Charged Gauss-Bonnet black holes with
curvature induced scalarization in the extended scalar-tensor theories. Phys. Rev. D 2018, 98, 104056. [CrossRef]

Minamitsuji, M.; Ikeda, T. Scalarized black holes in the presence of the coupling to Gauss—Bonnet gravity. Phys. Rev. D 2019,
99, 044017. [CrossRef]

Silva, H.O.; Macedo, C.EB.; Sotiriou, T.P.; Gualtieri, L.; Sakstein, ].; Berti, E. Stability of scalarized black hole solutions in
scalar-Gauss—Bonnet gravity. Phys. Rev. D 2019, 99, 064011. [CrossRef]

Brihaye, Y.; Ducobu, L. Hairy black holes, boson stars and non-minimal coupling to curvature invariants. Phys. Lett. B 2019,
795, 135. [CrossRef]

Myung, Y.S.; Zou, D. Quasinormal modes of scalarized black holes in the Einstein-Maxwell-Scalar theory. Phys. Lett. B 2019, 790,
400-407. [CrossRef]

Bakopoulos, A.; Antoniou, G.; Kanti, P. Novel Black-Hole Solutions in Einstein-Scalar-Gauss—Bonnet Theories with a Cosmological
Constant. Phys. Rev. D 2019, 99, 064003. [CrossRef]

Doneva, D.D.; Staykov, K.V.; Yazadjiev, S.S. Gauss—Bonnet black holes with a massive scalar field. Phys. Rev. D 2019, 99, 104045.
[CrossRef]

Myung, Y.S.; Zou, D.C. Black holes in Gauss—Bonnet and Chern-Simons-scalar theory. Int. ]. Mod. Phys. D 2019, 28, 1950114.
[CrossRef]

Macedo, C.EB.; Sakstein, J.; Berti, E.; Gualtieri, L.; Silva, H.O.; Sotiriou, T.P. Self-interactions and Spontaneous Black Hole
Scalarization. Phys. Rev. D 2019, 99, 104041. [CrossRef]

Cunha, P.V.P; Herdeiro, C.A.R.; Radu, E. Spontaneously Scalarized Kerr Black Holes in Extended Scalar-Tensor-Gauss—Bonnet
Gravity. Phys. Rev. Lett. 2019, 123, 011101. [CrossRef]

Bakopoulos, A.; Kanti, P.; Pappas, N. Existence of solutions with a horizon in pure scalar-Gauss—-Bonnet theories. Phys. Rev. D
2020, 101, 044026. [CrossRef]

Hod, S. Spontaneous scalarization of Gauss-Bonnet black holes: Analytic treatment in the linearized regime. Phys. Rev. D 2019,
100, 064039. [CrossRef]

Collodel, L.G.; Kleihaus, B.; Kunz, J.; Berti, E. Spinning and excited black holes in Einstein-scalar-Gauss—Bonnet theory. Class.
Quant. Grav. 2020, 37, 075018. [CrossRef]

Bakopoulos, A.; Kanti, P; Pappas, N. Large and Ultra-compact Gauss-Bonnet Black Holes with a Self-interacting Scalar Field.
Phys. Rev. D 2020, 101, 084059. [CrossRef]

Blazquez-Salcedo, J.L.; Doneva, D.D.; Kahlen, S.; Kunz, J.; Nedkova, P.; Yazadjiev, S.S. Axial perturbations of the scalarized
Einstein-Gauss—Bonnet black holes. Phys. Rev. D 2020, 101, 104006. [CrossRef]

Blazquez-Salcedo, J.L.; Doneva, D.D.; Kahlen, S.; Kunz, J.; Nedkova, P; Yazadjiev, S.S. Polar quasinormal modes of the scalarized
Einstein-Gauss—-Bonnet black holes. arXiv 2020, arXiv:2006.06006.

Herdeiro, C.A.R; Radu, E.; Silva, H.O.; Sotiriou, T.P.; Yunes, N. Spin-induced scalarized black holes. arXiv 2020, arXiv:2009.03904.
Berti, E.; Collodel, L.G.; Kleihaus, B.; Kunz, J. Spin-induced black-hole scalarization in Einstein-scalar-Gauss-Bonnet theory.
arXiv 2020, arXiv:2009.03905.

Dima, A.; Barausse, E.; Franchini, N.; Sotiriou, T.P. Spin-induced black hole spontaneous scalarization. Phys. Rev. Lett. 2020,
125, 231101. [CrossRef]

Hod, S. Onset of spontaneous scalarization in spinning Gauss—Bonnet black holes. Phys. Rev. D 2020, 102, 084060. [CrossRef]
Doneva, D.D.; Collodel, L.G.; Kriiger, C.J.; Yazadjiev, S.S. Black hole scalarization induced by the spin: 2+1 time evolution. Phys.
Rev. D 2020, 102, 104027. [CrossRef]

Ayzenberg, D.; Yagi, K.; Yunes, N. Linear Stability Analysis of Dynamical Quadratic Gravity. Phys. Rev. D 2014, 89, 044023.
[CrossRef]

Kobayashi, T.; Motohashi, H.; Suyama, T. Black hole perturbation in the most general scalar-tensor theory with second-order field
equations I: The odd-parity sector. Phys. Rev. D 2012, 85, 084025. Phys. Rev. D; Erratum in 2017, 96, 109903. [CrossRef]
Kobayashi, T.; Motohashi, H.; Suyama, T. Black hole perturbation in the most general scalar-tensor theory with second-order field
equations II: The even-parity sector. Phys. Rev. D 2014, 89, 084042. [CrossRef]

Yunes, N.; Pretorius, F. Dynamical Chern-Simons Modified Gravity. I. Spinning Black Holes in the Slow-Rotation Approximation.
Phys. Rev. D 2009, 79, 084043. [CrossRef]

Konno, K.; Matsuyama, T.; Tanda, S. Rotating black hole in extended Chern-Simons modified gravity. Prog. Theor. Phys. 2009,
122,561. [CrossRef]

Cambiaso, M.; Urrutia, L.F. An extended solution space for Chern-Simons gravity: The slowly rotating Kerr black hole. Phys. Rev.
D 2010, 82, 101502. [CrossRef]


http://dx.doi.org/10.1103/PhysRevLett.120.131104
http://dx.doi.org/10.1103/PhysRevD.97.084037
http://dx.doi.org/10.1103/PhysRevD.98.084011
http://dx.doi.org/10.1103/PhysRevD.98.104056
http://dx.doi.org/10.1103/PhysRevD.99.044017
http://dx.doi.org/10.1103/PhysRevD.99.064011
http://dx.doi.org/10.1016/j.physletb.2019.06.006
http://dx.doi.org/10.1016/j.physletb.2019.01.046
http://dx.doi.org/10.1103/PhysRevD.99.064003
http://dx.doi.org/10.1103/PhysRevD.99.104045
http://dx.doi.org/10.1142/S0218271819501141
http://dx.doi.org/10.1103/PhysRevD.99.104041
http://dx.doi.org/10.1103/PhysRevLett.123.011101
http://dx.doi.org/10.1103/PhysRevD.101.044026
http://dx.doi.org/10.1103/PhysRevD.100.064039
http://dx.doi.org/10.1088/1361-6382/ab74f9
http://dx.doi.org/10.1103/PhysRevD.101.084059
http://dx.doi.org/10.1103/PhysRevD.101.104006
http://dx.doi.org/10.1103/PhysRevLett.125.231101
http://dx.doi.org/10.1103/PhysRevD.102.084060
http://dx.doi.org/10.1103/PhysRevD.102.104027
http://dx.doi.org/10.1103/PhysRevD.89.044023
http://dx.doi.org/10.1103/PhysRevD.85.084025
http://dx.doi.org/10.1103/PhysRevD.89.084042
http://dx.doi.org/10.1103/PhysRevD.79.084043
http://dx.doi.org/10.1143/PTP.122.561
http://dx.doi.org/10.1103/PhysRevD.82.101502

Symmetry 2021, 13, 89 17 of 18

34.

35.

36.

37.

38.

39.
40.

41.
42.

43.
44.
45.
46.
47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.

62.
63.

64.
65.
66.
67.
68.
69.

70.
71.

Yagi, K.; Yunes, N.; Tanaka, T. Slowly Rotating Black Holes in Dynamical Chern-Simons Gravity: Deformation Quadratic in the
Spin. Phys. Rev. D 2012, 86, 044037; Erratum in 2014, 89, 049902. [CrossRef]

Stein, L.C. Rapidly rotating black holes in dynamical Chern-Simons gravity: Decoupling limit solutions and breakdown. Phys.
Rev. D 2014, 90, 044061. [CrossRef]

Konno, K.; Takahashi, R. Scalar field excited around a rapidly rotating black hole in Chern-Simons modified gravity. Phys. Rev. D
2014, 90, 064011. [CrossRef]

McNees, R.; Stein, L.C.; Yunes, N. Extremal black holes in dynamical Chern-Simons gravity. Class. Quant. Grav. 2016, 33, 235013.
[CrossRef]

Delsate, T.; Herdeiro, C.; Radu, E. Non-perturbative spinning black holes in dynamical Chern-Simons gravity. Phys. Lett. B 2018,
787, 8. [CrossRef]

Taub, A.H. Empty space-times admitting a three parameter group of motions. Annals Math. 1951, 53, 472. [CrossRef]

Newman, E.T.; Tamburino, L.; Unti, T. Empty space generalization of the Schwarzschild metric. J. Math. Phys. 1963, 4, 915.
[CrossRef]

Misner, C.W. Taub-NUT space as a counterexample to almost anything. Relat. Theory Astrophys. 1967, 1, 160.

Misner, C.W. Relativity Theory and Astrophysics I: Relativity and Cosmology; Ehlers, J., Ed.; Lectures in Applied Mathematics;
American Mathematical Society: Providence, RI, USA, 1967; Volume 8, p. 160.

Bonnor, W.B. A new interpretation of the NUT metric in general relativity. Proc. Camb. Phil. Soc. 1969, 66, 145. [CrossRef]
Bonnor, W.B. The interactions between two classical spinning particles. Class. Quant. Grav. 2001, 18, 1381. [CrossRef]

Manko, V.S.; Ruiz, E. Physical interpretation of NUT solution. Class. Quant. Grav. 2005, 22, 3555. [CrossRef]

Brihaye, Y.; Herdeiro, C.; Radu, E. The scalarised Schwarzschild-NUT spacetime. Phys. Lett. B 2019, 788, 295. [CrossRef]
Brihaye, Y.; Radu, E. Remarks on the Taub-NUT solution in Chern-Simons modified gravity. Phys. Lett. B 2017, 764, 300.
[CrossRef]

Morris, M.S.; Thorne, K.S. Wormholes in space-time and their use for interstellar travel: A tool for teaching general relativity. Am.
J. Phys. 1988, 56, 395. [CrossRef]

Visser, M. Lorentzian Wormholes: From Einstein to Hawking; AIP: Woodbury, NY, USA, 1995.

Lobo, ES. Introduction. Fundam. Theor. Phys. 2017, 189, 1.

Visser, M.; Kar, S.; Dadhich, N. Traversable wormholes with arbitrarily small energy condition violations. Phys. Rev. Lett. 2003,
90, 201102. [CrossRef] [PubMed]

Kar, S.; Dadhich, N.; Visser, M. Quantifying energy condition violations in traversable wormholes. Pramana 2004, 63, 859.
[CrossRef]

Hochberg, D. Lorentzian wormbholes in higher order gravity theories. Phys. Lett. 1990, B251, 349. [CrossRef]

Fukutaka, H.; Tanaka, K.; Ghoroku, K. Wormhole Solutions In Higher Derivative Gravity. Phys. Lett. B 1989, 222, 191. [CrossRef]
Ghoroku, K.; Soma, T. Lorentzian wormholes in higher derivative gravity and the weak energy condition. Phys. Rev. 1992,
D46, 1507. [CrossRef]

Furey, N.; De Benedictis, A. Wormhole throats in R™ gravity. Class. Quant. Grav. 2005, 22, 313. [CrossRef]

Eiroa, E.F; Richarte, M.G.; Simeone, C. Thin-shell wormholes in Brans-Dicke gravity. Phys. Lett. A 2008, 373, 1. [CrossRef]
Bronnikov, K.A.; Elizalde, E. Spherical systems in models of nonlocally corrected gravity. Phys. Rev. D 2010, 81, 044032. [CrossRef]
Antoniou, G.; Bakopoulos, A.; Kanti, P; Kleihaus, B.; Kunz, J. Novel Einstein-scalar-Gauss—Bonnet wormholes without exotic
matter. Phys. Rev. D 2020, 101, 024033. [CrossRef]

Kanti, P; Kleihaus, B.; Kunz, J. Wormholes in Dilatonic Einstein-Gauss-Bonnet Theory. Phys. Rev. Lett. 2011, 107, 271101.
[CrossRef]

Kanti, P; Kleihaus, B.; Kunz, J. Stable Lorentzian Wormholes in Dilatonic Einstein-Gauss—Bonnet Theory. Phys. Rev. D 2012,
85, 044007. [CrossRef]

Lobo, ES.N.; Oliveira, M.A. Wormhole geometries in f(R) modified theories of gravity. Phys. Rev. D 2009, 104012. [CrossRef]
Harko, T.; Lobo, ES.N.; Mak, M.K,; Sushkov, S.V. Modified-gravity wormholes without exotic matter. Phys. Rev. D 2013, 87, 067504.
[CrossRef]

Kanti, P.; Mavromatos, N.E.; Rizos, J.; Tamvakis, K.; Winstanley, E. Dilatonic Black Holes in Higher Curvature String Gravity.
Phys. Rev. D 1996, 54, 5049. [CrossRef] [PubMed]

Ibadov, R.; Kleihaus, B.; Kunz, J.; Murodov, S. Wormholes in Einstein-scalar-Gauss—Bonnet theories with a scalar self-interaction
potential. Phys. Rev. D 2020, 102, 064010. [CrossRef]

Israel, W. Singular hypersurfaces and thin shells in general relativity. Nuovo Cim. B 1966, 44510, 1; Erratum in 1967, 48, 463.
Davis, S.C. Generalized Israel junction conditions for a Gauss—Bonnet brane world. Phys. Rev. D 2003, 67, 024030. [CrossRef]
Kleihaus, B.; Kunz, J.; Kanti, P. Particle-like ultracompact objects in Einstein-scalar-Gauss-Bonnet theories. Phys. Lett. B 2020, 804,
135401. [CrossRef]

Kleihaus, B.; Kunz, J.; Kanti, P. Properties of ultracompact particlelike solutions in Einstein-scalar-Gauss—Bonnet theories. Phys.
Rev. D 2020, 102, 024070. [CrossRef]

Clément, G.; Gal'tsov, D.; Guenouche, M. NUT wormbholes. Phys. Rev. D 2016, 93, 024048. [CrossRef]

Brihaye, Y.; Renaux, J. Scalarized-charged wormholes in Einstein-Gauss-Bonnet gravity. arXiv 2020, arXiv:2004.12138.


http://dx.doi.org/10.1103/PhysRevD.86.044037
http://dx.doi.org/10.1103/PhysRevD.90.044061
http://dx.doi.org/10.1103/PhysRevD.90.064011
http://dx.doi.org/10.1088/0264-9381/33/23/235013
http://dx.doi.org/10.1016/j.physletb.2018.09.060
http://dx.doi.org/10.2307/1969567
http://dx.doi.org/10.1063/1.1704018
http://dx.doi.org/10.1017/S0305004100044807
http://dx.doi.org/10.1088/0264-9381/18/7/318
http://dx.doi.org/10.1088/0264-9381/22/17/014
http://dx.doi.org/10.1016/j.physletb.2018.11.022
http://dx.doi.org/10.1016/j.physletb.2016.11.055
http://dx.doi.org/10.1119/1.15620
http://dx.doi.org/10.1103/PhysRevLett.90.201102
http://www.ncbi.nlm.nih.gov/pubmed/12785880
http://dx.doi.org/10.1007/BF02705207
http://dx.doi.org/10.1016/0370-2693(90)90718-L
http://dx.doi.org/10.1016/0370-2693(89)91250-1
http://dx.doi.org/10.1103/PhysRevD.46.1507
http://dx.doi.org/10.1088/0264-9381/22/2/005
http://dx.doi.org/10.1016/j.physleta.2008.10.065
http://dx.doi.org/10.1103/PhysRevD.81.044032
http://dx.doi.org/10.1103/PhysRevD.101.024033
http://dx.doi.org/10.1103/PhysRevLett.107.271101
http://dx.doi.org/10.1103/PhysRevD.85.044007
http://dx.doi.org/10.1103/PhysRevD.80.104012
http://dx.doi.org/10.1103/PhysRevD.87.067504
http://dx.doi.org/10.1103/PhysRevD.54.5049
http://www.ncbi.nlm.nih.gov/pubmed/10021194
http://dx.doi.org/10.1103/PhysRevD.102.064010
http://dx.doi.org/10.1103/PhysRevD.67.024030
http://dx.doi.org/10.1016/j.physletb.2020.135401
http://dx.doi.org/10.1103/PhysRevD.102.024070
http://dx.doi.org/10.1103/PhysRevD.93.024048

Symmetry 2021, 13, 89 18 of 18

72.  Odintsov, S.D.; Oikonomou, V.K. Inflationary Phenomenology of Einstein Gauss-Bonnet Gravity Compatible with GW170817.
Phys. Lett. B 2019, 797, 134874. [CrossRef]

73. Oikonomou, V.K.; Fronimos, F.P. Reviving non-Minimal Horndeski-like Theories after GW170817: Kinetic Coupling Corrected
Einstein-Gauss—-Bonnet Inflation. arXiv 2020, arXiv:2006.05512.


http://dx.doi.org/10.1016/j.physletb.2019.134874

	Introduction
	Theoretical Setting
	Action and Equations of Motion
	Throats, Equators, and Boundary Conditions
	Junction Conditions
	Energy Conditions

	Results
	Numerics
	Solutions
	Domain of Existence
	Throat Properties
	Junction Conditions and Critical Polar Angle

	Conclusions
	
	References

