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YCTOMYNBOCTHh HEMTPOHHBIX 3BE3/I B TEOPUU T'PABUTAIINNU C
HEMUWHUMAJIBHOM IPON3BO/JIHON CBA3HIO CKAJIIPHOI'O IOJIA 1
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B memaBHumx wmccaemoBaHmaX OBLIM  PACCMOTDEHBI JIMHEHHBIE BO3MYINEHHWS CTATHIECKHX ChepuiecKn
CUMMETPUYHBIX HEHTPOHHBIX 3Be3/I B TOJHON TEOPMM TPABUTAINKA XOPHIECKHW, TOJJYYEHBI CKOPOCTH
pacmpocTpaHeHus BO3MYIIEHUN 1 YCIOBUsT YCTOMYMBOCTU KOH(DUTypaImn HeNTPOHHBIX 3Be3/. B manwHoi pabore
MBI IpUMEHSEeM 3TH Pe3yJIbTaThl K HCCJIeJOBAHUIO YCTOWYMBOCTH HEUTPOHHBIX 3Be37 B TeOPUN T'DABUTAINU C
HEMUHUMAJILHON IIPOU3BO/IHOM CBA3BI0 TeH30Ppa DUHINTERHA U CKAJISIPHOTO TOJIsl, CO CTAHIAPTHBIM KMHETUYeCKUM
YJIEHOM CKAJISPHOTO MO/ M KOCMOJIOTHYECKON mOCTOSHHOM. B HacTOsdmer pabore Mbl IOKAa3bIBAEM, 9TO JTAHHA
MO/I€JIb YCTORYUBA B IIUPOKOM /IMAIIa30HE [IaPAMETPOB HEMUHUMAJILHOM B3 £ U KOCMOJIOIMYECKO 1IOCTOSHHOM
€, M KBAIPATHI CKOPOCTEil BO3MYIIEHHH 2, Cg, 23, C?Zi u K 10JI0KUTEIBHBL.

Karouesvie cro6a: TeOpus TPABATAIMN ¢ HEMUHUMAJIHLHON MPOU3BOTHON CBA3bIO, HEATPOHHBIE 3BE3IbI, YCTONIN-

BOCTD.

STABILITY OF ANTI-DE SITTER NEUTRON STARS IN THE THEORY OF
GRAVITY WITH NONMINIMAL DERIVATIVE COUPLING
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In recent studies linear perturbations of a static and spherically symmetric background of neutron stars have been
considered in full Horndesky’s theory, the propagation speeds of perturbations were derived and the stability
conditions were obtained. In the present paper we applied this general stability conditions to the study of the
neutron stars stability in theory of gravity with the scalar-derivative coupling of the Einstein tensor and the
scalar field with the standard kinetic term and the cosmological constant. It was shown that there are stable
stellar configurations in a wide class of model parameters ¢ and £ for which all squared speeds of perturbations,
2, cd, s, ¢ty and K are positive.
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Introduction

Horndeski theory of gravity is the most general scalar-tensor theory with a single scalar field and
second-order field equations [1]. One of the subclass of shift-symmetric Horndeski theories is the theory
with the scalar-derivative coupling of the scalar field and the Einstein tensor, which is described by the
action . It was initially introduced to describe the inflation and the late time acceleration and it has
been widely studied in various cosmological models [2|. A natural step forward in the investigation of

“Pa6ora nomaepsxana PO®U (rpant Ne 21-12-00130).
E-mail: pkashargin@mail.ru
2E-mail: sergey sushkov@mail.ru



86 I1. E. Kamaprusn, C. B. Cymxkos

this sector of Horndeski gravity is the study of black holes and neutron stars, an overview is presented
in [3]. A spherically symmetric, static black hole solution in the theory has an anti-de Sitter
asymptotics, where the nonminimal derivative coupling plays the role of a negative cosmological constant
[4]. Spherically symmetric neutron star solutions in the theory with € = Ao = 0 and the scalar
field linearly dependent on time, was constructed in [5]. Subsequently this result was extended in the
case of slowly rotating star using several realistic equations of state [6]. In the work [7] we extended the
result [5] without imposing any restrictions on the parameters €; 2, £ and a cosmological constant Ag.

In the present work we consider the issue of stability of neutron stars in theory with a nonminimal
scalar-derivative coupling in the general case with Ay # 0 (nonzero bare cosmological term) and €; # 0
(nonzero standard kinetic term). In the next section we briefly present the result of Ref. |7]. Further
in the section §2 using the relationships obtained in [8] we present plots of the squared perturbation
velocities and try to find the range of model parameters for which the solution is stable. The last section
will draw conclusions.

1. Anti-de Sitter neutron stars in the theory of gravity with nonminimal derivative coupling

In our previous work [7] we numerically constructed the static and spherically symmetrical neutron
stars configurations in the subclass of Horndeski gravity represented by models with a nonminimal
derivative coupling of a scalar field with the Einstein tensor and the cosmological constant Ag:

1 1
S = /d‘*mﬁ—g [%(R —2Ag) — 3 (6190 + 207G ) VFOV | + S, (1.1)

where R and G, are the Ricci scalar and the Einstein tensor, k = 87G/c* is the Einstein gravitational
constant, coefficients €; o are dimesionless parameter, ¢ has the dimension of length and Ag is a ‘bare’
cosmological constan S(m) is the action for a perfect fluid, and the energy density € and pressure p
are related by the polytropic equation of state p = Kp, € = poc? + 27, where pg is a baryonic mass
density. We will consider the case I' = 2 and K = 1.79 x 10°, since this models leads to compact objects
with accepted mass and radius of neutron stars [5]. A general static spherically symmetric spacetime
metric has the following form:

dr? 2 (102 | o2 2

% +r <d9 + sin Hd(p ) (1.2)

The scalar field ¢, the energy density €, and the pressure p depend only on r. Note, that in order

ds* = —A(r)cdt® +

to provide a regularity of solutions, we need to make a choice ¢ = e1/e3 = —1, and a dimensionless
cosmological constant & = Agf? takes the values —3 < ¢ < 1[7]. As a result of numerical calculations, we
obtained the behavior of the metric functions, scalar field, baryonic density and the mass-radius diagram
for different values of the model parameters ¢ and £ [7]. The case £ = —1 was analyzed in more detail,
because in this case the vacuum solution has the particularly simple form of the Schwarzschild-anti de
Sitter black hole. Applying observable restrictions for mass and radius of the neutron star, we get the
restrictions on the parameter ¢, specifically 10 < £ < 50 km.

2. Stability of anti-de Sitter neutron stars

An investigation of stability of solutions describing relativistic compact objects is an important and
rather complicated problem. Perturbations and quasi-normal modes of static and spherically symmetric
black holes and neutron stars in full Horndeski theory have been intensively studied in Refs. [§8], in this
work the propagation speeds of perturbations were derived and the stability conditions were obtained. In
subsequent works [9/10] it was shown the instability of compact stars [5] in the theory with a nonminimal
scalar-derivative coupling without a standard kinetic term e; = 0, Ag = 0 and with ¢'(r) # 0.

LAn observed negative cosmological constant A 4,9 appears as a certain combination of Ay and the parameter of
nonminimal derivative coupling ¢ [7].
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Shortly, the essence of the method consists in the following: To study the stability of relativistic
compact objects, one considers metric perturbations g, , such that g,, = g, + hu, where g,, is the
background metric of the spherically symmetric and static spacetime. Analogously, scalar and matter
fields are perturbed. All perturbations are divided into scalar, vector, and tensor ones, expanded into
spherical harmonics, and then odd- and even-parity modes are analyzed separately. In such the approach,
stability conditions could be considered as a positivity of squared propagation speeds of odd- and even-
parity perturbations along the radial and angular directions. The values crucial for the stability analysis
are the following: ¢, and cq are speeds of the only propagating degree of freedom in odd-parity sector
in radial and angular directions, respectively; c¢,3 is the propagation speed of scalar-field even-parity
perturbations d¢ propagating the radial direction; cq_ and cq, are the propagation speed of the scalar-
field even-parity perturbations d¢ propagating in the angular direction, which corresponds to the degree
of freedom arising from the metric perturbations. A necessary and sufficient condition for the absence
of Laplacian instability is the non-negativity of the squared speeds of perturbations:

2>0, >0, 23>0, i >0 (2.1)

Besides these conditions, there is the additional one, K > 0, which can be regarded as the no-ghost
condition in the presence of matter (see ) The model is corresponded to the following choice
of arbitrary functions in the Horndesky theory Gy = ;X — Ag/k, G3 =0, G4 = 1/(2k), G5 = e202¢/2,
where X = —(V¢)?/2. Following Refs. , we considered values of the squared propagation speeds of
odd- and even-parity perturbations for the internal and the external vacuum solution.
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Fig. 1. a) The region (r/4;€) shown in green corresponds to the fulfillment of condition 23 > 0 and ¢&, > 0
for the vacuum solution. The blue curve corresponds to the event horizon rj,: A(ry) = 0. In this case r4/¢ = 1,
where r4 = 2GM/c?, M is an asymptotic mass . For other values of r4 the figure looks similar. b) The area
(r/R;€) in which conditions c23 > 0 and cf4 > 0 are fulfilled for the interior neutron star solution is shown in
green. In this case £ = 10km, po. = 10*°g/cm?.

Outside the star one has a scalar «vacuum» (p = 0) with a nontrivial configuration of the scalar
field, the vacuum solution was described in the § 3 of the Ref. . The propagation speeds of the odd
and even-parity perturbations in the vacuum case have the form:

(1—&)r2 + 202 (24 a2(1—-¢)) (a2 +1)°
(€4 3)r2 +202° YB ’

2(1+4€)° BY 25
ch /c* =—By++/B} - By, Kr*/(*= % (2.3)

(2.2)

A/ =1, Z)*= 2/ =

where c is the speed of light, z = 7 /¢ is a dimensionless coordinate, Y (z) = 8 — 2(3¢ — 2)x? — (3¢ +1)a?,

B, = WLB[(6§+2):¢6+((63+13)§+23—1)x4+((21B+7)g—17B—9)x2—343—6],
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1
4Y B2(22€ + 322 + 2)
+(—2B*4+26B+6) £ +3B° —11B+3)a® + ((6B* + B+ 1) £ + (—4B* + 26B +2) ¢

+2B2 —35B+ 1)2' — 8B ((B—1)&+ B +9/2) 2% — 4B* — 123]

B, = [(1+§)2a:10+(3+3§2+(SB+6)§)ac8+((3B“’+B+3)£2

cd and ¢? are positive for all £ € (—3;1). In the case r — oo the remaining functions

)t = —?;(1_1/53) +0 (;) , Gy /t=1+0 (;) (2.4)

are positive in the case ¢ < f%. The value K is positive at the same time as c2;. In general the region of
(¢;7) under which ¢Z; > 0 and ¢, > 0 are marked in green at the Fig. . At the event horizon r = ry,
function B(r) and cZ, changes the sign at the same time. Thus in general the vacuum solution is
unstable at least near the event horizon for all £ € (—3;1). However for an external vacuum solution of
a neutron star whose radius is greater than the event horizon rj, of the star, the stability conditions will
be satisfied in the case £ < —%.

32 —— 104 2 12 =
e o e c A 02519 -7
o= =16 Rd 0.31 Q- . / -
it = I < o .

1.21 —_——-&13 ,° Al 02— R4 R4 _ -
—_—— =12 , - -r"\ht\\§ — - // 0.151 R4 -~
. -~ _ -~ oI I——" ' ST -
R4 //// \__,/ K4 ///’
1.1 ST 0 0.101 Sl ——
A =
Y -0.11 0.051 4,77~
1.0 . R -0.2 T T T L 0 .
"0 02 04 06 08 1 0 02 04 06 08 1
2 R 07' 2 (:
1.003{€q + /.’ 0.6{Cr3 #
/. 05' '/
1.002 s ] .
‘/. /7 04 //
R 7 0.3 e d
1.0014 R -/ _ 7
7 . -
e e B el
1._.‘.‘-('—__— 0.1
. i i i I”/R 7, 0
0 02 04 06 08 1 0 02 04 06 08 1 6 7 8 9 0 11
a) b)

Fig. 2. a) Graphs of squared speeds of perturbations c2, 25, ch, depending on a reduced radial coordinate
r/R, where R is the radius of a star. The red solid curve corresponds to & = —1. Blue curves correspond to the
domain £ € (—1.67,—1.18): £ = —1.6; —1.4; —1.3; —1.2. b) The mass-radius diagram and square of a scalar field
depending on a reduced radial coordinate r/R.

For the interior solution of a neutron star the stability conditions were investigated numerically.
Particularly in the case £ = 10 km (characteristic scale of the nonminimal derivative coupling) and
poec = 10'5 g/em? (central baryonic mass density) the Fig. [Ib shows the range of values (r/R;¢) under
which conditions ¢Z; > 0 and ¢, > 0 are performed, the values ¢? and c? are positive in this case
and is not represented at the diagram. In the Fig. we demonstrate examples of star configurations
for which all squared speeds of perturbations, 2, c3, 23, c3 ., and also K are positive. The examples
are given for po. = 10'® g/em? and ¢ = 10km. In this case the stability conditions are realized within
domain of the parameter £ € (—1.67,—1.18). Note additionally that ¢ /c* = 1 and K > 0 within these
domains, and also the asymptotic mass is positive and the scalar field is real (Fig. ) In this range, the
external vacuum solution also satisfies the stability conditions , since £ < —1/3. Hence, in principle,
the neutron star configurations with such the set of parameters are free from the Laplacian and ghost
instabilities. Note also that the value & = —1 lays outside these domains. For comparison, we also include
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into plots graphs of squared speeds corresponding to the case £ = —1. It is clearly seen that c3_ takes
negative values inside the star, that is the neutron star configurations with £ = —1 are unstable.
Conclusion

We studied in details the stability of neutron star configurations in theory of gravity with the
scalar-derivative coupling of the Einstein tensor and the scalar field with the standard kinetic term and
the cosmological constant and found that there exists a wide class of model parameters £, ¢ for which
all stability conditions are fulfilled. In particular, in Figs. 1 and 2 we demonstrated regions of the model
parameters and examples of star configurations for which all squared speeds of perturbations, c2, c3,
2, ¢, and also K are positive, and so such the configurations are free from the Laplacian and ghost
instabilities.
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